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DNA sequence recognition by an imidazole-containing
isopropyl-substituted thiazole polyamide (thiazotropsin B)
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Abstract—We have used DNA footprinting and fluorescence melting experiments to study the sequence specific binding of an imid-
azole-containing isopropyl-substituted thiazole polyamide (thiazotropsin B) to DNA. While the parent compound (thiazotropsin A)
binds to the hexanucleotide sequence ACTAGT, changing one of the N-methylpyrrole groups to N-methylimidazole changes the
preferred binding sequence to (A/T)CGCG(T/A). Experiments with DNA fragments that contain variants of this sequence suggest
that the ligand can also bind, with lower affinity, to sequences which differ from this by 1 bp in any position.
� 2006 Elsevier Ltd. All rights reserved.
A large number of small molecules are known to bind to
the minor groove of duplex DNA.1,2 These compounds,
of which the best known are the natural products dista-
mycin and netropsin or the synthetic bisbenzimidazole
Hoechst 33258, are generally selective for AT-rich
sequences, to which they bind in a 1:1 mode.3,4 The mol-
ecules make close contacts with the narrow minor
groove that is typically found in AT-rich sequences;
binding to GC-containing sequences is hindered by their
wider groove and by steric clash with the 2-amino group
of guanine. A large number of modifications to these
simple structures have been attempted in order to
change the sequence specificity, but in general these
resulted in a relaxed specificity, with the inclusion of
other sites as well as A/T tracts.5 However, the observa-
tion that distamycin can bind to some sequences in an
antiparallel side-by-side 2:1 mode6 led to the develop-
ment of the hairpin pyrrole–imidazole polyamides as
specific sequence-reading agents. These compounds rec-
ognize sequences by the side-by-side pairing of N-meth-
ylpyrrole and N-methylimidazole groups in the DNA
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minor groove. The simple code recognizes CG with a
pyrrole/imidazole (Py/Im) pair, Im/Py targets GC and
the Py/Py pair binds to both AT and TA.7–9

Although these compounds are able to recognize specific
DNA sequences, they are large molecules with limited
biological activities. We have therefore developed novel
distamycin analogues with heterocyclic rings of different
shapes and sizes so as to produce molecules with im-
proved potential for following the contours of the minor
groove.10–13 In our earlier studies we showed that a
distamycin analogue (thiazotropsin A, Fig. 1A), in
which one of the N-methylpyrroles is substituted by an
isopropyl-substituted thiazole, is selective for the se-
quence ACTAGT.10,11 Two molecules of this compound
bind side-by-side in the minor groove but, because of the
bulk of the substituted thiazole ring, the molecules are
staggered relative to each other and the complex reads
a total of 6 bp. In the present study, we have determined
the sequence specificity of a closely related compound in
which one of the N-methylpyrrole groups is replaced
with N-methylimidazole: thiazotropsin B (Fig. 1A). By
comparison with the Dervan rules for sequence recogni-
tion, and allowing for the staggered side-by-side binding
of these compounds, we predict that this compound
should bind to the sequence (A/T)CGCG(A/T). We
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Figure 1. (A) Structures of thiazotropsin A (X = C, R = H) and

thiazotropsin B (X = N, R = CH3). (B) Fluorescently labelled sequenc-

es used in the thermal melting experiments. F = fluorescein and

Q = methyl red. (C). Schematic representation of the binding of

thiazotropsins A and B in the DNA minor groove. Green, formyl

(thiazotropsin A) or acetyl (thiazotropsin B) ‘head’; red, N-methyl-

pyrrole; yellow, thiazole; blue, N-methylimidazole; grey, DMAP ‘tail’.
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have used DNase I and hydroxyl radical footprinting
and fluorescence melting to explore the sequence speci-
ficity of this compound.

