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Photophysical and Duplex-DNA-Binding Properties of Distamycin Dimers
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Abstract: Distamycin-based tetrapep-
tide (1) was covalently tethered to both
ends of the central dihydroxyazoben-
zene moiety at either the 2,2" or 44
positions. This afforded two isomeric,
distamycin-azobenzene—distamycin sys-
tems, 2 (para) and 3 (ortho), both of
them being photoisomerizable. Illumi-
nation of these conjugates in solution
at approximately 360 nm induced pho-
toisomerization and the time course of
the process was followed by UV/Vis
and 'HNMR spectroscopy. The kinet-
ics of the thermal reversion at various
temperatures of cis to trans isomers of
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the conjugates obtained after photoillu-
mination were also examined. This af-
forded the respective thermal-activa-
tion parameters. Both the molecular ar-
chitecture and the location of the sub-
stituent around the core azobenzene
determined the rate and activation-
energy barrier for the cis-to-trans back-
isomerization of these conjugates in so-
lution. Duplex-DNA binding of the
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conjugates and the changes in DNA-
binding efficiency upon photoisomeri-
zation was also examined by CD spec-
troscopy, thermal denaturation studies,
and a Hoechst displacement assay. The
conjugate 2 showed higher DNA-bind-
ing affinity and a greater change in the
DNA-binding efficiency upon photo-
isomerization compared with its 2,2-
disubstituted counterpart. The experi-
mental findings were substantiated by
using molecular-docking studies involv-
ing each conjugate with a model
duplex d[(GC(AT),,CG)], DNA mole-
cule.
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The azobenzene group is known to undergo cis-to-trans pho-
toisomerization reversibly upon UV/Vis photoillumination.™
Such light-induced isomerization of azobenzene is accompa-
nied by significant changes in geometry and polarity of the
chromophore.”) The unique properties of this moiety has
been utilized by introducing it both in the side chain and at
the backbone of peptide, proteins, oligonucleotides, and
phospholipids, so that light-induced photoisomerization
leads to significant changes in the properties of such biomol-
ecules.’"! Recently, attention has been focused on achieving
artificial control of gene expression because of its potential
applications in cell biology and pharmacology. Thus, an azo-
benzene group has been tethered into many transcription
factors to convert them from a non-DNA-binding protein to
an active form. The resulting conjugates are capable of rec-
ognizing the appropriate binding sites at the promoter
region in the presence of light.®? Furthermore, azobenzene
has also been appended at various positions of the T7-pro-
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moter site to modulate the transcription machinery in the
presence or absence of light.['%)

Distamycin has been a good choice for the design of
DNA-minor-groove-binding small molecules as it has poten-
tial to permeate across human cells and could participate in
regulation of transcription of specific genes.'!! Owing to our
interest in the design of DNA-binding/cleaving systems,!'!
earlier we examined in detail the AT-sequence-specific
DNA-recognition properties of a number of synthetic dista-
mycin analogues including its tail-to-tail dimers.!'>** We also
reported the synthesis and characterization of distamycin-
linked oligodeoxynucleotides."” We have now developed
photoisomerizable DNA-binding molecular entities based
on distamycin. Accordingly, we have synthesized conjugates
by appending two distamycin arms at both ends of two iso-
meric dihydroxyazobenzene moieties. The azobenzene core
might be compatible with the minor groove of DNA, as
such loci are known to accommodate hydrophobic aromatic
rings."®) Herein, we report the synthesis of two azobenzene
distamycin conjugates 2 and 3 (Scheme 1) that bear tetra N-
methylpyrrole-based polyamide groups at the 2,2’- and 4,4'-
positions of the dialkoxyazobenzene core. Each distamycin
arm has been connected to the azobenzene core through an
N-methyldiethylenetriamine linkage. This feature ensures
protonation in solution at both ends of the azobenzene core
at the C termini of the distamycin oligopeptide arms at
physiological pH values. With the compounds 2 and 3 in
hand, we sought to know whether there is any influence on
the rate of azobenzene isomerization in solution while the
oligopeptide arm is connected through the ortho (2,2") or
para (4,4") positions of the core azobenzene. We were also
interested to know how incorporation of an azobenzene
moiety in conjugates 2 and 3 interferes with the distamycin
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Scheme 1. Schematic representation of the effect of photo-illumination and thermal reversal of 4,4-di-alkoxy-
azobenzene distamycin derivatives 2 and 2,2'-di-alkoxyazobenzene distamycin derivatives 3.
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binding on duplex-DNA minor grooves. Finally, it was of in-
terest to see how photoisomerization of distamycin—azoben-
zene conjugates alters their duplex-DNA binding.

To address the above issues, we first examined the photo-
isomerization of ligands 2 and 3 in dimethylsulfoxide
(DMSO) solution by irradiating them at a wavelength of ap-
proximately 360 nm. This was followed by both UV/Vis
spectroscopy and 'HNMR analyses. Poly [d(AT)]-poly
[d(TA)] DNA-binding abilities of individual conjugates and
the changes in DNA-binding efficiency during the photoiso-
merization process were studied by CD spectroscopy, ther-
mal denaturation studies, and a Hoechst displacement assay.
We have also compared the DNA-binding affinity of differ-
ent photoirradiated forms of 2 and 3 with that of the parent
distamycin 1. Ligand 2 showed higher DNA-binding affinity
and induced a greater change in the duplex-DNA binding
upon photoisomerization compared with its ortho—ortho di-
substituted counterpart, 3. To understand the basis by which
the interactions of such conjugates are governed on the
duplex DNA, molecular docking by using duplex
d[(GC(AT),,CG)], DNA as a model scaffold was per-
formed. Both experimental and theoretical studies demon-
strate that DNA-binding characteristics of such new azoben-
zene—distamycin conjugates are remarkably dependent on
the position of the connectivity between the azobenzene
and the oligopeptide units.

