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Abstract
With the increasing number and variations of genome sequences available control of gene
expression with synthetic, cell permeable molecules is within reach. The variety of sequence-
specific-binding agents is, however, still quite limited. Many minor groove binding agents
selectivity recognize AT over GC sequences but have less ability to distinguish among different
AT sequences. The goal with this paper is to develop compounds that can bind selectively to
different AT sequences. A number of studies indicate that AATT and TTAA sequences have
significantly different physical and interaction properties and different requirements for minor
groove recognition. Although it has been difficult to get minor groove binding at TTAA, DB293, a
phenyl-furan-benzimidazole-diamidine, was found to bind as a strong, cooperative dimer at TTAA
but with no selectivity over AATT. In order to improve selectivity, modifications were made to
each unit of DB293. Binding affinities and stoichiometries obtained from biosensor-surface
plasmon resonance experiments show that DB1003, a furan-furan-benzimidazole diamidine binds
strongly to TTAA as a dimer and has selectivity (KTTAA/KAATT = 6). CD and DNAse I
footprinting studies confirmed the preference of this compound for TTAA. In summary (i) a
favorable stacking surface provided by the pi system, (ii) H-bond donors to interact with TA base
pairs at the floor of the groove provided by a benzimidazole (or indole) –NH and amidines, and
(iii) appropriate curvature of the dimer complex to match the curvature of the minor groove play
important roles in differentiating the TTAA and AATT minor grooves.
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Introduction
Specific recognition of DNA sequences is essential for many biotechnology applications, for
external control of gene expression, and for therapeutic targeting of DNA. Specific
recognition of a unique sequence in human chromosomal DNA requires approximately 15
bp if the entire DNA sequence is considered.1 For the design of clinically useful drugs to
selectively target cellular DNA, however, the preparation and use of high molecular weight
agents that can recognize such a long sequence of DNA is limited by factors such as
preparation costs, sample stability, solubility and cell uptake. In exploring methods to
selectively target DNA, however, it is clear that the entire length of DNA need not be
considered in calculating the requirements for specific recognition since much of
biologically relevant DNA is complexed with a variety of tightly bound proteins. It is also
clear that reversible binding of a small molecule to an isolated DNA duplex site is generally
not sufficient to generate a significant biological response.

An alternative approach, which has recently emerged as a method to increase selective
binding to DNA and synergistically generate a significant biological response, is to target
locally similar clusters of DNA sequences or structures. Proof of principle of the
effectiveness of this approach has come from studies of targeting clustered DNA AT
sequences in the AT rich mitochondrial kinetoplast DNA of some parasitic, disease-causing
microorganisms2–4, extended triplet repeat sequences that are implicated in a number of
diseases,5–7 repeated G-rich sequences of telomeres and ribosomal DNA.8–11 The key
feature of this approach is that one or more small molecules can be used to selectively target
a clustered set of binding sites in DNA and generate a biological response that is not
observed for binding to single sites.

In the model for this synergistic approach small molecules selectively recognize units of a
DNA sequence or motif such that a region of DNA is effectively targeted by multiple bound
compounds. A fundamental aspect of the model is that the desired biological response
occurs only when the locally bound molecules of a compound reach a critical limit.
Compounds bound in a more dispersed manner do not reach the critical level to initiate any
significant response. With the synergistic interactions, highly selective DNA recognition and
associated biological effects can be generated by compounds that each bind selectively to
only 4–6 base pair sites. With this design scheme the problems of preparation expense,
solubility, stability and uptake can be dealt with in an effective manner. The requirement for
multiple bound compounds in a local region for a biological response also helps reduce
nonselective toxicity relative to the desired effect. Individual compounds that bind at a
nonselective site generate either no response or a repairable response at a low rate.

An additional attractive compound motif for development of sequence-selective DNA
binding agents of 4–6 base pairs that can recognize repeated DNA sequences is based on
linked-heterocyclic cations that bind in the DNA minor groove. Even with limited
development efforts, diamidine derivatives of this class have demonstrated effective cell
uptake as well as effective biological activity in animals and humans.12–15 The diamidines,
for example, have proven activity against a number of human diseases that are caused by
parasitic microorganisms.12,13 A key goal of development of these compounds is to
increase the disease spectrum that they can target while taking advantage of their favorable
biological and cell uptake properties. As with the natural product dication, netropsin, the
diamidines have a general AT binding preference through DNA minor groove complexes.
2,12, 16–18 Selective recognition among different AT base pair sequences, however, has
been more difficult to obtain with most minor groove binding compounds and the basis of
any selectivity is poorly understood. Research to increase selectivity for different AT
sequences by these compounds has been limited, and increased efforts in this direction are
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necessary to develop the compounds for new applications. Increased recognition selectivity
is an essential requirement for a library of compounds for general use in targeting specific,
local sequences of DNA to generate a desired biological response.

Our knowledge base for specific targeting of DNA by the heterocyclic diamidines is limited.
DNase footprinting has indicated that the diamidine berenil has strong interactions with
sequences of four or more AT base pairs with a preference for binding to AATT or ATAT
over TTAA or TATA. DB75 and many heterocyclic dications follow the same trend.19 In a
study of the bisbenzimidazole monocation, DB183, and the dication, DB185 (Figure S1),
binding to different AT containing DNA sequences, we found that DB183 could bind to
TTAA as a dimer while the dication bound as a monomer.20 This is a clear example of both
DNA and compound molecular reorganization for structural complementary in complex
formation. The isomeric sequences AATT and TTAA have quite different properties and the
results with DB183 suggest that compounds could be designed to selectively recognize one
or the other of these sequences (AATT vs TTAA). The generally reduced compound affinity
at TTAA and TATA is probably due primarily to their wider minor groove relative to other
AT sequences.21–22 AATT, for example, provides an essentially prearranged site for linked
aromatic rings but a wider groove is not optimum for binding, even with AT base pairs.17
The DB183 dimer is, thus, one way to take advantage of the wider TTAA groove with
monocations that have less electrostatic repulsion in a stacked dimer than with dications.

