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ABSTRACT

Fluorescence titration measurements have been used
to examine the binding interaction of a number of
analogues of the bis-benzimidazole DNA minor groove
binding agent Hoechst 33258 with the decamer duplex
d(GCAAATTTGC) ». The method of continuous variation
in ligand concentration (Job plot analysis) revealsa 1:1
binding stoichiometry for all four analogues; binding
constants are independent of drug concentration (in
the range [ligand] = 0.1-5 pM). The four analogues
studied were chosen in order to gain some insight into
the relative importance of a number of key structural
features for minor groove recognition, namely (i) steric
bulk of the N-methylpiperazine ring, (ii) ligand hydro-
phobicity, (iii) isohelicity with the DNA minor groove
and (iv) net ligand charge. This was achieved, first, by
replacing the bulky, non-planar  N-methylpiperazine
ring with a less bulky planar charged imidazole ring
permitting binding to a narrower groove, secondly, by
linking the N-methylpiperazine ring to the phenyl end
of the molecule to give the molecule a more linear, less
isohelical conformation and, finally, by introducing a
charged imidazole ring in place of the phenolic OH
making it dicationic, enabling the contribution of the
additional electrostatic interaction and extended con-
formation to be assessed. AG values were measured at
20°C in the range —47.6 to =37.5 kJ mol ~1 and at a
number of pH values between 5.0 and 7.2. We find a
very poor correlation between  AG values determined
by fluorescence titration and effects of ligand binding

on DNA melting temperatures, concluding that iso-
thermal titration methods provide the most reliable
method of determining binding affinities. Our results
indicate thatthe bulky ~ N-methylpiperazine ring imparts
a large favourable binding interaction, despite its
apparent requirement for a wider minor groove, which
others have suggested arises in a large part from the
hydrophobic effect. The binding constant appears to
be insensitive to the isohelical arrangement of the

constituent rings which in these analogues gives the
same register of hydrogen bonding interactions with
the floor of the groove.

INTRODUCTION

The relative importance of the various contributing factors to
DNA minor groove recognition by A-T selective ligands is still

a matter of conjecturé @), despite an ever growing body of high
resolution structural and thermodynamic daia6) from a
variety of systems. A fundamental understanding of the nature of
the interactions involved is desirable, not least because of the
importance of these principles in the design of new compounds
with altered selectivities. Théis-benzimidazole family of
ligands provides a convenient vehicle for such investigations
because of their synthetic accessibility and high binding affinities
(7). Their spectroscopic characteristics have brought them into
wide use as DNA fluorophore§«12), but several have also
shown potent activity against a number of microorganisms that
lead to AIDS-related opportunistic infectiori8¢15), as well as
exhibiting cytotoxic activity 16,17).

Crystallographic data on DNA complexes of Hoechst 33258
(1) (Fig. 1) have suggested that the sterically bulky, non-planar
N-methylpiperazine ring exerts a primitive degree of G-C
selectivity by preferring to bind in the wider minor groove
associated with G-C base pairs at the end of a narrower A-T tract
(18,19). The structure of the complex of an analogue in which the
N-methylpiperazine ring has been replaced by a smaller, flatter
4,5-dihydro3H-imidazol-1-ium (imidazoline) ring results in a
narrower minor groove than observed for the Hoechst 33258
complex that reflects the decrease in steric buR2().
Although the more planar imidazoline ring can be accommodated
within the narrow A-T minor groove it does not possess the
correct geometry to hydrogen bond to the groove floor. Despite
this, the melting temperature of the complex is raised above that
of the complex with Hoechst 33258, with the X-ray data
indicating that better van der Waals complementarity with the
narrow A-T minor groove, rather than hydrogen bonding, imparts
the extra stability40,21). To examine this phenomenon further,
we have replaced the hydrophobienethylpiperazine ring df
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N\ additional electrostatic interaction and extended conformation to
| ?_Q\N be assessed.
SHe

y . \ To gain insight into the relative importance of the key structural
ch—;qg) 1 d features highlighted above, all of which have been described as
H OH major factors in minor groove recognition4,27), we have used
N equilibrium fluorescence titration measurements to estimate
y /@?—Q\N binding free energies for Hoechst 33233 \ith the decamer