Results and Discussion
Structural Features of Conjugates

All the bis-alkoxy-substituted azobenzene distamycin conju-
gates (2, 3) and parent distamycin 1 were minimized at the
HF/3-21G level of theory by
using the Gaussian 03" pro-
gram. The total energies and
relative energies of the cis and
trans forms of these structures
have been recorded in Table 1.
These calculations indicate
that the linker length between
the azobenzene and distamycin
arm in 2 and 3 ranges from
2 10.7-11 A. Moreover the dis-
setaoner tance around the azobenzene
moiety (XPhN=NPhX) (X=

—OCH,~) changes from ap-

o proximately 11.8 A to approxi-
- mately 8.3 A in the case of 2

and approximately 6.5 A to ap-
proximately 5.4 A in the case
of 3 during trans to cis isomeri-
3b zation. The calculated energy
e difference between the trans
and cis forms of 2 is approxi-

mately 13.12 kcalmol !, where-
as that for 3 is approximately
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Table 1. The total and relative energies of Gaussian (HF/3-21G)-opti-
mized 1 and the cis and trans forms of the ligands 2 and 3, the distance
around the azobenzene (XPhN=NPhX) (X=—OCH,—), and the length
along the linker with azobenzene moiety [-(CH,),NMe(CH,),NHYPhN=
NPhYNH(CH,),NMe(CH,),—] (Y =—OCH,CO) for both isomeric forms
of the azobenzene—distamycin conjugates.

Ligand Total energy Relative energy Distance around azobenzene,
[a.u.] [kcalmol '] azobenzene-linker distance [A]

1 —1953.30907 -

2a —4920.96862 0.0 11.77,25.86

2b —4920.94771 13.12 8.26, 18.65

3a —4920.96104 0.0 6.53,22.35

3b —4920.94379  10.82 5.42,20.66

10.82 kcalmol * (Table 1). Moreover, it has been found that
in the trans form, both distamycin arms adopt a crescent
shape and the pyrrole amide bonds orient opposite to each
other around the azobenzene core. Isomerization brings
both distamycin arms in close proximity. Therefore, the ef-
fective angle between two distamycin arms around the azo-
benzene core changes during photoisomerization, however,
the extent of closeness between the distamycin arms in cis
form of the ligands is very much dependent on the position
of connectivity of the distamycin arms around the azoben-
zene core.

Synthesis

Compound 1 has been synthesized by adapting a procedure
described earlier."® The syn-
thesis of 2 started with the al-
kylation of 4,4'-dihydroxyazo-

benzene, 4 with greater than OH

three equivalents of methyl

bromoacetate in dry acetone !
under reflux conditions. The Ny

dimethyl ester, § was first hy-
drolyzed to the diacid, 6 and
then converted to the corre- OH
sponding acid chloride, 7. This
was then directly coupled with
four equivalents of 1 in dry
THF in the presence of N,N-
diisopropylethylamine (DIEA)
at room temperature to furnish
2 as an orange solid in approxi-
mately 50 % yield of the isolat-
ed product after chromato-
graphic purification over neu-
tral alumina (Scheme 2).
Compound 3 was synthe-
sized via 2,2'-dihydroxyazoben-
zene 8, which was subjected to
alkylation at both ends using
more than three equivalents of
methyl bromoacetate in dry
acetone under reflux condi-
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tions. The dimethyl ester 9 was first hydrolyzed and then
converted to the corresponding N-hydroxysuccinimide ester
11 by using 1,3-dicyclohexylcarbodiimide (DCC) in dry N,N-
dimethylformamide (DMF). Finally, the activated diester 11
was coupled with excess 1 in THF at room temperature to
afford 3 in 50% yield of the isolated product (Scheme 3).
All final products and intermediates were fully character-
ized to ascertain their given structures.

Isomerization of the Conjugates in Solution

Azobenzene is photoactive and assumes one of two isomeric
states (cis or trans) depending upon the wavelength of light
used to illuminate the molecule. The trans isomer absorbs
UV light at approximately 360 nm and upon illumination, it
isomerizes into the cis isomer. Because the cis isomer ab-
sorbs light with a wavelength of 460 nm, illumination of the
cis state with visible light causes the cis isomer to relax back
to the trans isomer. As the absorption peaks of the two iso-
mers overlap, complete conversion to the cis or trans isomer
cannot generally be accomplished. Upon illumination, these
systems therefore reach photostationary states that are com-
prised of a mixed population of trans and cis isomers. Thus,
a detailed investigation of the isomerization process of the
azobenzene in 2 and 3 (Scheme 1) is important to know the
composition of the trans and cis isomeric forms at a photo-
stationary state and to determine the kinetics of the cis to
trans thermal-isomerization process in solution.

Scheme 2. Reagents, conditions, and yields. i) Methyl bromoacetate, K,CO3, [18]crown-6, acetone, reflux, 14 h,
75%; ii) 0.5m NaOH, THEF, reflux, 2 h, followed by acidification with 0.5m HCI, 90 % iii) SOCL,, THF, reflux,
3h, 90%; iv) DIEA, THF, RT, 4 h, 50 %.
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Scheme 3. Reagents, conditions, and yields. i) Methyl bromoacetate,
K,COs, [18]crown-6, acetone, reflux, 14 h, 70%; ii) 0.5m NaOH, THF,
reflux, 2 h, followed by acidification with 0.5m HCI, 90 %; iii) DCC, NHS,
DMEF, 0°C, 30 min, then RT, 4 h, 99%; iv) THE, RT, 4 h, 50%. NHS=N-
hydroxysuccinimide.