A large number of compounds, thus, bind to the AATT minor groove in preference to
TTAA, but there are currently no small molecules that recognize TTAA more favorably than
AATT. DB183 binds quite well to TTAA (K > 108 M−1) in the dimer mode but it still binds
better to AATT as a monomer (K > 109 M−1). We have found that the benzimidazole
diamidine DB293 can form a dimer to cooperatively bind to the sequence ATGA23 and, as
described above, the bisbenzimidazole, DB183, binds cooperatively to TTAA. These results
indicate that the benzimidazole-amidine group is especially useful for stacking and binding
to wider minor groove sequences with base functional groups that are complementary to the
bound compound. To test this hypothesis a set of derivatives related to DB293 (Fig. 1) have
been designed, prepared and evaluated for binding to a TTAA site. The present goal is to
explore conformational and substituent space around DB293 to find motifs that are more
favorable for binding to that sequence than to other AT sequences of similar length. Such
initial models will allow rational design of agents with high specificity for different AT
binding sequences. To be sure of true selectivity, results with TTAA have been compared to
similar experiments with an AATT binding sequence that is generally an especially
favorable site for minor groove complexes. We report here the first minor groove compound
that can bind strongly to the TTAA sequence with almost 6 fold selectivity over binding to
AATT. This complete reversal of affinity preference over most minor groove binding agents
clearly shows that, with a combination of focused synthesis, based on experimental and/or
theoretical results, followed by biophysical analysis, it is possible to design compounds to
selectively recognize a variety of AT minor groove binding sites.

Results
Specificity and binding mode of DB75 and DB293 for AT sequences

We have evaluated the binding of a range of dicationic heterocyclic compounds to TTAA
and AATT hairpin duplexes by using a biosensor surface with immobilized DNAs and SPR
(surface plasmon resonance) detection of compound binding. The biosensor-SPR method
has an advantage in comparing binding to different DNAs since the same compound
solution flows rapidly over the set of immobilized DNAs and, therefore, comparisons are
quite accurate.24 To obtain the equilibrium association constants the RU (instrument
response in resonance units24) values in the plateau region, where any mass transport effects

Munde et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2011 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are eliminated, were determined and plotted versus the free compound concentration, Cf
(Fig. 2). In the SPR method the free compound concentration is simply the concentration in
the solution that flows over the biosensor surface.24 For these plots the RU in the plateau
region was converted to r = moles bound ligand/moles DNA and r = RU/RUpred-max. RU is
the observed (experimental) response in the plateau region and RUpred-max is the predicted
maximum response for a single small molecule binding to a nucleic acid site. Dividing the
observed steady-state response RU by the calculated response RUpred-max yields a
stoichiometry normalized binding isotherm24. This is a particularly nice feature of the SPR
detection method where each bound molecule gives an identical response that is based on its
mass and can be predicted by the amount of immobilized DNA. The binding affinities were
determined by fitting the r-Cf plots as described in the Methods Section and results for the
TTAA and AATT binding sites are compared over the same compound concentration range
in Table 1. In non-linear least fitting of individual SPR binding curves, such as in fig. 2e, we
find quite small predicted errors. More important is how reproducible a K value is among
several repeat experiments. For our conditions the variability for binding constants between
5×106 and 5×108 M−1 is less than +/− 20%. Higher concentrations in the flow solution are
required to maintain this accuracy in binding constants below 1×106 M−1 but such weak
binding is of less interest. The errors for binding constants under our conditions for K values
between 2×106 and 2×105 M−1 are +/− 35%.

The phenyl-furan-phenyl diamidine, DB75, binds very strongly to AATT and other A-track
type DNA sequences25–26 with a binding constant K of ~ 2 × 107 M−1, and our results in
Figure 2f and Table 1 are in good agreement with that value. When tested against the TTAA
hairpin DNA, however, as shown in sensorgrams in Figure 2b, DB75 has a significantly
lower response level compared to AATT (Fig. 2e, f). The flow cells for AATT and TTAA
have essentially the same amount of DNA immobilized so that these sensorgram saturation
levels can be compared directly for kinetics and stoichiometry differences.24 The results for
TTAA-DB75 binding indicate weak, non-specific binding with K approximately 2×105 M−1

compared to the 100 times greater K for the AATT site.

