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Interest in cationic benzimidazoles has been stimulated by
the extensive use of Hoechst 33258 (1) and analogs as DNA
fluorophores' and by the fact that bis-benzimidazoles (e.g., 2)
have potent activity against a number of microorganisms
including those that lead to AIDS-related opportunistic infec-
tions.2 Both 1 and 2 bind to DNA in the minor groove at AT-
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rich sequences.® Interest in the molecular basis for specific
minor groove interactions has been stimulated by theoretical
studies,* by extensive experimental analysis including X-ray
studies of complexes,> and by the neéd to develop a broad
range of ligands with DNA recognition specificity. The latter
idea led to development of “lexitropsins™® and to dimer
recognition agents.” The dimer motif recognizes a sequence-
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dependent widening of the minor groove and is a dramatic
variation on the usual model for binding of unfused aromatic
cations.

Analysis of DNA complexes of 1, netropsin, and analogs led
to debate over the contributions of H-bonding, electrostatic, and
van der Waals interactions to minor groove binding affinity and
specificity. To design improved drugs that target the minor
groove of DNA, it is essential to have a more detailed
understanding of such interactions, but it has not been possible
to experimentally determine the relative importance of these
factors.® We have synthesized® and evaluated the DNA binding
of a series of benzimidazoles, in which the cationic group, the
number of charges, and the number of benzimidazole groups
have been varied to experimentally address the importance of
the factors involved in DNA complex formation.

None of the benzimidazoles show significant binding to the
RNA polymer, polyApolyU, but they exhibit large ATy, values
with polydAspolydT, indicating a strong affinity for AT-rich
DNA (Table 1). From the AT, values for the various cations
with DNA, binding constants were calculated''? according to
the method of Crothers''® with thermodynamic data of Breslauer
and co-workers.''° The dications 10—12 and all bis-benzimi-
dazoles have higher ATy, and K values than 3—9, and their
polydA-polydT complexes do not completely melt under the
conditions employed. To compare the relative affinities of all
compounds for AT sites in DNA, their AT, values with
d(CGCGAATTCGCG); were also determined. Monocations
3—9 have ATy, values of 6.7 £ 0.6 °C with the oligomer. This
surprising result suggests that neither the nature of the cationic
group nor the type of oxygen substituent contributes in a crucial
way to the DNA binding affinity of 3—9. There is an increase
in affinity for the dications 10—12 (AT, of 16.1 £ 1.0 °C),
revealing that a second charged group increases ATm by ~10
°C relative to 3—9 and that binding of the dications is also
independent of the nature of the charged group. Binding
constants were also calculated from the oligomer ATy, values'?
and are included in Table 1.

There is no significant binding of the bis-benzimidazoles 13—
22 to the RNA polymer, polyA-polyU, but they bind strongly
to polydA+-polydT with T, values >95 °C (Table 1). The ATy
values observed with the oligomer and the monocations 13—
19 are 24.2 £+ 0.9 °C. The bis compounds show no significant
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Table 1. Benzimidazole Structures and T, Results?

compd RI1? R2¢ ATn(RNA) ATn(DNA) AT./K(oligo)

3 A OH 0.8 16.0 7.0/0.05

4 A OCH; 1.8 16.5 6.2/0.04

5 A OCH,CH;, 16.0 4.9/0.02

6 1 OH 2.2 21.0 5.6/0.03

7 1 OCH; 1.8 20.0 7.5/0.06

] 1 OCH,CH; 0.2 21.6 7.0/0.05

9 T OH 0.2 23.6 7.0/0.05
10 A A 0.9 >29 17.1/1.0
1m 11 25 >29 15.6/0.7
2 T T 0 >29 17.1/1.0

N
Jasass
AN N %

1 P OH 0.1 >25 17.9/1.2
13 A OH 0 >30 23.0/5.2
14 A OCH; 0.2 >30 23.0/5.2
15 A OCH,CH; 0 >30 23.0/5.2
16 1 OH 0 >30 23.9/6.7
17 1 OCH; 0 >30 24.4/7.7
18 I OCH,CH; 0 >30 25.8/11.2
19 T OH 0 >30 25.4/10.0
20 A A 0.2 >30 32.8/70.9
21 1 1 0 >30 30.1/35.1
22 T T 0.2 >30 30.7/41.1