UV/Vis Spectral Study

The isomerization process was examined by irradiating the
distamycin-based azobenzene conjugates 2 and 3 in DMSO
solution at approximately 360 nm (Figure 1). Upon photo-
illumination of a solution of 2 (12 um), the absorption band
intensity at approximately 365 nm owing to the m—m* transi-
tion decreased with a considerable blue shift and the n—m*
transition at approximately 450 nm increased. This process
was continued over a period of 60s and a photostationary
state was reached. Similarly, illumination of a 24 pm DMSO
solution of 3 for 60 s reduced the intensity of the m—n* tran-
sition and slightly reduced the magnitude of the n—x* transi-
tion. It required approximately 2 min to reach the photosta-
tionary state. No change was, however, observed at approxi-
mately 304 nm (distamycin band) for both the conjugates 2
and 3 upon photoillumination. These results indicate that
trans-to-cis photoisomerization results in greater steric strain
between the oligopeptide arms and azobenzene core in the
ortho—ortho disubstituted azobenzene—distamycin conjugate
3 compared with its para disubstituted counterpart, 2. This
could be one of the reasons why a longer time was required
for 3 compared with that of 2 to reach the photostationary
state.
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'"H NMR Spectral Study

"HNMR spectroscopy pro-
vides a convenient way to de-
termine the cis and trans com-
position of the ligands at the
photostationary state. Accord-
ingly, we monitored the
changes in the 'HNMR spec-
tra of a solution (1 mm each)
of 2 and 3 in [D¢]DMSO upon
photoillumination at approxi-
mately 360 nm at periodic time
intervals after each illumina-
tion. The results are shown in
Figure 2 and Figure 3.

The 'HNMR spectrum
looked simpler for the conju-
gate 2 owing to the 4,4'-disub-
stituted symmetrical nature
around the azobenzene core.
Compound 2 in the trans iso-
meric state possessed hydrogen
atoms in the 3, 3, 5, and 5" po-
sitions (meta protons to azo-
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Figure 1. Changes in the absorption spectra of solutions of 2 (12 um, a)
and 3 (24 um, b) in DMSO upon photoillumination at ~360 nm.
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Figure 2. '"H NMR spectra of a DMSO solution of 1 mm 2 before (a) and after (b) 10 min of photoillumination
at ~360 nm. Chemical shifts of the respective azobenzene protons before and after illumination are indicated
with respect to TMS as the standard. The symbol “*” refers to the sample after photoillumination.

benzene) at approximately 7.1 ppm (/=8.7 Hz), whereas the
2,2, 6, and 6' hydrogen atoms (ortho protons to azoben-
zene) were positioned downfield (owing to the ring-current
effect of the azobenzene ring) at approximately 7.8 ppm
(/=8.7Hz) at 25°C (Figure 2a). Illumination of 2 for ap-
proximately 10 min completely shifted the 3, 3, 5, and 5" hy-
drogen atoms and the 2, 2', 6, and 6’ hydrogen atoms upfield
at approximately 6.8 and 6.86 ppm (J=8.7 Hz), respectively
(Figure 2B). This interpretation of the spectrum is consis-
tent with earlier observations."”) Based on the NMR spectral
study, approximately 10 min was required to reach the pho-
tostationary state for compound 2 in which approximately
100 % of the cis isomeric form was generated in the photo-
stationary state.

The azobenzene core in 3 possessed three different types
of protons in the trans isomeric form. Both the ortho and
para protons of the azobenzene (6, 6/, 4, 4 hydrogen atoms)
appeared like doublets at approximately 7.5 ppm (/=
8.1 Hz) and a triplet at approximately 7.47 ppm (J=8.7 Hz),
respectively (Figure 3a). The meta protons corresponding to
3,3, 5,5 hydrogen atoms appeared as multiplets at approxi-
mately 7.1-7.2 ppm. In addition to these, another set of
peaks (less intense doublet-like and triplet-like peaks) ap-
peared at approximately 6.6 ppm and 6.8 ppm, respectively.
These peaks originated owing to the presence of a small
amount (~20%) of the cis isomer of 3 at 25°C. Although il-
lumination of 3 for approximately 3 min intensified both
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6.0 an intense singlet at approxi-
mately 4.7 ppm, and as a weak
singlet at approximately
4.4 ppm. In the photostationary
state, they were transformed
into one intense singlet at ap-
proximately 4.4 ppm, with a
weak singlet at approximately 4.7 ppm. Compound 3 re-
quired approximately 25 min to reach the photostationary
state. Analysis of integration revealed that the composition
of the two isomers trans/cis owing to 3 was approximately
8:2 at 25°C before photoillumination. However, the relative
composition of the isomers trans/cis transformed into ap-
proximately 2:8 in the photostationary state, which corre-
lates well with earlier reports.”*”!