Thiazotropsin A was prepared as previously
described,12,13 while thiazotropsin B was synthesized as
Figure 2. The first two panels show DNase I footprints for thiazotropsin B

third panel compares the DNase I footprints for thiazotropsin A (10 lM) a

binding site for thiazotropsin A. The fourth and fifth panels show hydroxyl ra

panel shows DNase I cleavage patterns of Sequence A in the presence of thia

gel lane. GA corresponds to marker lanes specific for purines, while ‘con’

location of the best binding sites. The letters and numbers alongside each fo
described below.14 Figure 2 shows the results of DNase
I and hydroxyl radical footprinting experiments with
these compounds on DNA fragments MS1 and
MS2.16,17 These footprinting substrates contain all the
136 possible tetranucleotide sequences;16 MS1 and
MS2 contain the same sequence, which is cloned in
opposite orientations, allowing good resolution of target
sites at both ends of the fragment. Although we antici-
pated that thiazotropsin B would possess a binding site
that is longer than four base pairs (probably (A/T)
CGCG(A/T), which is not represented in this sequence),
this fragment was used for our initial studies with thia-
zotropsin A as it provides a better indication of possible
target sequences than most natural fragments that pos-
sess a random distribution of potential sites. The first
two panels of Figure 2 show the DNase I cleavage pat-
terns, in which three footprints are evident on each
strand, which are indicated alongside the sequence in
Figure 4. The concentrations required to generate these
footprints (10 lM and above) are higher than those pre-
viously reported for thiazotropsin A (1 lM). The foot-
print at site 1 persists to lower concentrations (10 lM)
than the other two sites (25 lM). This site contains the
sequence GCGCGA, which differs from the predicted
target, (A/T)CGCG(A/T), at only the first base pair.
We have previously shown that thiazotropsin A binds
to the sequence ACTAGT and it is clear that thiazotrop-
sin B binds at a different location. This is emphasized in
the third panel of Figure 2 which directly compares the
DNase I footprinting patterns of these two ligands. The
on MS1 (top strand, Fig. 4A) and MS2 (bottom strand, Fig. 4B). The

nd thiazotropsin B (50 lM) on MS2. ‘A’ indicates the location of the

dical cleavage patterns for these ligands on the MS2 fragment. The final

zotropsin B. Ligand concentrations (lM) are shown at the top of each

is cleavage in the absence of added ligand. The filled boxes show the

otprint correspond to those in Figure 4.
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footprint for thiazotropsin A (labelled ‘A’) is not affect-
ed by thiazotropsin B and the three thiazotropsin B sites
are not affected by thiazotropsin A. It is clear that these
two ligands have very different sequence binding
requirements, even though they only differ by a single
atom. Site 2 contains the sequence TCCCGT, which
also differs from the predicted target at 1 bp in the third
position. Site 3, which contains the sequence TAGCAA,
is less closely related and differs from the predicted se-
quence in the second and fourth positions.

The third and fourth panels of Figure 2 compare the
hydroxyl radical footprints for thiazotropsins A and
B on fragment MS2. This reveals many sites of attenu-
ated cleavage for both ligands, which are indicated in
Figure 4. Some of these footprints correspond to the
DNase I footprints (sites d, f and h correspond to sites
1–3, respectively) but many others are not seen with
DNase I. We have previously noted the presence of
additional footprints in the hydroxyl radical cleavage
patterns with higher concentrations of thiazotropsin
A. These secondary sites are in the same positions
for both thiazotropsins A and B.

The final panel of Figure 2 shows DNase I footprinting
patterns for thiazotropsin B on Sequence A. This is an
unrelated synthetic footprinting substrate that contains
Figure 3. Footprinting patterns showing the interaction of thiazotropsin B w

patterns in the presence of different concentrations of thiazotropsin B, while

each panel the ligand concentration (lM) is shown at the top of each gel lan

cleavage in the absence of added ligand. The filled boxes show the location o

each footprint correspond to those in Figure 4. ‘Top’ and ‘bottom’ indicate w

label.
several (G/C)4 tracts, including the predicted target site
ACGCGT. Several footprints are evident on this frag-
ment (numbered 1–7 in Fig. 2) and their location is indi-
cated in Figure 4B. The footprint at site 1 (ACGCGT)
persists to lower concentrations (0.1 lM) than all the
other sites, which typically reveal protections at around
5–10 lM. Several of these weaker sites are located
around the sequences (A/T)GGCC(A/T) (sites 2, 4 and
5) or (A/T)CCGG(A/T) (site 7). These results suggest
that thiazotropsin B possesses considerable sequence
selectivity which is clearly different from that of thiazo-
tropsin A.

