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Abstract- A series of imidazole containing analogues lii in a head to tail fashion (N to C) and containing 
methylene linkers were synthesized and examined for their DNA binding properties. The triimidazole palanine 
linked compound 1Oa was shown to bind efficiently tc GC rich sites on DNA covering six base pairs, which is in 
contrast to the tetraimidazole carboxamide compound 3, previously shown to be a poor DNA binder. 

There is widespread interest in the development of reagents which recognize and bind to DNA in a 

sequence specific manner. One ultimate goal in such an approach would be the ability to construct ligands 

designed to bind specificaIly to any chosen DNA sequence. l The naturally cccurring oligopeptides netropsin 1 

arad distamycin 2 (see Figure l), which bind to the minor groove of DNA and recognize (A/I)4 and (A/T)5 

respectively, have proven particularly useful in the gaining of insights into ligand:DNA interactions.2 It has been 

shown that replacement of the pytrole heterocycle with an imidaxole creates compounds which ahow the 

recognition of GC base pairs.3 It also has been shown that attempting to increase the binding site size by 

increasing the number of pyrrole carboxamide units results in compounds with a decreased binding affinity to 

DNA compared to 1 and 2.4 This is most likely a combination of two problems, those of phasing5 and of 

curvature.6 

It has recently been demonstrated clearly with respect to imidazole analogues that there is a marked 

decmase in the binding affinity of a temle compound 3, with a theoretical binding site size of six base 

pain+,4 compared to its triimidazole counterpart 4 (binding to five base pairs). This was rationalized to be due to 

the increased radius of curvature of the teuaim&uole compound, thereby preventing maximum hydrogen bonding 

and van der Waals forces between the ligand and DNA.7 The concept of utilizing different linkers to overcome the 

problems encountered with carboxamide linked oligopyrrole analogues of 1 and 2 has been explored. In work 

describing the linking of netropsin units in three different manners, N to N (head to head)gg, C to C (tail to taiB8 

and N to C (head to tail)*,lu, the compounds that were synthesized were shown to span between ten and eleven 

base pairs in a bidentate manner. 

In the present study a series of imidaxole compounds linked in the head to tail sense were synthesized and 

studied by an ethidium assay, CD, MPE footprinting and molecular modelling studies. The aliphatic linker 

consists of either two @alanine) or three (y-aminobutyrate) methylene groups which tether different numbers of 

imidazole units and were designed to explore the optimum binding of smah molecules to GC rich sequences of 

increasing size. This interest stems from the observation that regions of high GC content are commonly found in 

genomes of mammaIs, including humans, and that a functional role of GC rich sequences is suggested by their 

frequent occurrence in genes associated with proliferation including a number of oncogenesll-l2 
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Figure 1. Netropsin 1. distamycin 2, and the corresponding CC recognizing tetraimidazole compound 3, and 

triimidazole compound 4. 

Sy~~tbesis. Reaction of l-methyl-4-nitroimidaxole-2-carbonyl chloride13 with fi-alanine ethyl ester 

hydrochloride gave the ethyl ester 5a in %%I yield (see Scheme 1). The ester was then hydrolyzed to produce the 

carboxyhc acid 6a which was coupled to N-(N’,N’dimethylaminoethyl)-4-amino-l-methylimidazole-2- 

carboxamide7 in the presence of dicyclohexylcarbodimude @CC) and dimethylaminopyridine @MAP) to give the 

linked analogue 7a as an off white powder in 38% yield. The coupling of the acid 6a with N-(N’,N’- 

dimethylaminoethyl)-1-methyl4[4-amino-1-methylimidazole-2-cnuboxamido]imidmlzol was 

performed under identical conditions and 8a was isolated in 35% yield. The syntheses of the ~_aminobutyrate 

compounds were performed in an identical manner, except ~aminobutyrate hydrochloride was used (see Scheme 

1). All four nitroimidazole compounds, 7a, 7b, 8s, and 8b, were then catalytically reduced to the corresponding 

amines and reacted with acetic formic anhydride to produce the formamido compounds !kt (39%,126Y! (dec)), 

9b (26%, 128’C(dec)), 1Oa (33%, 134-139’0 and lob (718, 169-172‘0, respectively.14 The structures and 

purity of all these compounds were ascertained by NMR and high resolution mass spectral analyses. 