Kinetics of cis-to-trans Isomerization and Thermal-
Activation Parameters

To check the thermal reversibility of the photoisomerization
process, the photoirradiated forms of both compounds 2 and
3 in solution were heated at different temperatures in the
dark. Then, the kinetics of the thermal reversion of the con-
jugates from the cis-to-trans form was measured by follow-
ing the changes in absorbance at a wavelength of 360 nm for
the para- and 365 nm for the ortho-substituted azobenzene—
distamycin conjugates. Expectedly, the thermal reversion
process was found to be faster with the para-substituted azo-
benzene—distamycin conjugate 2 compared with the ortho-
substituted conjugate 3. A plot of log [ay/(a,—a,)] against
time (¢) afforded a straight line (correlation coefficient=
0.999, Figure 4 a) indicating that the cis-to-trans thermal iso-
merization process of both 2 and 3 followed a first-order ki-
netic pathway. From the slope of the straight lines, the rate

www.chemasianj.org 1953
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Figure 3. '"H NMR spectra of a DMSO solution of 1 mm 3 before (a) and
after (b) 25 min of photoillumination at ~360 nm. c¢) Chemical shifts of
the -OCH, group before and after 25 min of photoillumination. Chemical
shifts of the respective azobenzene protons and methylene protons
before and after illumination are indicated with respect to TMS as stan-
dard. The symbol “*” refers to the sample obtained after photoillumina-
tion.

constants at different temperatures were obtained and the
relevant values are given in Table 2. These rate constants at
different temperatures also allowed us to calculate the acti-
vation energy (E,) and the frequency factor (A) for the cis-
to-trans thermal isomerization process by using the Arrhe-
nius rate equation (Figure 4b). Both E, and A were further
used in the Eyring equation™ to calculate the free energy
(AG?), enthalpy (AH?), and entropy (AS”) of activation
for the cis-to-trans isomerization of 2 and 3. The relevant
parameters are recorded in Table 3.
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Figure 4. a) Plot of log [a,/(a,—a,)] versus time, t/sec, during the course of
the thermal reversion of conjugate 3 at 60°C. b) Arrhenius plots of the
rate constant (k) for cis-to-trans thermal isomerization of 2 and 3 in
DMSO followed at different temperatures (7).

Table 2. The rate constants of the cis-to-trans thermal isomerization of the
azobenzene moiety of 2 and 3 in DMSO as monitored by UV/Vis spectrosco-

py-

Ligand k" (40°C) & (50°C) K (55°C) k (60°C) k (65°C) k (70°C)
[57'] [s7'] [s7'] [s7'] [s7'] [s7']

2 47x107°  112x107* 21x10™* 4.4x107*

3 31x107° 64x107

9.6x107° 19.1x107°

[a] The rate constant (k) of cis-to-trans thermal reversion was obtained by
using the following equation, log[ay/(a,—a,)] =k/2.303, where a,=absorbance
of ligand at room temperature before illumination, a,=absorbance after
heating the ligand solution at a particular temperature for time (7). See the
Experimental Section for details.

Table 3. The activation energy, frequency factor, activation free energy, en-
thalpy, and activation entropy for thermal cis-to-trans isomerization of 2 and
3.

Ligand Eaiﬂl Alal AH7P! AS7] AG7P
[kcalmol™'] [sec”!]  [kcalmol™'] [kcalmol'K™'] [kcalmol™']

2 22.4 2.1x10" 21.8 —4.5 232

3 26.5 1.6x10% 259 —0.34 26.0

[a] Plot of rate constant vs temperature produces a straight line where the in-
tercept and slope of the straight line determines the frequency factor (4) and
activation energy (E,), respectively, by using equation Ink=InA—E/RT.
[b] Free energy (AG?), enthalpy (AH?), and entropy (AS”) of activation
were measured at 55°C (328 K) by using the Eyring equation, where E,=
AH? +RT, and AS” =[In A-1.00—In (kzT/h)]R, where kj is the Boltzmann
Constant and h is the Plank constant.
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These results indicate that both the molecular architecture
and the location of the substituent around the core azoben-
zene moiety determine the rate and activation energy barri-
er for the cis-to-trans isomerization process. It has been
found that once photoisomerized, the ligand 3 required a
higher thermal-energy barrier to convert back to the trans
form compared with that of ligand 2. Such higher activation
energy and frequency factor values for 3 indicate the larger
structural change that occurs during cis-to-trans isomeriza-
tion of 3 compared with 2. Moreover, the larger frequency
factor (A) for 3 was found to favor the cis-to-trans isomeri-
zation process entropically. However, the higher positive
free energy of activation for the thermal isomerization of 3
compared with 2 indicates a different molecular environ-
ment of 3 in the cis configuration, which might impede the
thermal cis-to-trans isomerization process.

Duplex-DNA Binding
CD Titration Studies with Poly [d(AT)]-poly [d(TA)]

It is of interest to study the variation in DNA-binding mode
of two distamycin arms around the azobenzene core while
changing the location of distamycins from 4,4’ to 2,2" with
respect to the azobenzene. To compare the DNA-binding af-
finity between the trans and cis isomeric forms of 2 and 3,
we carried out DNA-binding experiments separately with 2
and 3 before and after photoillumination by adding an ali-
quot of ligand solution into 20 um poly [d(AT)]-poly [d(TA)]
as shown in Figure 5 and Figure 6. Titration of compound 2
(trans form) at room temperature with poly [d(AT)]-poly
[d(TA)] in NaCl buffer solution yielded negative and posi-
tive CD bands centered at 303 and 336 nm. These bands
arose solely from the induction of optical activity of the
DNA-bound non-chiral distamycin—-azobenzene conjugate
molecule (so-called induced CD).”!! The CD titration was
also performed with compound 3 and its photoirradiated
forms (Figure 6). Moderate ICD enhancement at 336 nm
was observed with the 2:8 trans/cis isomeric form of 3 com-
pared with that with the 8:2 trans/cis isomeric form. The sat-
uration values of the [ligand]/[DNA] ([D]/[P]) ratios for in-
dividual isomeric forms of ligands (2 and 3) have been ob-
tained by plotting ICD;;¢ against [D]/[P] ratio. The azoben-
zene—distamycin conjugate 2, in the trans form, required a
[D)/[P] ratio of 0.3 and the corresponding cis isomer re-
quired a 0.2 [D]/[P] ratio to saturate its binding on the
double-stranded DNA minor groove (Figure 7a). In con-
trast, the 8:2 transicis isomeric form of 3 required a [D]/[P]
ratio of 0.46 and the corresponding value for the 2:8 trans/
cis isomeric form is 0.4 (Figure 7b).