N ‘ duplex d(GCAAATTTGC) and make comparisons with data for
d the three closely related analogu<lj described above (Fit).
OH This model duplex contains thesPg tract used previously in
thermodynamic studies of binding df (27) and in X-ray

H
2
N
/@E N N structural analysis?g,29). Within this series of Hoechst analogues
HaGO ( 4 /\\\@\ we examine four key structural features: (i) steric bulk of the
H

N-methylpiperazine ring; (ii) ligand hydrophobicity; (iii) isohelicity

H with the minor groove of DNA,; (iv) net ligand charge. The data
3 @ provide a foundation for understanding structure—DNA affinity
h{H‘CHa relationships within this family of minor groove binding ligands.

Materials

/@E ) ) MATERIALS AND METHODS
N \
N H N)\O\

/

H

4 T:\>‘_H The DNA decamer d(GCAAATTTGC) was synthesised as
< previously described using standard solid phase phosphoramidite
chemistry 80). Bisbenzimidazole analogues were provided by

Hoechst.
Figure 1. Chemical structures of Hoechst analoglie$

Fluorescence spectroscopy

Fluorescence spectra were recorded on a Perkin Elmer Lumin-

escence spectrometer LS 50 B at a temperature®@f 201 cm

of a further reduction in steric bulk on groove complementaritgath length polymethacrqute cuvettes. Al §0Iut|ons were freshly

and van der Waals interactions rep_ared as nt_eet_jed. _Bln_dlng st0|c_h|0metr|es were measu_red by
: continuous variation binding analysis by the method according to

. mge?g?gogeegg‘ag; 'gogﬁl'c'gn?ﬁaste%ls.g tg?ﬁg g;(?rg'ggcrjz;gﬁb (31,32). Both [drug] and [DNA] were varied for a fixed and
by Y Ven guanti ! '9 stant summed concentration of \d. Different volumes of

of curvature £2-24) and the phasing of ligand hydrogen bondingequimolar stock solutions were mixed and made up to 3 ml with
groups with the floor of the groove$26). A recent study of a 077 o oriate volumes of stock buffer angDHo give mole
tris-benzimidazole system bound to agiatract of DNA shows fractions of drug ranging from 0.05 to 1, in 100 mM NacCl, 10 mM
the ligand to be highly twisted to maintain hydrogen bonding ;i 50y ' ffer. Excitation wavelengths varied from 330 to
complementarity with the floor of the groove, which is helped bysg 1)y 304 emission wavelengths from 390 to 420 nm according

the DNA unwinding slightly across the A tradf]. These to the ligand. As some analogues fluoresce more strongly than

authors cc;ncludéa tf\\/st Iligand iFOheliCitY’ V‘.’hiICh provides gyers “siit widths were varied between 2.5 and 5 nm. Ligand
measure of van der Waals complementarity, is less important jfi. 7.~ ; e LS
this context than phasing of the ligand subunits with the edgesg)}jdmg constants were determined by equilibrium binding

. . : .y alysis. Fluorescence titrations were performed at a fixed
the base pairs. To address this question within the framework of, - ration of ligand and the duplex concentration varied.
abis-benzimidazole binding agent, we describe an anal®ue (N

; . . DA MR studies of a 2 mM solution of the oligonucleotide under
in which theN-methylpiperazine ring is linked to the phenyl enOIsimilar conditions confirmed that the duplex was fully annealed.

of the malecule rather than to the benzimidazole ring gving thﬁliquots of this solution were subsequently diluted for fluor-

molecule a more linear arrangement of _the Vafious _constituent Pall3rence binding studies. Ligand concentrations ranged from 0.1 to
The overall shape of the ligand is less isohelical with the curvatugeuM depending both on the binding constant and the fluor-

of th? minor groove, although the phasing (.)f Iigand hydm(ﬁ@scence of the drug such thaKgivas of the same order as
bonding groups with the fioor of the groove is identical. to ligand] in order to obtain a well-defined binding isotherm. The

Previous studies have examined the effects of ligand charge lture of titrant and drug was stirred for 1 min between each