Based on these results we prepared a synthetic DNA
footprinting template which contains several variations
around the sequence (A/T)(G/C)4(A/T) (sequence 1,
Fig. 4C). The results of DNase I and hydroxyl radical
footprinting experiments with this fragment are shown
in Figure 3. The first two panels show the patterns of
DNase I cleavage on this fragment labelled on the top
or bottom strands, in which a number of regions of pro-
tection are evident. Three clear regions of protection are
produced, which are clearest on the labelled top strand
(first panel). Sites 1–3 contain the sequences ACGCGA,
TCGCGA and ACGCGT, respectively. Although sites 1
and 2 cover about 8 bases, site 3 is longer and presum-
ably contains a second overlapping binding site, which
ith Sequence 1. The first two panels correspond to DNase I cleavage

the third and fourth panels are hydroxyl radical cleavage patterns. In

e. GA corresponds to marker lanes specific for purines, while ‘con’ is

f the best binding sites, as described in the text. The numbers alongside

hich strand of the sequence shown in Figure 1B bears the radioactive
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may be TAGCGT. Footprints are also evident in similar
locations on the labelled bottom strand. It is also infor-
mative to note the regions that are not protected by this
ligand such as in the upper portion of the gel for the la-
belled top strand, which contain the sequences
TCCGCA and ACCCCT and between sites 1 and 2
(containing TCGCCT and TCGGGA). The third and
fourth panels of Figure 3 show hydroxyl radical foot-
printing patterns for thiazotropsin B on this sequence.
Several regions of attenuated cleavage are evident,
which are underlined in Figure 4C. Sites a (ACGCGA),
d (TCGCGA) and f (ACGCGT) produce the clearest
footprints, which persist to the lowest ligand concentra-
tions, and which correspond to the DNase I footprints
at sites 1–3. Other footprints are evident at sites b
(TCGCCT), c (TCGGGA), e (TCGCGC), g (TAG-
CGT) and h (AGCGCA) most of which differ from
the predicted site by 1 bp.

We further examined the sequence selectivity of this li-
gand by measuring its effect on the melting of short
DNA duplexes, using the fluorescence melting technique
that we have previously described.19 These duplexes
(Fig. 1B) are labelled with fluorescein at the 5 0-end of
one strand and with methyl red at the 3 0-end of the com-
plement. These groups are in close proximity in the du-
plex and the fluorescence is quenched. When this melts
the fluorophore and quencher are separated and the
fluorescence increases. One sequence contains the bind-
A     MS1 (top) and MS2 (bottom)  

5’-GGATCCATATGCGGCAATACACATGGCCGA
3’-CCTAGGTATACGCCGTTATGTGTACCGGCT
                    a          b 
                                 

CAAGGTTAAGCTCCCGTTCTATCCTGGTATAGC
GTTCCAATTCGAGGGCAAGATAGGACCATATCG
   e                    g        
           f 2                 h 

ACGTCCGGTGGGGTCTGTTTTGTCATCTCAGCC
TGCAGGCCACCCCAGACAAAACAGTAGAGTCGG
             k 

B      Sequence A  
5’-GGATCCAGCAAGCGCTTGCTAGGCCATGCA
                                 

CAAGACCTTGCAAGGCCTTGCAAGTCCTTGCTT
   3           4                 

CACGGATCC-3' 

C     Sequence 1

5’-GATGGATCCTTAATCCGCATAACCCCTTTA
3’-CTACCTAGGAATTAGGCGTATTGGGGAAAT

                                 

ATTCGCGCAAAACGCGTATAGCGTTAAGCGCAA
TAAGCGCGTTTTGCGCATATCGCAATTCGCGTT

          e                 f          3      g                  h 

Figure 4. Sequences of the footprinting substrates indicating the regions p

(underlined). All the sequences were cloned into the BamHI site of pUC19 (
ing site for thiazotropsin A (ACTAGT), while the other
contains one of the potential sites for thiazotropsin B
(ACGCGT). Figure 5 presents typical fluorescence melt-
ing curves for the ligands on these sequences, and the
calculated Tm values are presented in Table 1. It
can be seen that thiazotropsin A increases the Tm of
ACTAGT, as previously reported,11 but has almost
no effect on ACGCGT. In contrast thiazotropsin B
stabilizes ACGCGT, but has only a small effect on
ACTAGT.