:: 
A 

‘(~I’I~OCH2CHa - 

Sa n=2 0 
Sb n=3 

‘la q =2, x=1, IIS-NOa; 7b n=3, x=1, R=-NOa 

8a n=2, x=2, R=s-NOI.; 8b n=3, x=2, R=-NOa W 

9a n=2, x=1, R=-NHCRO, 9b n=3, x=1, Be-NHCHO 

10a n=2, x=2, R=-NHCHO, lob ~~3, ~~2, R=-NHCHO 

N&&h 

Scheme 1. A 1) NaOH, 2)HCl; B N-(N’,N’-dimethylaminoethyl)-4-amino- I-methylimidazole2-carboxamide or 

N-(N:~-dimethyl~minoethyl)-1-methy~-4-[~amino-l-methy~imidazo~e-2-c~x~~]~~~~2- 

carboxatn& DCC, DMAP, CH2C12; C l)Hz, Pd-C, methanol, 2) acetic formic anhydride, CH2U2. 

DNA Binding Properties. The apparent binding constants of the compounds to four representative DNAs of 

differing GC content were determined using an ethidium bromide assay 15 and are reported in Table 1. Binding to 

T4 coliphage DNA suggests minor groove interaction because the major groove of the DNA is occhtded by c1- 

glycosylation of the cytidine residues. Several trends are evident from the data. Firstly, the p-alanine linked 
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analogues (9a and 1Oa) have higher binding affinities than the y-aminobutyrate analogues, implying that the 

compounda with the (CH& linker have mote favorable interactions with the DNAs studied than those with three 

methylenes. Secondly, the triiidazole analogues (1Oa and lob) bind more strongly compared to the 

corresponding diimidaxole analogues (9a and 9b). most likely due to the extra amido group and larger van der 

Waals interactions in the case of the triimidazole compounds. Also, the ~alanine linked analogues have a 

markedly improved acceptance of GC base pairs, most evident with the triimidazole compound lOa, which also 

has a higher binding constant to calf thymus and T4 DNA than tbe AT specitic natural product distamycin 2. 

Table 1. Association Constants (Kapp, x lo5 M-1) of the Compounds with Polynucleotides. 

CalfThvmusU fdA-dT) EQlv(dG-dC1 

27 7.7 6.5 348 2.0 

9a 1.5fO.l 1.4&0.1 0.12fo.04 5.8iO.2 

9b 0.1OzbO.05 0.33iO.03 O.lOItO.04 0.21M.06 

10a 16.OiO.2 19.0Lt0.5 2.5M.5 52.0i0.5 

lob 0.48fo. 1 1.4fo.2 0.50fO. 1 0.92M.2 

Circular Dichroism. The results from CD titration studies show that all of the compounds bind to the DNAs 

studied as indicated by the appearance of ligand-induced bands between -295 and 305 nm.16 Because the 

compounds do not exhibit any CD spectra by themselves this is taken as clear evidence of their interactions with 

the DNAs.17 Titration of the P_alanine linked analogue 9a with poly(dA-dT) produced a positive DNA induced 

ligand Cotton effect at 295 nm with a strength of 1.5 mdeg at an r’ value of 0.25. The r’ values correspond to the 

moles of ligand to the moles of DNA base pairs. The effect of 9a on poly(dGdC) was greater as the positive 

DNA induced ligand band seen at 295 nm showed an ellipticity of 4.5 mdeg at the same r’ value, over twice the 

effect produced by binding to poly(dA-dT). For lOa, the larger effect was also seen on poly(dGdC) (see Figure 

2a). with an elliptic@ value of 5.3 mdeg at an r’ value of 0.25, while the value for poly(dA-dT) was 3.0 mdeg at 

the same r’ value (see Figure 2b). The data, which are in agreement with the Kapp values, demonstrate the 

stronger binding affiity of the B&nine linked analogues 911 and 
* 

lC!a to poly(dG-dC) over poly(dA-dT). 

J 
230 250 270 220 at0 820 a50 0 

Ww&ngth Wavelength 

Figure 2. Titration of 10a to (a) poly(dGdC) and (b) poly(dA-dT). The spectra correspond to f values of 0. 

0.05.0.12, 0.25, 0.35.0.5.0.6, 0.7 for part (a), and 0, 0.05. 0.1, 0.15,0.2.0.25.0.3. 0.35 for part (b). 
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Similar titration studies were performed with the ~aminobutyrate linked compounds. The appeamnce of a 

ligand induced band at 295 nm was evident upon titration of analogues 9b and lob with the DNAs, though the 

interactions proved weaker than with 9a and 1Oa (data not shown). In all these experiments, the retention of the 

native negative and positive bands for B-DNA suggest that the biding of the molecules to the DNAs are not 

significantly altering the DNA structure from B-form. 