DNA binding affinity from measurements of increases in DNA 4 yiion Binding constants were determined from experimental
melting temperature/(20). These results indicate that adding A4ata by fitting the following equation using a non-linear least

second charged group to bathonebenzimidazole andis- . X .
benzimidazole ligands increasAs,, by (110°C and that this squares procedure (Kaleidagraph software; Synergy Inc.)

increase iMTy, seems to be independent of the nature of the [LJV—(IL] + [D] + 1/Kyv + [D] = 0

charged group2(). Here we have characterised compodnd

which has an imidazole ring in place of the phenolic OH of where Ky, is the binding constant, {Lis the total ligand
making it dicationic at pH < 7, enabling the contribution of theconcentration, [ is the total DNA concentration andis the

with the planar charged imidazole ring2db measure the effect
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Figure 2. Fluorescence titration data fbis-benzimidazoled—4 at pH 7.2,
100 MM NaCl and 10 mM phosphate buffer. The [ligand] used Was:
0.22uM; 2, 0.88uM; 3, 0.22uM; 4, 2.0uM. The [DNA] was increased as

NMR data were collected at 500 MHz on a Bruker DRXSOOZQO(;’;’;-C ';gié"irﬁh&gtitﬁ‘a‘l’ge;g?\;lfﬁo%f using non-linear least squares analysis
spectrometer using standard phase-sensitive 2D NMR pulsé '
sequences (NOESY, DQF-COSY, TOCSY and jump-and-return

NOESY for solvent suppression in 90%solutions). NMR data 900 800
were collected on a 2 mM solution of duplex in 100 mM sodium

chloride, 10 mM sodium phosphate buffer at pH 7.0 and 298 K.
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RESULTS AND DISCUSSION
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Ligand binding constants were determined in duplicate by fluor-
escence titration with the decamer duplex d(GCAAATTTHE)
20°C. All Kp values were determined at a number of [ligand],
typically 0.1 and 1uM, and were found to be independent of
ligand concentration in this range. Fractional binding saturation=
curves are shown in Figugfor each of the ligands studied.
Non-linear least squares analysis gives a binding constdrffor
3.6 & 1.0)x 10° M1, indicating tight binding, in good agreement
with previous estimates usingzPg- and ATo-containing
synthetic duplexes3(27). Binding constants were determined at Figure 3. Job plots forbis-benzimidazolesd—4 at pH 7.2. The sum of the

a number of different pH values to ensure that the imidazole ring Ll 2 O O exciaton wavelengths
.Of.the unbound “g.an.dg and 4 is prOtonated (lﬁa Of. free bet\./veuen.330 and 360 nm and emission wavelengths from 390 to 4209nm
imidazole[®.5). All binding constant data are presented in TAble  according to the ligand. The crossover points lie between 0.4 and 0.5 consistent
The method of continuous variation in ligand concentration wasiith a drug:duplex ratio of 1:1 and reflect errors in [ligand] and [dupleX]s#6.

used to obtain Job plots for all ligands at a fixed value of ([ligand]

+ [duplex]) of 0.uM (31,32), giving an intersection for the fitted

lines at a value close to 0.5, indicating a binding stoichiometry ff 4.7 kJ motl at pH 7.2. A positive charge is generally regarded
drug:duplex of 1:1 in all cases (Fi§). While continuous as a prerequisite for minor groove binding so we also measured the
variation analysis has previously shown multiple or degeneratinding affinities at pH 5.0 to ensure that the unbound imidazole ring
binding stoichiometries for Hoechst 33258 with poly(dAT) is fully protonated. The binding of Hoechst 33258i¢ insensitive
poly(dG-dC)] and calf-thymus DNA, these data, and thosdo pH over this range (Tablg, howeverKp for 2 decreased by a
previously collected with defined sequence oligonucleotidesmall amount £AG; _» 0 7.5 kJ matl, pH 5.0). These data
reveal a single high affinity drug binding si®&Z7). indicate that the less bulky imidazole ring, which presumably can
be accommodated within a narrower minor groove, does not lead
to a better binding interaction in this context. Despite the greater
steric bulk and the requirement for a wider minor groove, the
Ligand binding free energies determined &tQ@re presented in N-methylpiperazine ring appears to impart a more favourable
Tablel, together witlAAG values with respect tbat the same pH, binding interaction. The hydrophobic contribution to binding has
and permit some analysis of structure—DNA affinity relationshipgecently been emphasised by detailed calorimetric studies of
The results reveal unexpected differences in ligand bindingoechst 33258 with an analoguousTA duplex 7). A large
energies. Substitution of tiemethylpiperazine with imidazole change in heat capacity on binding and an entropy-driven
(1- 2) results in a significant reduction in ligand binding energyinteraction strongly suggests that the hydrophobic effect contributes