Trans-to-cis isomerization for both conjugates improved
the duplex-DNA binding as evidenced from the lower [D]/
[P] ratio to saturate DNA binding and higher ICD intensity
compared with the corresponding trans forms. However, iso-
merization of 3 from the 8:2 transicis to the 2:8 transicis
forms did not significantly improve the binding of its dista-
mycin arms as reflected from the smaller difference in ICD

Chem. Asian J. 2008, 3, 1949-1961
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Figure 5. CD titration involving 2 in the 100% trans (a) and ~100% cis
(b) form performed in presence of 20 um poly [d(AT)]-poly [d(TA)] in
10 mm Tris-HCI, 150 mm NaCl, and 0.1 mm EDTA buffer solution at
pH 7.4 and 25°C under dark conditions. In panel (a) and (b), trace “1”
corresponds to the CD spectrum of poly [d(AT)]-poly [d(TA)] and trace
11 and 13 correspond to the [conjugate]/[poly [d(AT)]-poly [d(TA)]]
ratios of 0.4 and 0.3, respectively.

values between isomeric forms of 3 obtained before and
after photoisomerization. These observations suggest that
the geometrical alignment of distamycin around the core
azobenzene differ in both isomerized forms of 2 and 3,
which eventually causes the difference in their DNA-binding
efficiencies. Thus, the overall difference in DNA recognition
between both isomerized forms is not pronounced because
the azobenzene isomerization here cannot bring both dista-
mycin arms to an optimal orientation for the enhancement
of the base-pair recognition along minor grooves while
maintaining the duplex B-DNA structure.

We also carried out DNA-binding experiments with the
parent distamycin molecule 1 under the same experimental
conditions to explain the binding mode and binding-site size
of both isomeric forms of azobenzene—distamycin conjugates
along the DNA minor groove. The ligand 1, required a 0.2
[D]/[P] ratio to saturate DNA binding on the minor-groove
surface (Figure 7c). This corresponds to an apparent bind-
ing-site sizes of approximately 5 base pairs, which correlates
with the theoretical value expected for 2:1 overlapped bind-
ing mode.?" The differences in DNA-binding mode between
1 compared with azobenzene-distamycin conjugates (2 and
3) have been explained in detail from theoretical perspec-
tives (see below).
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Figure 6. CD titration curves involving 3 in the 8:2 trans/cis (a) and 2:8
cis/trans (b) isomeric forms performed in presence of 20 um poly
[d(AT)]-poly [d(TA)] in 10 mm Tris-HCl, 150 mm NaCl, and 0.1 mm
EDTA buffer solution at pH 7.4 and 25°C under dark conditions. In
panel (a) and (b), trace “1” corresponds to the CD spectrum of free poly
[d(AT)]-poly [d(TA)] and trace 10 and 13 correspond to [ligand]/[poly
[d(AT)]-poly [d(TA)]] ratio of 0.5.

Photoisomerization of DNA bound Conjugates

We also examined the influence of DNA binding on the
photoisomerization of the DNA-bound ground state of the
ligand by irradiating the sample at approximately 360 nm.
This effect was examined by measuring the changes in the
ICD band at 336 nm at 25°C. Photoillumination of the trans
form of ligand 2 (6 um) bound to DNA (20 um) for 10 min
enhanced the ICD intensity at 336 nm. However, illumina-
tion for more than 10 min did not bring about any further
change in the magnitude of the ICD band (Figure 8a). A
similar experiment was also performed with the 2,2'-disub-
stituted azobenzene—distamycin conjugate, 3. In this case, il-
lumination of the sample for 30 min caused a small enhance-
ment in ICD intensity, which did not change any further
upon illumination of the sample beyond 30 min (Figure 8b).
No change was observed in the DNA band, which con-
firmed that UV irradiation at 360 nm did not cause any sig-
nificant changes in the poly [d(AT)]-poly [d(TA)] secondary
structure.

Interestingly, for both ligands (2 and 3), there was an en-
hancement in the DNA binding after illumination of the
DNA-bound trans forms. These observations suggest that
the azobenzene group in 2 and 3 undergoes photoisomeriza-
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Figure 7. Comparison of the ICD intensities at 336 nm of both isomeric
forms of ligands 2 (a) and 3 (b) obtained during titration with 20 um poly
[d(AT)]-poly [d(TA)] in NaCl buffer solution at 25°C. 2a and 2b men-
tioned in the Figure correspond to the 100 % trans and 100 % cis form of
the ligand 2, whereas 3a and 3b correspond to the 8:2 trans/cis isomeric
form and the 2:8 trans/cis isomeric form of the ligand 3. ¢) Comparison
of changes in 336 nm ICD intensities during titration with distamycin 1
and with both isomeric forms of ligands 2 and 3, respectively, with 20 pm
poly [d(AT)]-poly [d(TA)] in the same buffer solution at 25°C.