Figure 2a shows sensorgrams for DB293, which has one phenyl of DB75 converted to a
benzimidazole, binding to TTAA. As can be seen by the response in Figure 2a, DB293 binds
to TTAA much more strongly than DB75 and approaches saturation of the TTAA binding
sites at 0.3 μM concentration. The kinetics of DB293 association and dissociation are such
that a steady state plateau was reached (Fig. 2a) and plateau RU values were used directly in
the r versus Cf plot (Fig. 2e). Binding of DB293 to the AATT DNA sequence is similar to
DB75 and binding plots for TTAA and AATT are compared in Figures 2e and 2f,
respectively. As can be seen in this comparison, DB293 reaches saturation RU values that
are approximately twice as large with TTAA as with the AATT sequence. The data for
DB293 and AATT were fitted to a single binding site model which resulted in a strong
binding affinity; K= 2.3 × 107 M−1. The data for DB293 and TTAA, however, required
fitting to a two site model using equation 1 (Method Section), which resulted in a strong
cooperative dimer binding mode (K1= 1.1×106, K2 = 1.1×108). A quantitative definition of
non-cooperative binding for a two-identical-site complex is that the ratio of macroscopic
equilibrium constants, K2/K1, is equal to 0.25, a purely statistical value. We define Kcoop =
(K2/K1) × 4 and this is 1.0 for a non-cooperative 2-site interaction. The interaction occurs
with positive cooperativity if the ratio of K2/K1 is significantly larger than the statistical
value and with negative cooperativity if the ratio is less than 0.25. Note that the
cooperativity in this model arises naturally from the best fit values to the results in Fig. 2e.
The cooperativity factor for the DB293-TTAA complex was determined to be Kcoop= 400
(Table 1) indicating strong positive cooperativity. Note that the cooperativity in this model
arises naturally from the best fit values to the results in Fig. 2e. For a two site fit to TTAA
the reproducibility errors in the individual K values are twice as large as listed as above due
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to correlation of the Ks but the root means square values, also reported in Table 1, are as
above and these constants are comparable to the binding constants for monomer binding to
AATT. The root means square values also make for easier total binding comparisons across
all single and two-site binding interactions in Table 1.

These comparative results illustrate how the small structural differences between DB75 and
DB293 affect their DNA recognition pattern. DB75, like DB293 maintains the expected
ability to bind strongly to AATT but has weak binding affinity to TTAA with no dimer
formation. We have previously shown that DB185, the bisbenzimidazole dication analog of
the monocation, DB183 (Supplemental, Fig. S1), does not bind to TTAA as a dimer. 20 The
strong binding of the dication, DB293, to this sequence is thus a consequence of the ability
of DB293 to form a stacked dimer that achieves satisfactory separation of the four charges
when bound in the anionic environment of the DNA minor groove.

CD studies were performed to evaluate the mode of DB293 binding with TTAA. CD results
in Figure 3a for DB293 with the TTAA hairpin are characterized by large, positive induced
CD signals in the compound absorption wavelength range above 300 nm. The induced CD
signals monitor the asymmetric environment of compounds when bound to DNA and,
therefore, can be used to obtain information on the binding mode.27 As shown in Figure 3a,
ten additions of 1 μM each of DB293 to the 5 μM TTAA sequence induced a CD curve with
a maximum peak at 367 nm. The significant positive induced CD and DNA saturation at 2:1
compound to DNA ratio indicate that DB293 binds as a stacked dimer in the minor groove
of the TTAA sequence in agreement with SPR experiments. The isoelliptic points in Figure
3 are consistent with only two species present in significant amounts. This is as expected for
highly cooperative formation of 2:1 dimer complex where only the free DNA and 2:1
complex present at any time.

To determine the contribution of each part of the DB293 molecule to cooperative dimer
formation at TTAA, a number of modified compounds were synthesized with each part of
DB293 modified (Fig. 1), and their binding evaluated as for DB293.

Benzimidazole modifications
The benzimidazole ring system was converted to a number of other groups (Table 1 and Fig.
1), and sensorgrams were compared over the same compound concentration range for these
compounds. DB828, a benzoxazole derivative, has very weak binding to both TTAA (Fig.
2c and 2e) and to AATT (Fig. 2f). Figures 4b, c, and d for TTAA and AATT illustrate weak
and non-cooperative binding of DB832 (benzimidazole → furan) to both of these sequences.
These results indicate the importance of the benzimidazole ring in DB293 for strong dimer
formation ability in TTAA but it is not clear if both benzimidazole nitrogens are required.
To address this question the benzimidazole of DB293 was converted to an indole in DB1478
with the indole -NH pointed in the opposite direction as the amidine (reverse indole) and in
DB1878 with the -NH and amidine in the same direction. DB1478 has a fivefold reduction
in affinity for TTAA with low cooperativity dimer formation while binding to AATT is
reduced by a factor of about three. DB1878 binds more strongly to TTAA as a more
cooperative dimer with approximately one-half the affinity of DB293. Binding to AATT is
2–3 times weaker than with DB293. Clearly the benzimidazole is favored for recognition of
TTAA sites but the indole with the indole –NH and amidine in the same direction is quite
good and is preferred over the –NH and amidine in opposite directions.

CD titrations of DB832 with the TTAA hairpin duplex conducted under the same conditions
as with DB293 are shown in Figure 3b. DB832 is not optically active when free in solution,
however, when titrated into TTAA, a small, positive induced CD signal was observed,
which was very small compared to DB293 (Fig. 3a), in agreement with very weak binding
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of DB832 to TTAA. DB1878 gives an induced CD curve that is very similar to that for
DB293 (not shown).

Phenyl modifications
Figure 6a shows sensorgrams of DB915, which has a phenyl to pyridine change with the
nitrogen ortho to the furan ring, with TTAA. Binding plots in Figure 6b indicate that DB915
binds as a monomer to AATT with weaker binding affinity than with DB293 while it binds
as a cooperative dimer to TTAA with the same affinity. DB995 also has a phenyl to
pyrimidine change but with the pyridine nitrogen meta to the furan ring. The affinity with
TTAA is not affected significantly though, the cooperativity factor is reduced from 61 with
DB915 to 20 (Table 1). Both compounds are the first in the series that actually show a
binding preference to TTAA.