orescence

fiuorescence
= n w »
(=] o o o
e D2
> ~

0 02 04 06 08 1 0 02 04 06 08 A
mole fraction drug mole fraction drug

Differences in ligand binding energies
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the major component of the binding energy. Although in the -35
X-ray structures th&l-methylpiperazine ring of Hoechst 33258
makes relatively poor van der Waals interacti@® ¢compared

with the imidazoline analogu&(,21), the burial of hydrophobic
surface area in the former is larger. Our thermodynamic analysis
similarly suggests that the imidazole ringRafill probably bind

to a narrow minor groove but the van der Waals contacts formed
are not as beneficial to binding as the hydrophobic interaction of
the N-methylpiperazine ring.

AG (kJ mol1)

-50 T T T

T
15 16 17 18 19 20 21

Table 1.Flourescence binding data af@,, values T,complex— T, free ATm (°C)

dupleX for Hoechst analogues binding to d(GCAAATTTGC)

Figure 4. Correlation plot ofAG for the binding obis-benzimidazole§—4to
d(GCAAATTTGC), at pH 7.2 determined by fluorescence titration &0

Compound  Kp (M) AG AAG ATm versusATy, values determined at [DNA] =8V, in 100 mM NaCl and 10 mM
(kImotd)  (kImotha  (K)b phosphate buffer.
1 36¢E1.0)x1® 473 - 15.5
3.1@¢10)x1Bc —47.0 - 23.F _ - .
Equilibrium binding constants versus UV melting data
2 5.0 &2.0)x 107  —42.6 47 17.6
1461.0)x107¢  —39.5 75 272 Previous studies7(23) have used differences in DNA melting
temperatures between free duplex and ligand-bound duplex
3 42¢20)x10° 476 -0.3 153 (AT, to estimate binding constantépf based on an implicit
24.% correlation between the two that assumes similarities in
4 6.0 20)x10F  —375 08 201 thermodynamic parameters for binding. For the purpose of direct

comparison with the isothermal fluorescence titration measurements
described above, we have also determikifd values from UV
1.4 @&20)x10'¢ -39.8 7.5 26.F melting curves in the same buffer and at duplex concentrations of
3 UM at pH 7.2 and 5.0. Surprisingly, we find an inverse
. correlation betweeAT,,, andAG (Fig.4). AlthoughAT,, andAG
ﬁﬁfig’?ﬂﬁiﬁ:’gg&%‘?em to compoutd are simila_r fqu and3, a higheATy, value for2 contrasts with a
All data at pH 7.2, 20C unless indicatedData at pH 5.09data at pH 6.0. ,Sma”er b|nd|.ng Cons,tam thar_] ﬁ)r_by a f_aCtor OEB,' The trend
o ] ) o is further evident with the dicationic ligar] which has the

Examining the importance of isohelicity Yersus3) reveals  smajlest binding energy but the high&t, The data highlight
that the more linear analogue binds to the A-T minor groove witfhe complexity of using\Tm values to assess binding affinities
an affinity indistinguishable frorh, AAG 0-0.3 kI matL. Thus,  when the temperature dependence of binding constants has not
in this context, the subtle difference in curvature betvleand  peen first characterised. The detailed calorimetric analysis of the
Hoechst 33258 and are able to adopt the same phasing Ohs described above, has revealed a large negs@iye that
h_ydrogen bonc_jln_g interactions with t_he roor_of the minor grooveccompanies binding (), consistent with the hydrophobic effect
since the benzimidazole NH groups in both ligands have identicghntributing significantly to the binding free energy. Such a large
SpaCIng It |S, hOWeVer, eV'dent fl’0m mOde| bUI|dIng StudIeS th%Cpo term makes measurement Of blndlng constants hlghly
theN-methylpiperazine ring & does not lie as deeply in the groove emperature dependent such that structural changes to a ligand
as is observed in the X-ray structures of Hoechst 332589).  (1_,2) that modify the hydrophobic surface area buried on
This do_es not preclude the possibility that the conform.anon of thﬂnding (and hencaC,°) are likely to have a significant impact
DNA minor groove adjusts to accommodate the bound ligand. Clagh AT, values. Thus, measurements of binding constants attained
et al (26) have already illustrated this ‘induced-fit’ interaction in nder isothermal conditions appear to be the most reliable method