tion and enhances ICD intensity and hence their DNA-bind-
ing affinity even when the conjugate is complexed to the
duplex-DNA minor groove. However, enhancement of such
an ICD intensity is almost 50 % less as compared with the
ICD enhancement observed with the individual photoillumi-
nated form of the ligands (2 and 3) than the corresponding
trans form with a similar [D]/[P] value. Thus, the photoiso-
merization of the trans-to-cis form was suppressed when the
ligand was pre-complexed to DNA.
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Figure 8. Changes in ICD intensity upon illumination at 360 nm of poly
[d(AT)]-poly [d(TA)] precomplexed with ligand 2 or 3 at a [ligand]/[D-
NA] ratio of 0.3 in NaCl buffer solution. a) Trace a: ICD intensity of
DNA bound to 100% trans form of ligand 2 and trace a* indicates the
ICD intensity of the above ligand-DNA complex obtained after 10 min
of photoillumination. b) ICD intensity of the DNA-bound approximate
8:2 trans/cis isomeric form of ligand 3, and trace a* indicates the ICD in-
tensity of the above ligand—-DNA complex obtained after 30 min of pho-
toillumination.

Duplex-DNA Melting Points

Minor-groove binders like distamycin and Hoechst 33258
enhance the helix-to-coil transition temperature through se-
quence-specific recognition of bases of duplex DNA.™! Ac-
cordingly, we performed thermal-denaturation experiments
with ligand-DNA complexes at a saturating [D]/[P] ratio in
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NaCl buffer solution. The DNA-melting experiment, as
monitored by following the absorbance at 260 nm, demon-
strates that the trans isomeric form of 2 and predominantly
the trans (80 %) isomeric form of ligand 3 stabilize duplex
DNA more than that of the parent distamycin 1. Compound
2 stabilized the duplex by approximately 9°C, whereas both
isomeric forms of compound 3 stabilized poly [d(AT)]-poly
[d(TA)] by approximately 13°C (Table 4). DNA complexed
with both illuminated and non-illuminated solutions of li-
gands 2 and 3 possessed almost similar T, values (Figure 9).

0.020 -
0.015 4

0.010 4

dAldT60

0.005 -

T/°C

Figure 9. Thermal melting of 20 um poly [d(AT)]-poly [d(TA)] complexed
with various azobenzene-distamycin conjugates in 10 mm Tris-HCI,
150 mm NaCl, and 0.1 mm EDTA buffer solution at pH 7.4 and at saturat-
ing [ligand]/[DNA] ratios. The label of each curve corresponds to DNA:
20 um poly [d(AT)]-poly [d(TA)] 1 at [D]/[P]=0.2, 2a and 2b at [D]/
[P]=0.3, and 0.2, 3a and 3b at [D]/[P] =0.46 and 0.4, respectively.

However, it is important to note that the photoilluminated
forms of each ligand required a reduced concentration of
ligand to reach the same T, value as compared with the cor-
responding trans form, indicating greater thermal stabiliza-
tion of duplex DNA by the cis forms of the conjugates.

Estimation of Binding Constants

Hoechst 33258 is a well-known DNA-minor-groove binder.
The fluorescence emission owing to Hoechst dramatically
enhances upon binding to duplex DNA.?? We have experi-

Table 4. The melting temperatures values, apparent binding constants (K,,,), and saturation [D]/[P] ratio obtained from binding of 1, 2 and 3 in their
ground state and upon photoillumination with poly [d(AT)]-poly [d(TA)] in NaCl buffer.[a]

Ligands T, [°C]™ AT, [°C] Kapp[‘” AG [kcalmol '] Docked energy ~ H-bond distance! [A] Saturated
[107°m7] [D)/[P]

1 67.4 2.7 6.5 —6.97 -11.29 2.50,2.74, 2.32, 2.54 0.2

Hoechst -12.1 -13.03 2.26,2.18

2a 74.5 9.8 7.4 -8.24 -21.93 3.35,5.29, 6.54,2.74, 4.61, 5.63 0.3

2b 74.0 9.3 7.2 —7.87 -21.57 3.49,5.25,5.78,2.58, 2.92, 3.69, 4.85, 4.30,2.56 0.2

3a 78.5 13.8 4.6 —8.63 —22.39 3.81, 4.54, 4.30, 3.03, 2.25, 2.67, 5.04, 5.51,4.05  0.46

3b 78.9 14.2 4.8 —7.64 —21.33 3.97,5.45, 5.46, 4.69, 3.50, 2.45, 4.27,4.55,3.52 04

[a] The docked energies, free binding energies (AG), and number of amide bond contacts with DNA bases obtained form Autodock calculations of dif-
ferent ligands with modeled duplex [d(GC(AT),;CG)], DNA are also tabulated. See the experimental section for details. [b] 7}, indicates the average
melting temperature value of two independent melting experiments that were preformed with the complexes of poly [d(AT)]-poly [d(TA)] in the pres-
ence of different ligands in 150 mm NaCl, 10 mm Tris-HCI, and 0.1 mm EDTA buffer solution, pH 7.4 at the saturated [D]/[P] ratio. The error is within
+0.2°C. [c] AT, corresponds to the difference in T,, between DNA and DNA-ligand complexes. [d] K,,,,=apparent binding constant from Hoechst dis-
placement assay. [e] Distance between the ligand, amide bond and DNA bases.

Chem. Asian J. 2008, 3, 1949-1961 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1957
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mentally determined the apparent DNA-binding constants
of different isomeric forms of azobenzene—distamycin conju-
gates by estimating their efficiency in replacing fully bound
Hoechst from the poly [d(AT)]-poly [d(TA)] DNA-minor-
groove surface in NaCl buffer solution (Table 4).