MPE Footprinting. The four compounds 9a, lOa, 9b, and lob were examined on the 274 base pair 

GC rich Sal I/ Bam HI fragment of pBR322 DNA (see Figure. 3). The y-aminobutyrate linked compounds gave 

poor footprints at 100-500 pM, while the Bahutine linked compounds provided several clear protection sites from 

cleavage under identical conditions. Compounds 9a and 1Oa possesed two common sites of protection, (585 

590) 5’-(G)GTGCT-3’ and (580-575) 5’-(G)CCGCA-3’, with the extra base pair recognized by 1Oa. In 

addition, there were differing sites of recognition for the compounds. A five base pair site recognized by 9a, but 

only weakly by 10a consisted of the recognition site within the sequence (545-539) 5’-AACAGTC-3’. Two 

additional sites recognized by 1Oa were (525-530) 5’-GCCCGT-3’ and (569-564) 5’-GGTGCA-3’, of which the 

latter proved the strongest binding site for 1Oa in the DNA fragment studied. The sequenced portion of this DNA 

fragment contains sites with six (524529,546-551) or more (531-539,577-586) contiguous GC base pairs, but 

9a and 1Oa did not bind to sites that contained only GC base pairs in the recognition sequences. The compounds 

therefore clearly recognize GC rich sequences with the avoidance of AT rich sequences and show a tolerance for 

the isolated AT base pair within binding sites, possibly due to the linker, as well as the 3’-AT base pair, shown 

previously to be due to the methylene groups on the C-terminus of the molecules.18 

Figure 3. Autoradiogrsm of the MPE footprinting 

gel on the Sal I-labeled Sal I/Barn HI fragment. Lane 

a, MPE alone; lanes b-d, lOa, 100,250,500 PM, 

respectively; lanes e-g lob, 100,250,500 PM, 

respectively; lanes h-j, 9a, 100,250, 500 pM, 

respectively; lanes k-m, 9b, 100,250,500 PM, 

respectively; lane n, formic acid (G+A) lane. 
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For these &alanine compounds, the approximated binding site size corresponded to 5 and 6 base pairs for 

9a and lOa, respectively, suggesting binding of both arms of the molecule @dentate binding). The triiidazole 

compound 1Oa is therefore binding to the theoretical site sire of compound 3 as predicted by the n+l rule4. but at 

a much greater affinity than 3 which does not footprint to the same DNA fragment under identical conditions.7 

Molecular ModeUing. Conformational geometry analyses on compounds 1Oa and lob by MM2 were 

performed on a CAChe Tektronix system in an attempt to rationalize the differences observed in their binding 

affinities. The results showed that in both compounds the N3 atoms of the imidazole groups are pointing toward 

the DNA. Both conformers were docked onto the underlined sequence S-CCCCCAT with the C-terminal 

dimethylamino group located on the A residue. The positioning of the C-terminus over the AT site was baaed on 

previous studies.7 The 1Oa:heptamer complex was energy minimized with the amido NH groups of 1Oa 

conatmkd to forming bifurcated hydrogen bonds to puke-N3 and pyrimidine-02 sites. The resulting complex 

was minimized to 250 lccal/mol using MM2 on a conjugated gradient protocol. The results depicted in Figure 4 

show that the ligand is snugly bound to the minor groove of the DNA with the proper hydrogen bonds in place. 

The repeat distance ‘d between the amides of the lhrkr connecting the imidazoles was determmed to be 4.5 A. 

The radius of curvature of the ligand in the complex, determined using the concave imidazole-N atoms, is 19.3 A 

which is compatible to the 19 A demonstrated for B-DNA.7 Furthermore, the linker resided over the third GC 

basepair5’tothetemkalATbasepair,andthisoffersanexplanationfortheappearanceofanATbasepairat 

that position on several of the footprinting sites. Similar docking studies were done on lob, the results of which 

revealed that, when all the amid0 NH groups were constrained to forming hydrogen bonds with the purine-N3 and 

pyrimidine-02 sites, the bond angles of the linker were significantly distorted. This implies that the y 

aminobutyrate linker is unable to adjust to an optimal repeat distance for binding properly in the minor groove of 

DNA and offers an explanation of its poor binding affinity. The studies indicate that linking imidazole units head 

to tail can produce compounds which bind to longer GC rich sequences. The concept of linkers offers promise in 

overcoming the phasing and curvature problems associated with simple carboxamide linked oligoimidazole 

compounds. 

Figure 4. MM2 energy minimized 1: 1 complex of 1Oa on 
the underlined sequence of 5’CCCCCAT. 
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