With DB270 the phenyl of DB293 is converted to a benzimidazole. The sensorgrams (Fig.
2d) and binding plot for TTAA (Fig. 2e) and for AATT (Fig. 2f) indicate that DB270 binds
strongly to AATT (K =1.1×107), as with DB293, but binds ten times more weakly to TTAA
than DB293 with two essentially equivalent sites and K= 3×106. The two phenol derivatives,
DB928 and DB992 (Table 1), do not show any significant improvement over DB293 in
recognition of TTAA.

DB1003 has a phenyl to furan change much like the conversion of DB75 to DB832
described above. DB832 binds very poorly to TTAA (Fig. 4b), but, surprisingly, DB1003
binds as a cooperative dimer with high affinity to TTAA (Fig. 4a) and a cooperativity factor
of 178 (Table 1). DB1003 binds as a monomer with significantly weaker binding affinity
(Fig. 4d) to AATT. The conversion of the phenyl in DB293 to a furan in DB1003, thus,
enhances the TTAA binding affinity, cooperative dimer formation, and specificity for TTAA
over the AATT sequence. The strong cooperativity for DB1003 can be seen in the Scatchard
binding plot in Fig. 5. The figure shows the pronounced convex curvature that is
characteristic of significant positive cooperativity. The line in the figure is constructed from
the binding constants in Table 1. With the phenyl of DB293 replaced by the smaller furan
group in DB1003, significant selective dimer recognition of TTAA becomes possible for the
first time. DB1003 is thus an example of how the functional units of a compound are
sensitive to different sequences and can be exploited to modify the specificity in recognition
of DNA.

On binding of DB1003 to TTAA and AATT DNAs, CD signals arise between 300–400 nm
(Fig. 3c) where the compounds absorb. The induced CD with the AATT sequence has a
maximum at 377 nm while with TTAA the maximum is at a lower wavelength, 372 nm. The
CD spectra of DB1003 complexes with AATT show one isoelliptic point at around 270 nm.
For the TTAA complex three isoelliptic points are observed at 409, 324, and 234 nm. The
strong positive induced CD for DB1003 with TTAA indicates minor groove binding of the
dimer.

Thermal melting of the AATT and TTAA DNA hairpin duplexes was monitored by UV
spectral changes in the absence and presence of DB1003 at pH 6.25 in buffer with no added
NaCl, [Na+] = 0.008 M. AATT has a monophasic melting curve in the unbound and
DB1003 bound states (Supplemental Fig. S2). With the TTAA sequence DB1003 has a
biphasic melting curve at ratios less than 2:1 (compound/hairpin duplex) and a monophasic
curve at a 2:1 ratio in agreement with dimer formation. ΔTm was found to be 28.7 °C for the
DB1003-TTAA complex which supports strong dimer binding as observed in SPR.
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Furan modifications
DB809, a phenyl-pyridine-benzimidazole diamidine was synthesized with the pyridine N in
the same relative position as the furan O in DB293. The compound, however, binds weakly
as a monomer to AATT and as a low cooperativity dimer to TTAA with a K that is ten times
lower than for DB293 (Table 1). Switching the pyridine and phenyl groups gives DB853,
which also binds very weakly to AATT and TTAA (Table 1). The phenyl-phenol derivative
DB837 is also not as good in recognizing the AT sequences as DB293. Modification of the
furan does not appear to be a useful approach for TTAA binding in this series.

Benzimidazole and furan modifications
DB1242 is a linear triaryl derivative that forms a stacked dimer in some GC rich sequences.
28 It thus appeared to be a promising dication for dimer binding at TTAA. The compound,
however, binds weakly to AATT and binding can not be detected with TTAA. Other similar
compounds with linear six-member aromatic systems also do not bind significantly to
TTAA (Table 1). Thus linear compounds do not appear promising for TTAA recognition.

Amidine modifications
Converting the amidines of DB293 to guanidinium groups, DB704 resulted in weaker
binding to AATT and a complete loss of binding to TTAA (Table 1 and Supplemental Fig.
S3). Clearly the guanidinium in the DB293 structure context does not fit well into the minor
groove in either sequence. DB501, a monocation, binds much more weakly to AT DNA
sequences as compared to all other compounds and does not produce any evidence for dimer
formation in TTAA(Table 1).

DNase I Footprinting
The experiments described above were all conducted with small DNA duplexes and the
question of whether these results are relevant to higher molecular weight DNAs arises. To
address this point DNase I footprinting experiments were conducted with DNAs that contain
both TTAA and several other AT binding sites as described in the Methods Section.
Footprinting results are shown in Figure 8 and Supplemental Figure S4. DB75, DB1003 and
DB1871, the indole analog of DB1003, were evaluated with the MS1-198bp radio-labeled
DNA, a sequence that contains TTAA, TATA, AATTA and ATTT sites of four or five AT
base pairs (Fig. 8a and corresponding densitrometric analysis on Fig. 8b). The results among
the compounds are strikingly different and clearly illustrate the difference between classical
minor groove binders and those that bind well to TTAA. DB75 gives a strong footprint at
concentrations at 1 μM and above with AATTA and ATTT but it gives no significant
protection to the TTAA or TATA sites, classical minor groove binder behavior. DB1003
gives exactly the opposite footprinting pattern, a strong footprint at TTAA but no significant
footprint at AATTA or ATTT (Fig. 8a), and the indole, DB1871, gives a similar pattern.
Interestingly, none of the compounds give any significant protection to the TATA site.