their study of aris-benzimidazole analogue which does not shovgf grawing conclusions regarding structure—binding relationships.
optimal isohelicity with the minor groove but induces a slight

unwinding (reduction in twist) of the helix within the;Ps tract.
Finally, we examined the dicationic analoguét pH 7.2 we
found that4 also bound significantly less tightly thafAAG 0  The above analysis assumes that the ligands described are binding
9.8 kJ matl, pH 7.2), with a small increase in affinity 4fat  at a similar site within the minor groove of thgTA tract. To
lower pH (Tablel). This latter observation was surprising in thesupport this assumption we have carried out an NMR structural
light of previous observations that dicationic ligands result inalysis of the 1:1 complex 8fwith the same decamer duplex
increases iIMTy, values of 1L0°C over their monocationic d(GCAAATTTGC), to establish whether there are any gross
counterparts. To draw conclusions regarding the relationshiifferences in the mode of binding dfand 3 that fortuitously
betweenAG values measured under isothermal conditions aneksult in similar binding affinities. To examine more closely the
those derived fronT,, measurements we have determined théocation of the drug within the groove we have used perturbations
latter at similar concentrations to those used in fluorescente H chemical shifts&® = Spound— Sfred) t0 provide an NMR
experiments and at several different pH values (TBble ‘footprint’ (33). Ad values for deoxyribose Hand base H6/H8

1.3¢20)x10'd 394 - -

NMR footprinting analysis
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05

G1 C2 A3 A4 A5 T6 T7 T8 G9 C10 . . -
C10*G9* T8* T7* T6* A5* Ad* A3* C2*G1* Figure 6. (a) Schem_atlc_ representation qf the 1:1 complex dfound to
d(GCAAATTTGCY), highlighting a few key intermolecular NOEb) Dashed
lines represent bifurcated hydrogen bonds from the benzimidazole NH groups
) ) ) ) to thymine O2 or adenine N3 in the minor groove derived from modelling
Figure 5. Plots of drug-induced changes A chemical shifts 43) for studies. The two strands of the duplex are distinguished by the use of an asterisk.
deoxyribose H1(top) and base H6/H8 (bottom) for the comple® bbund to
d(GCAAATTTGC),. Data collected at 500 MHz at 298 K. The two strands of
DNA read in anti-parallel directions, one of which is distinguished by the use
of asterisks and unfilled columns. model of Clarket al (26), isohelicity need not be optimal provided

the register of hydrogen bonds with the floor of the groove is
maintained. Hydrophobic surface burial may still be an important

resonances are plotted against sequence position in Figurecontributing factor in the binding of tHé-methylpiperazine ring
Many of the deoxyribose Maroups, which are located on the despite the fact that it does not appear to lie as deeply within the
walls of the minor groove, come into direct contact with the facginor groove.

of one or other aromatic ring of the bound ligand and many A full description of the drug recognition process is clearly
undergo large ring current perturbations to their chemical shifgependent on detailed structural and energetic analysis if a cohesive,
(-0.6 and -1.1 p.p.m.)3¢) and are, therefore, particularly robust understanding of molecular interactions is to develop.
sensitive to the position of the ligand within the minor grooveStructural analysis of the complexes described is currently under-
LargeAd values are particularly evident for the thymine sugargvay, together with investigations of other A tract sequences.

while perturbations to the resonances of the flanking G-C base

pairs are small by comparison (<0.1 p.p.m.), clearly identifyingA\CKNOWLEDGEMENTS
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