Both isomeric forms of compounds 2 and 3 were added
into saturated Hoechst—poly [d(AT)]-poly [d(TA)] complex
solution. The trans form of 2 at room temperature was able
to displace the DNA-bound Hoechst more efficiently than
the trans isomeric form of 3. This indicates a higher appar-
ent binding constant for 2a compared with 3a at room tem-
perature (Table 4). However, no significant changes in bind-
ing constant were observed between both isomeric forms of
either 2 or 3. This is a limitation of this indirect competitive
binding assay unlike direct CD titration studies. Interesting-
ly, both isomeric forms of 2 and 3 rapidly quench Hoechst
fluorescence preferably when 50 % of Hoechst was displaced
from the duplex minor-groove surface (Figure 10). This fact
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: 2%,
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gu)
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Figure 10. Changes in fluorescence intensity (I) of Hoechst while adding
either distamycin analogue 1 or different photoisomeric forms of azoben-
zene—distamycin conjugates (2a, 2b, 3a, 3b) into the saturated Hoechst—
poly [d(AT)]-poly [d(TA)] complex in NaCl buffer solution at 25°C.
Inset: y axis of the bar correspond to various ligand concentrations
([L]so) to displace 50% Hoechst from the DNA minor-groove surface.
Apparent binding constants (K,,,) were calculated from the respective
[L]s, values and considering K, (Hoechst)=1.5x10"m' and [Hoechst
33258]=250 nm.

clearly indicates the co-operative nature of ligand binding
on the duplex minor-groove surface. Initial binding of the
ligand might produce some conformational change on the
DNA surface, which may allow preferred binding by the
next ligand through concomitant removal of Hoechst from
the duplex minor-groove DNA surface. Such a binding
nature was found to be unique with azobenzene—distamycin
covalent conjugates compared with the parent distamycin
analogue.

Ligand Docking

To understand the experimental observations further, we ex-
plored the duplex-DNA binding of the ligands 1-3 by using
the docking analysis with AUTODOCK version 3.05. The
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optimized distamycin analogue 1, on rigid docking with
d[GC(AT),(CG],, gave a binding energy of —6.97 kcalmol™!
(Table 4) by satisfying four hydrogen bonding contacts be-
tween the N-methylpyrrole amide bond of the distamycin
and the A-T base pairs of DNA and the other noncovalent
interactions with the oxo group of the ribose sugar moiety
(see Figure SI-1 in the Supporting Information). The
number of hydrogen-bonding contacts support the DNA
base-pair recognition efficiency of 1 as obtained from the
saturation [D]/[P] ratio. The docking of 2a shows that the
azobenzene core allows both distamycin arms to satisfy the
extended mode of binding unlike the hairpin conformation
observed with the distamycin derivatives based on y-amino
butyric acid linkers.”?! More pyrrole amide bonds are
available in the hydrogen-bonding contacts with AT base
pairs, especially in the case of 2b compared with 2a as ex-
perimentally evidenced from the higher ICD intensity and
lower [D]/[P] ratio of 2b than 2a (see Figure SI-1 in the
Supporting Information and Table 4). In the trans form,
either one or both benzene moieties of the planar azoben-
zene group is located close to the duplex-DNA surface to
involve hydrophobic interactions with the DNA bases. Thus,
in the presence of a long (~11 A) linker unit, less pyrrole
amides were able to form hydrogen-bonding contacts with
the DNA bases. On the other hand, in the cis form, the non-
planar azobenzene moiety prefers to remain out of the
DNA helical surface, which allows more pyrrole amide
bonds to satisfy the hydrogen bonding interaction with the
DNA bases. There is also another reason for the better hy-
drogen bonding contacts with the para—para disubstituted
2b when compared with 2a: an overall decrease in the
length of the moiety [—(CH,),NMe(CH,),NHXPhN=
NPhXNH(CH,),NMe(CH,),~] (where X =—OCH,CO) from
21.53 A to 14.06 A along with the linker that contains the
azobenzene moiety together with a basic difference of ap-
proximately 3.5 A around the azobenzene moiety [YPhN=
NPhY] (where Y=0) during the trans-to-cis photoisomeri-
zation of 2 as obtained from the optimized conformation
(see Figure SI-1 in the Supporting Information and Table 1).

This explains the improved ICD intensity of the cis form
compared with the trans isomer. However, the difference in
the saturated [D]/[P] ratio observed with these isomers
cannot be explained by this argument. The difference in the
orientation of 2b and 2a on the duplex-DNA surface was
one of the factors that might contribute in the difference in
the saturation [D]/[P] ratios. Moreover, the Hoechst dis-
placement assay failed to show such a subtle difference in
binding between 2b and 2a (7.2x107°m7!, 7.4x10° M)
owing to the weaker contacts with the AT base pairs and
the lower binding energy over Hoechst (—12.10 kcalmol ';
Table 4). On the other hand, comparable thermal melting
temperatures of 2a and 2b show that 2a compensates its
fewer number of hydrogen bonding contacts by a substantial
stacking of the pyrrole units of distamycin arms and ben-
zene units of azobenzene with the ribose sugar moiety along
with the sum of van der Waals and electrostatic interactions
with duplex DNA (see Figure SI-1 in the Supporting Infor-
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mation). Hence, they have similar dock energies (—21.93,
—21.57 kcalmol ") and binding energies (—8.24, —7.87 kcal
mol™!), much like the melting temperature values (Table 4).
Such little difference in binding free energies between 2a
and 2b supports the small variation in melting-temperature
values and the apparent binding constant (K,,,) values.