In Figure 8c and 8d, a DNase I footprinting gel and densitometer trace for DB75, DB293,
DB832, DB1003 and DB1871 with the TTAA-69bp DNA fragment that contains TTAA and
TATA type sites of four or more base pairs are shown. This sequence contains no other four
base pair AT sites. Up to a concentration of 1 μM neither DB75 nor DB832 give significant
protection. At 0.5 μM DB293 gives a footprint at the TTAA site and at 0.75 μM it gives a
broad cleavage across the TATA site. Below 1 μM DB1003 and DB1871 show significant
cleavage only at the TTAA site. The selectivity for the TTAA sequence using DB1003 and
its indole derivative DB1871 was also addressed from comparison with the AATT binding
of DB75 using a 265 bp DNA fragment containing the long AT-rich sequence 5′-
AAATTAA which contains both AATT (underlined) and TTAA (bold) as overlapping sites
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(Supplemental Fig. 4). The densitometric analysis clearly evidenced a shift of the sequence
recognition from the 5′ part of the AT-sequence using DB75 to its 3′ part (TTAA portion)
using DB1003 and DB1871. Clearly the footprinting studies are in excellent agreement with
results obtained with the oligomer hairpin duplexes.

Discussion
General, minor groove binding compounds, which are heterocyclic cations with a concave
shape and an H-bonding donor group on the concave edge of their structure, favor binding to
DNA sites that have AT base pair sequences. Although relatively little is known about the
binding specificity of such compounds for specific AT sites, the important therapeutic and
biotechnology applications of minor groove binding, suggest that the design/discovery of
structures with increased binding specificity of AT sequences would open up new uses of
these agents. A general finding is that most AT selective compounds bind preferentially at
A-tract sequences, such as AATT, with narrow minor grooves that do not contain TA base
steps.20–21,29 As described in the Introduction, the bisbenzimidazole monocation, DB183,
has been found to bind strongly to TTAA sites as a dimer while the related dication binds as
a monomer.20 Both compounds interact with the reverse sequence, AATT, significantly
more strongly than to TTAA as with other minor groove binders.21 These initial results and
the quite different properties of AATT and TTAA21–22 suggest that it should be possible to
design compounds with specificity for TTAA over other AT sites. Although significant
selectivity among AT binding sites has been difficult to obtain, is an obvious advantage for
development of a library of minor groove binders to target DNA.

We initially selected DB293 as a development compound with potential for binding to
TTAA sites as a dimer based on its unusual ability to recognize the ATGA sequence as a
stacked, antiparallel dimer.23, 30–32 This is true in spite of the fact that DB293 is a dication
with two charged amidine groups and most dications will not form stacked complexes with
DNA.33 In the work reported here a biosensor-SPR method was used for quantitative
evaluation of the binding of DB293 to AATT and TTAA sites in a similar sequence context.
We were encouraged by the finding that DB293, even though it is a dication, binds well to
TTAA as a cooperative dimer, although it still binds 2–3 times more strongly to AATT (Fig.
2 and Table 1). This result suggested that modifications of the DB293 structure would be a
promising route for design of improved agents for TTAA binding. To determine the
contribution of each part of the DB293 structure to TTAA binding, a set of initial modified
analogs were synthesized (Fig. 1 and Table 1) and their contribution to dimer formation and
binding were evaluated by the biosensor-SPR method.

Compounds related to DB293 but without a benzimidazole group, such as DB75, DB832
(Table 1) and several linear triaryl compounds related to DB111128, were found to bind
quite weakly to TTAA. Conversion of the benzimidazole to a benzoxazole (DB828)
removes the benzimidazole -NH function that can H-bond to AT base pairs and as a result,
the affinities for both AATT and TTAA are significantly reduced. In a particularly important
result, the benzimidazole of DB293 was replaced by an indole with the -NH pointed
opposite from the amidine group orientation (DB1478). This compound has a five-fold
reduction in affinity for TTAA and binds preferentially to AATT. On the other hand, an
indole with the -NH pointed in the same direction as the amidine (DB1878) binds more
strongly to TTAA, but with somewhat less affinity than the benzimidazole. Its selectivity for
TTAA is similar to DB293. For the compounds of Table 1, as well as with DB183, the
benzimidazole group is clearly a key motif for binding with significant affinity to TTAA.
Based on the indole results, it appears that both the benzimidazole -NH and the
benzimidazole amidine can H-bond with DNA in the dimer complex.
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The influence of the amidine groups of DB293 was evaluated by their conversion to
guanidinium groups (DB704, Table 1) or conversion of one amidine to an amine (DB501
Table 1). Both changes drastically weaken binding to TTAA relative to DB293. The AATT
affinity is also reduced but by a smaller extent. The monocations of DB293 bind weakly to
both AATT and TTAA and these results are quite different from those obtained with
DB183/DB185 and with polyamide minor groove binders. The dicationic polyamide,
netropsin, for example, cannot form a stacked minor groove dimer but the monocation
distamycin can form a cooperative dimer in AT sequences that can open to accommodate a
stacked dimer.33–34 Clearly, whatever charge repulsion exists in the stacked DB293
complex with TTAA costs much less Gibbs energy (ΔG0) than is gained by the amidine
interactions in the complex. The polyanionic backbone of DNA thus provides sufficient
shielding of the four positive charges of the stacked dimer to allow it to form in the TTAA
minor groove.