These results show that the preferred binding sites for
thiazotropsins A and B are very different. On fragments
MS1 and MS2 thiazotropsin A binds to the sequence
ACTAGT, while thiazotropsin B shows no interaction
with this site, but binds around the sequence GCGCGA.
It is clear that changing the N-methylpyrrole group to
N-methylimidazole has caused a marked change in the
sequence binding characteristics. We previously suggest-
ed that thiazotropsin A binds as a staggered side-by-side
2:1 complex10,11 (formation of the unstaggered complex
is prevented by the bulk of the isopropyl-thiazole moie-
ty) in which the central AT base pairs are close to Py/Py
pairs (see Fig. 1C). Changing the terminal pyrrole to an
imidazole produces Im/Py and Py/Im pairs which, by
comparison with the Dervan rules for hairpin polya-
mides, would be expected to recognize GC and CG,
respectively. We would therefore predict that this ligand
should bind best to (A/T)CGCG(A/T) (see Fig. 1C). The
TTTCCAACTGCACTAGTCGTAGCGCGAT 
AAAGGTTGACGTGATCAGCATCGCGCTA 
         c     
                     d 1 

AATTAGGGCGTGAAGAGTTATGTAAAGT 
TTAATCCCGCACTTCTCAATACATTTCA 
            i          j 
3     

TCGAATGCGGATCC-3’ 
AGCTTACGCCTAGG-5’ 

ACGCGTTGCAAGCCCTTGCATGGCCATG 
  1                  2 

GGCCAAGCAAGATCTTGCAACCGGTTGC 
   5         6        7   

CGCGAAATCGCCTAATCGGGATATCGCGA 
GCGCTTTAGCGGATTAGCCCTATAGCGCT 

a 1      b        c     d 2 

TACGCATACCGGATCCGAG-3’ 
ATGCGTATGGCCTAGGCTC-5’ 

rotected from DNase I cleavage (filled boxes) and hydroxyl radicals

only the insert is shown).
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Figure 5. Fluorescence melting profiles for sequences ACGCGT and ACTAGT in the presence of thiazotropsins A and B. Filled line, no added

ligand; dotted line, thiazotropsin A (50 lM); dashed line, thiazotropsin B (25 lM for ACGCGT and 50 lM for ACTAGT).

Table 1. Effect of thiazotropsins A and B on the melting temperature

of sequences ACGCGT and ACTAGT

Tm (�C) DTm (�C)

50 lM 25 lM 10 lM 5 lM 1 lM

Thiazotropsin B

ACGCGT 53.7 12.0 9.8 5.4 1.6 0.1

ACTAGT 39.3 4.0 1.1 0.5 0.2 0.2

Thiazotropsin A

ACGCGT 3.1 1.2 0.3 0.1 0.0

ACTAGT 19.3 16.6 13.2 9.8 0.6

The first column shows the melting temperatures of the oligonucleo-

tides alone, while the other columns show the change in Tm caused by

the ligands. The values shown are the average of three determinations

for which the Tm values differed by 0.5 �C or less.
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footprinting data confirm that this is a good binding
site, but reveal that it can bind to several other related
sequences. Sites 1 and 2 in the MS1/MS2 fragments dif-
fer from the proposed site by one base pair in the first
and third positions, respectively. Site 1 in Sequence A
corresponds to the predicted site and produces the best
footprint (persisting to the lowest ligand concentrations)
on this fragment. Sites 1–3 on Sequence 1 also corre-
spond to the suggested site. It therefore appears that,
although we have not exhaustively examined all the pos-
sible hexanucleotide binding sites for this ligand, (A/
T)CGCG(A/T) is amongst the best binding sites. These
studies confirm that the staggered overlap of small mol-
ecules can increase the binding site size, thereby achiev-
ing the recognition of longer DNA sequences without
increasing their molecular size.

It is also clear that both thiazotropsins A and B bind
to a range of secondary sites at higher concentrations;
these are especially evident in the hydroxyl radical
cleavage patterns. These secondary sites are more evi-
dent with thiazotropsin B, as this ligand binds to its
preferred site less well than thiazotropsin A. The weak-
er binding for imidazole-containing ligands is consis-
tent with observations with the hairpin polyamides.
In contrast to thiazoles and pyrroles, which promote
strong binding to DNA, the imidazole ring leads to
lower affinity. These secondary sites appear at a diverse
range of sequences and many are common for both
thiazotropsins A and B. It is possible that these arise
from simple 1:1 binding.
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