@ T,, measurements were made as described.’® RNA, DNA, and oligo
samples are described in the text. ® Key to R1 and R2:

fam NH N
p= —H_N-oHy As —(NH, ke _(Iﬂ] n_(/p
¢ K values have been multiplied by 1078,

changes in ATy, with variation of the phenyl substituent or the
cationic center. A second benzimidazole ring increases the ATy,
by ~17 °C: the change on comparison of 3—5 with 13—15,
6—8 with 16—18, 9 with 19, and 10—12 with 20—22 is addition
of a benzimidazole, and the observed result is a 16—18 °C
increase in ATy, for the DNA complexes (a free energy
difference of ~3 kcal/mol). Replacement of the 2-phenyl-OR
with a charged group (compare 3—9 with 10—12 and 13—19
with 20—21) results in an 8—10 °C increase in T, of the
oligomer complexes under the experimental conditions (a free
energy difference of ~2 kcal/mol). Clearly, the benzimidazole
contacts with the DNA minor groove are more important to
the binding affinity than the electrostatic interactions.

To evaluate the molecular basis of the above observations,
we have determined the crystal structure of 16 complexed with
the dodecamer used in the T, experiments.’> The DNA adopts
a B-conformation, and electron density in the minor groove AT
region fits the structure of 16 with unambiguous orientation and
position (Figure 1 and in supplementary material Figure 1S).
There are three hydrogen bonds from benzimidazoles of 16 to
the edges of the bases, two (2.7 and 3.1 A) to 02 of successive
thymines, and one (2.9 A) to N3 of an adenine (supplementary
material Figure 2S). The Hoechst 33258 dodecamer complex

(13) Crystals of the 16—d(CGCGAATTCGCG); complex were grown
according to the sitting drop method from a 14 uL droplet containing 16,
spermine, magnesium chloride, and 35% w/w 2-methylpentane-2,4-diol
buffered at pH 7. X-ray diffraction data were collected on a Siemens-
Xentronics multiwire area detector, resulting in 4365 unique observed
reflections to a resolution of 2.0 A and a merging R factor of 3.1%, for a
crystal of unit cell dimensions a = 24.59, b = 40.44, and ¢ = 65.76 A and
space group P2,2,2;. The structure has been refined to a current R factor
of 19.7% with 90 water molecules and a magnesium ion included.
Coordinates and structure factors will be deposited in the Brookhaven
Databank.
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Figure 1. Model for the structure of the 16—d(CGCGAATTCGCG),
complex.!® The bonds of 16 are black and those of DNA are white.
The view is into the minor groove with the phenyl at the bottom and
the 5’ ends of the DNA chains at the upper left and lower right.

has four such H bonds.* The imidazoline and hydroxy groups
do not form H bonds in the 16 complex. There are a number
of close van der Waals contacts between the ligand and the
floor and walls of the minor groove. The DNA groove is ~0.8
A narrower in the region of the imidazoline of 16 than in the
Hoechst complex, reflecting the decreased thickness of the
imidazoline compared to the piperazine ring in Hoechst. Clearly
the imidazoline of 16 and related derivatives makes good
contacts with the groove and causes little perturbation of the
DNA structure; the compounds have fewer H bonds but better
van der Waals interactions than Hoechst 33258, and they have
higher Tr, values. The hydroxy of 16 was replaced in the model
with a cationic imidazoline to mimic 21.'* The added group
forms van der Waals contacts with the walls of the groove but
no H bonds. Compound 6 (AT, 5.6) can be converted to 11
(AT, 15.6; hydroxy to imidazoline) or to 16 (AT, 23.9; added
benzimidazole). In the 6 — 11 conversion, additional van der
Waals and, particularly, electrostatic interactions are obtained,
while in the 6 — 16 conversion, more extensive van der Waals
and H-bonding interactions are added. Such results with the
new compounds of Table 1 as well as those of Hoechst 33258
clearly show that, in the context of the DNA minor groove,
interactions of the compounds with the walls of the groove are
the most important contributions to benzimidazole derivative
binding.
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(14) The OH group in the oligomer—16 complex was replaced (Sybyl)
by an imidazoline identical to the one on the benzimidazole. The phenyl—
imidazoline bond was rotated within the minor groove limits to evaluate
possible H-bonding interactions with the DNA bases.