To determine the importance of the furan to binding in DB293, it was converted to a
pyridine (DB809) with the pyridine N in a similar position to the furan O. Somewhat
surprisingly, DB809 binds as a low cooperativity dimer with a ten-fold reduction in affinity
for TTAA. Similar results were also obtained with a phenyl replacing the furan. There
appear to be two primary possible reasons for this drop in affinity. First, the bond angle
differences between the central furan versus the central pyridine or phenyl result in a larger
radius of curvature for the furan derivatives. Second, the phenyl-furan-benzimidazole
system is essentially planar while the phenyl-pyridine interaction results in a torsional angle
of 20–25 degrees between the two six member rings and an even larger angle for the phenol
derivative (DB837) in Table 1. Such a twist could significantly reduce the stacking
energetics in the six-six system relative to furan derivatives. All of the six-six ring
compounds in Table 1 show poor affinity for TTAA as well as reduced affinity for AATT
relative to DB293.

Phenyl substituted DB293 analogs such as DB915, DB995, DB928 (Table 1) exhibit slightly
weaker dimer formation with TTAA than DB293. SPR results show that these compounds
form the specific 2:1 stacked dimer complexes in TTAA while they form 1:1 complexes in
AATT. DB992, and similar analogues, with different substituents ortho to the amidine bind
approximately ten fold more weakly than DB293 to TTAA, probably due to larger twist of
their phenyl amidine group. If the phenyl is replaced by a benzimidazole (DB270) binding to
TTAA drops by ten fold while binding to AATT is similar to DB293. Conversion of the
phenyl to a furan in DB293 to give DB1003, however, gave significantly improved
specificity for TTAA relative to DB293. The highly cooperative binding of DB1003 to
TTAA is seen in the concave Scatchard plot (Fig. 5). Strong binding of DB1003 is also
supported by the large positive induced CD for DB1003 binding to TTAA (Fig. 3). Of all
the modified derivatives of DB293, DB1003 is the most improved in terms of selectivity
between AATT and TTAA. It is 6 times more selective for TTAA as compared to 0.5 in the
case of DB293 (Fig. 9). With the benzimidazole of DB1003 replaced with an indole
(DB1871) that has the -NH pointed in the same direction as the amidine, the binding to both
TTAA and AATT is very similar to that for DB1003. This result again demonstrates that it
is critical to TTAA binding to have an -NH pointed in the same direction as the amidine.

The DNase I footprinting studies support the strong selectivity of DB1003 for -TTAA-
binding sites. As shown in Figure 8, the selectivity is observed even in the presence of
competing AT binding sites that are generally quite favorable for minor groove compounds.
DB75 and other classical-type minor groove binders interact with the sequences in Figure 8
in almost the inverse manner to DB1003 and avoid the TTAA sites that are favored by
DB1003. The same conclusions thus arise from both the high resolution studies on small
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DNA hairpin duplexes and the combinatorial-type analysis of binding specificity in high
molecular weight duplex DNA by DNase I.

All of these results show that small compound structural changes, at positions throughout
the molecular structure of the parent compound, DB293, can have profound effects on DNA
recognition. The AATT minor groove which is deep and narrow, does not allow more than
one molecule to bind without a significant free energy cost. On the other hand, TTAA with a
wider groove and disordered array of water molecules provides weaker van der Waals
interaction and lower entropy for single small molecule binding.21 One strategy for
enhancing both the specificity and the affinity in TTAA recognition would be to recognize
bases in both strands in the same complex. The TTAA minor groove cannot be strongly
recognized by single small molecules but its recognition by molecules, such as DB1003,
which can bind as stacked dimers, is a promising strategy. The excellent selectivity of
DB1003 can easily be seen by the comparison of histogram results in Figure 9 where the
SPR selectivity ratio from Table 1 is plotted for a panel of compounds with different
structures. DB1003 and the related indole have selectivity for TTAA versus AATT sites
above 5 fold while most compounds have selectivity below 1 and are selective for the AATT
sequence. This selectivity is strongly supported by the footprinting results in Fig. 8 where
the selectivity, based on concentrations required to observe a footprint, is even greater.
DB293 and closely related derivatives have selectivity between 0.5–2 and bind to TTAA as
dimer complexes, but they also bind well to AATT and that keeps their selectivity low.

As noted in the Introduction, clustered local 4–5 base pair sites offer an attractive method to
enhance selective biological effects. Single sites of small molecule binding, in general, have
much less significant effects. We have also recently found that with DB293 inhibition of
transcription factor binding is much stronger for dimer than for monomer binding35 and this
makes the DB1003 dimer reported here particularly attractive. The biological and inhibition
results likely depend, at least in part, on effects of minor grove binding on DNA topology,
which is a factor of compound structure and DNA sequence.36 Whether biological effects
appear on binding of small molecules to DNA is thus a complex function of both the number
of locally bound small molecules, the site range covered, and the local effects produced on
binding. Linking molecular binding units to target larger numbers of base pairs is a method
that we are also currently exploring to increase selectivity.37 Although it is not yet clear
how many base pairs will be required in a local sequence cluster and what effects they must
have on the DNA structure to generate a biological response, it is clear that agents that have
improved selectivity will be required. DB1003, which has excellent selectivity for TTAA
sites in long DNA sequences (Fig. 8) and binds as a dimer to enhance the potential to
perturb protein binding, is an excellent model for development of such agents.

In summary, the key features for the DB1003 minor-groove dimer from the information
provided by the compound structure-binding results in Table 1 and Figure 9 are: (i) a
favorable stacking surface provided by the benzimidazole-furan-furan pi system that can
interact well with the wider minor groove in TTAA sites, (ii) an inward pointing
benzimidazole (or indole) -NH and amidine, which provide four H-bond donors in a stacked
dimer to interact with the TA base pairs at the floor of the groove, (iii) appropriate curvature
of the stacked dimer complex to match the curvature of the minor groove. Given the low
toxicity and excellent cell uptake of diamidines in this series38 dimer discovery presents an
opportunity to develop new therapeutics. This discovery also suggests that compounds can
be developed to selectively recognize a variety of four base pair AT sequences while
excluding binding to GC sequences.
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MATERIALS AND METHODS
Compounds, DNAs, and Buffers

The syntheses of DB75, DB293, DB828, DB270, DB837, DB853, DB1242, DB704, and
DB501 have been published.39–43 The syntheses of the remaining compounds will be
published elsewhere. Purity of all compounds was verified by NMR and elemental analysis.
SPR, CD and Tm experiments are performed with CGTTAACG, and a CGAATTCG hairpin
oligomer DNAs from IDT (Integrated DNA Technologies) (Fig. 1). Solutions for CD and
SPR were prepared in degassed cacodylic acid buffer of pH 6.25 containing 0.01M
cacodylic acid, 0.001M EDTA and 0.1 M NaCl. Tm experiments were done under the same
conditions with 0M NaCl. The concentration of the DNA solutions was determined
spectrophotometrically at 260 nm using extinction coefficients per nucleotide of AATT
duplex DNA. The extinction coefficients were calculated on a per strand basis by the
nearest-neighbor method and divided by the number of nucleotides per strand.44

SPR-Biosensor Binding Determinations
SPR (Surface plasmon resonance) measurements were performed with a four-channel
BIAcore 2000 optical biosensor system (BIAcore Inc.). 5′-biotin labeled DNA samples (Fig.
1) were immobilized onto streptavidin-coated sensor chips (BIAcore SA) as previously
described.24 Three flow cells were used to immobilize the DNA oligomer samples, while a
fourth cell was left blank as a control. The SPR experiments were performed at 25°C in
filtered, degassed, 10 mM cacodylic acid buffer (pH 6.25) containing 100 mM NaCl, 1 mM
EDTA. Steady state binding analysis was performed with multiple injections of different
compound concentrations over the immobilized DNA surface at a flow rate of 25 μl/min and
25°C. Solutions of known ligand concentration were injected through the flow cells until a
constant steady-state response was obtained. Compound solution flow was then replaced by
buffer flow resulting in dissociation of the complex. The reference response from the blank
cell was subtracted from the response in each cell containing DNA to give a signal (RU,
resonance units) that is directly proportional to the amount of bound compound. The
predicted maximum response per bound compound in the steady-state region (RUmax) was
determined from the DNA molecular weight, the amount of DNA on the flow cell, the
compound molecular weight, and the refractive index gradient ratio of the compound and
DNA, as previously described.45–46 The number of binding sites and the equilibrium
constant were obtained from fitting plots of RU versus Cfree.

The stoichiometry of the reaction can be calculated as follows:

RU is the observed (experimental) response in the plateau region and RUmax is the predicted
maximum response for a single small molecule binding to a nucleic acid site. Dividing the
observed steady-state response RU by the calculated response RUpred-max yields a
stoichiometry normalized binding isotherm. The calculated value (r) was fitted to an
appropriate binding model, either a single site model (K2 = 0) or with a two site model:

(1)

Where r represents the moles of bound compound per mole of DNA hairpin duplex, K1 and
K2 are macroscopic binding constants, and Cfree is the free compound concentration in
equilibrium with the complex (the concentration in the flow solution).24
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Circular Dichroism
CD spectra were obtained on a Jasco J-810 spectrometer. The software supplied by Jasco
provided instrument control, data acquisition and manipulation. A DNA solution in
cacodylic acid buffer with 100 mM NaCl was scanned in 1 cm quartz cuvettes and solution
of the compounds were added to DNA at all the desired ratios and the complexes were
rescanned.

Thermal melting (Tm) experiments—Tm experiments were conducted with a Cary 300
UV–visible spectrophotometer in 1-cm quartz cuvettes. The absorbance of the DNA–
compound complex was monitored at 260 nm as a function of temperature and DNA
without compound was used as a control. Cuvettes were mounted in a thermal block, and the
solution temperatures were monitored by a thermistor in a reference cuvette with a
computer-controlled heating rate of 0.5 °C/min. Experiments were conducted in 0.01 M
cacodylic acid (Dimethylarsinic acid) at pH 6.25. The concentration of the DNA was about
3×10−6 M in hairpin. For experiments with complexes a ratio of 3:1 compound per oligomer
duplex was generally used.

DNase I Footprinting—DNase I footprinting experiments were essentially performed as
described in35, with the following modifications. The MS1-198 bp DNA fragment was
obtained from double digestion of the pUC18-MS1 plasmid 47 at SacI and HindIII
restriction sites for 1 hour with the corresponding enzymes in their respective buffers. The
TTAA-69 bp DNA fragment was obtained from EcoRI and PstI double digestion of the
pUC19-TTAA vector. This vector derived from pUC19 (Stratagene) by insertion between
SalI and BamHI restriction sites of a double-stranded DNA obtained from hybridization of
the two phosphorylated oligonucleotides 5′-
GATCCCACTGCTTAACTGGCTTCGACTCACTATAGGGAGACCCG and 5′-
TCGACGGGTCTCCCTATAGTGAGTCGAAGCCAGTTAAGCAGTGG (Eurogentec,
Belgium) containing both TTAA and TATA sequences (underlined). The generated DNA
fragments were 3′-end labeled using α-[32P]-dATP (3000 Ci/mmol each, GE Healthcare,
Buckinghamshire, England) and 10 units of Klenow enzyme (BioLabs) for 30 min at 37°C.
The resulting radio-labeled DNA fragments were separated on a 6 % native polyacrylamide
gel using electrophoresis in TBE buffer (89 mM Tris base, 89 mM boric acid, 2.5 mM Na2
EDTA, pH 8.3). The DNA fragments were removed from gel by crushing the portion of gel
and dialyzing it over-night against 400 μl of elution buffer (10 mM Tris-HCl pH 8.0, 1 mM
EDTA, 100 mM NaCl) prior to filtration through a Millipore 0.22 μm membrane and
subsequent ethanol precipitation. Increasing concentrations of the DB1003 as indicated in
the legend of figures (μM) were incubated 15 min at 37°C with the radio-labeled DNA
fragments to ensure equilibrium prior to subsequent digestion upon addition of 0.001 unit/
mL of DNase I (Sigma, France) for 3 min in digestion buffer (20 mM NaCl, 2 mM MgCl2, 2
mM MnCl2, pH 7.3). The reaction was stopped by freeze-drying and lyophilization. The
dried pellets containing the cleaved DNA fragments were then dissolved in 4 μL of
denaturing loading buffer (80% formamide solution containing tracking dyes), heated at 90
°C for 4 min and rapidly chilled on ice for 5 min prior to electrophoresis at 65 W in TBE
buffer on a denaturing polyacrylamide gel (0.35 mm thick, 8% polyacrylamide containing 8
M urea). After migration during the appropriate delay, gels were soaked 10 min in 10%
acetic acid, transferred to What man 3 MM paper and dried under vacuum at 80 °C. Dried
gels were exposed overnight on storage screens and scans using a Molecular Dynamics
STORM 860. Comparison of the relative position of the bands to the guanines sequencing
standard (G-track, obtained from Maxam and Gilbert sequencing standard method) was used
to identify the positions of protected bases. Quantifications of the footprints were performed
using Image Quant 3.3 software.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) Representative structures of compounds classified by their functional group
modifications. Structures for all compounds are tabulated in Table 1. (b) DNA sequences
used in this study.
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Fig. 2.
Equilibrium binding studies. SPR sensorgrams for binding of (a) DB293, (b) DB75, (c)
DB828, and (d) DB270 to the TTAA at 25 °C. The unbound compound concentrations in
the flow solutions range from 0.0001 μM in the lowest curve to 1 μM in the top curve. The
RU values from the steady-state region of SPR sensorgrams were converted to r by r = RU/
RUmax and are plotted versus the unbound compound concentration for DB293, DB75,
DB809, and DB270 binding to (e) TTAA; Solid lines represent a one site fit for DB75,
DB828 and a two site fit for DB293 and DB270 and (f) AATT; Solid lines represent a one
site equation fit. Experiments were conducted in cacodylic acid buffer with 0.1 M NaCl
added at 25 °C.
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Fig. 3.
Study of binding mode. CD titration for TTAA in (a) DB293, (b) DB832, (c) DB1003, and
AATT in (d) DB1003. The concentration of duplex hairpin was 5 μM and the compound
was added with 1 μM increment with total of 10 increments. In case of DB293 and DB1003
in TTAA, DNA saturates at 2:1 compound to DNA ratio confirming dimer formation for
these compounds. DB832 in TTAA and DB1003 in AATT with similar compound to DNA
ratio give weaker binding.
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Fig. 4.
Equilibrium binding studies. SPR sensorgrams for binding of (a) DB1003 and (b) DB832 to
the TTAA at 25 °C. The unbound compound concentrations in the flow solutions range from
0.0001 μM in the lowest curve to 0.8 μM in the top curve. The RU values from the steady-
state region of SPR sensorgrams were converted to r by r = RU/RUmax and are plotted
versus the unbound compound concentration for DB1003 and DB832 binding to (c) TTAA
and (d) AATT.
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Fig. 5.
Scatchard plots of the results for binding of DB1003 and DB832 to TTAA.
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Fig. 6.
Equilibrium binding studies. SPR sensorgrams for binding of (a) DB915 to the TTAA. The
unbound compound concentrations in the flow solutions range from 0.0001 μM in the lowest
curve to 0.8 μM in the top curve. (b) The binding plot for DB915 in the presence of TTAA
and AATT.
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Fig. 7.
Equilibrium binding studies. SPR binding plots for DB1878 in the presence of TTAA and
AATT.

Munde et al. Page 22

J Mol Biol. Author manuscript; available in PMC 2011 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
DNase I footprinting assays. (a) The radiolabeled MS1-198 bp (lanes “0”) or (c) TTAA-69
bp DNA fragments were incubated alone (lanes “DNA”) or in the presence of graded
concentrations (μM) of the various compounds as indicated on the top of each lanes. Lanes
“G” correspond to the G-track ladders that were used as markers for guanines positions to
locate the protected sites. The respective densitometric analyses are presented in panels (b)
and (d). Black boxes localize the sites that are protected by the compounds from DNase I
cleavage.
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Fig. 9.
Comparative plot of selectivity (KTTAA/KAATT) of studied compounds against AATT and
TTAA sequences. KTTAA = (√ K1×K2); KAATT is equilibrium binding constant for AATT
site.
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