The docking conformation for the 2,2'-disubstituted li-
gands (3a and 3b) also shows the extended binding mode
(Figure SI-1 in the Supporting Information), however, both
3a and 3b show a similar range and number of hydrogen-
bonding contacts with the AT base pairs. This is consistent
with comparable ICD intensities between both isomeric
forms of 3 (Table 4). This is because in the ortho-substituted
azobenzene moiety there is a minimal variation in the
length. This occurs with both isomers around the azoben-
zene moiety (~1.1 A) or along the linker length containing
the azobenzene moiety (from 2235 A to 20.66 A) while
transforming 3a to 3b (Table4). The lower K,,, (4.6x
10°m ! and 4.8x10°m ") obtained from experiments arises
from the absence of strong hydrogen-bonding contacts with
DNA bases and lower binding free energy compared with
Hoechst. The gain of stacking, van der Waals, and electro-
static interactions are similar in both 3a and 3b owing to
their minimal change in the length around the azobenzene
core, which manifests in similar 7, values.

Conclusions

The azobenzene has been widely used as photoresponsive
chromophore to regulate the molecular structure by trans-
to-cis isomerization with light and its thermal reversion with
heat. The incorporation of the azobenzene into the oligo-
peptide distamycin moiety provides a model system to
probe the feasibility of this “light switch” in regulating
DNA-binding characteristics through the introduction of a
conformational change involving distamycin scaffolds.
Herein, we report a convenient procedure to conjugate dis-
tamycin at different locations (2,2 vs 4,4) with respect to
the core azobenzene unit. The detailed photoisomerization
kinetics were examined by '"H NMR and UV/Vis spectrosco-
py. The UV/Vis studies, kinetic analysis, and 'H NMR spec-
troscopy indicate that photoisomerization depends on the
location of the substituent around the azobenzene unit.
Thus the ortho—ortho disubstituted ligand 3, required longer
for photoisomerization and also a higher thermal-energy
barrier for cis-to-trans isomerization compared with that of
ligand 2.

The changes in DNA binding after photoisomerization
were investigated by CD spectroscopy and thermal melting.
The conformational freedom of distamycin was restricted
while appended with the azobenzene core and this loss of
flexibility was more pronounced with the ortho—ortho disub-
stituted conjugate 3 compared with its para—para counter-
part 2. This was reflected in the reduction in the ICD inten-
sity, lower apparent binding constant, and requirement of
higher ligand concentration to saturate the minor-groove
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binding by distamycin in ligand 3 compared with 2. On the
other hand, the requirement a reduced [ligand]/[DNA] ratio
suggests that both isomeric forms of 2 favor distamycin
binding along duplex DNA compared with that of 3. The
unique characteristics of both isomeric forms of azoben-
zene—distamycin conjugates, that is, the co-operative binding
nature on the minor-groove surface of poly [d(AT)]-poly
[d(TA)] and higher duplex-DNA stabilization of 7-11°C
more than their parent distamycin analogue 1, are notewor-
thy. Work is now underway to examine the rate of photoiso-
merization and DNA-binding affinity of distamycin ana-
logues by changing the electronic nature of the para—para
disubstituted azobenzene core.*”

Experimental Section
Materials and Methods

All reagents used in this study were of highest purity available and were
used without further purification. TLC was performed by using silica gel-
G and preparative column chromatography was done on silica gel (60—
120 mesh size). Solvents such as CH,Cl, and CHCI; were dried over
P,Os, Et;N was dried over KOH, THF was dried by using sodium and
benzophenone ketyl, and DMF was vacuum distilled over anhydrous
MgSO,. 'H NMR spectra were recorded on JEOL JNM A-300 or with a
Bruker AMX 400 spectrometer and *C NMR spectra were recorded on
Bruker DMX 500 spectrometer. Chemical shifts (0) are reported in ppm
downfield from the internal standard (TMS). Electrospray ionization
(ESI) mass spectra were measured on an Esquire spectrometer (Bruker).
Compound 8 was commercially available and compound 4 was prepared
as described earlier."”) Distamycin analogue 1 is a tetra N-methylpyrrole-
based tetrapeptide was synthesized as described."*® Poly [d(AT)]-poly
[d(TA)] is a double-stranded alternating copolymer and was obtained
from Sigma Chem. Co. and used as received. Samples with total volume
of 1 mL of poly [d(AT)]-poly [d(TA)] were prepared and 1 mg per ml of
poly [d(AT)]-poly [d(TA)] afforded 20 A, units. The concentration of
poly [d(AT)]-poly [d(TA)] was determined spectrophotometrically by
using &, =6650M ' DNA. The poly [d(AT)]-poly [d(TA)] concentration
in the sample was 80 um DNA phosphate (40 uM in terms of base pairs).

Photoisomerization and UV/Vis Analysis

Photoillumination was performed using a xenon lamp 450 with a light in-
tensity of around 40 W, which transmitted light of approximately 360 nm.
The photoisomerization was measured with a particular concentration of
ligands 2 and 3 in DMSO by using a UV/Vis spectrophotometer (Shi-
madzu 2100) at 25°C. The samples were irradiated at 1~360 nm and the
time course of the photoisomerization process was monitored by record-
ing the spectra at different time intervals. This provided the information
on the time required for reaching a photostationary state of each azoben-
zene—oligopeptide conjugate. Once photostationary states were attained,
each sample solution was then heated to a specific temperature and the
corresponding spectral changes were recorded at that temperature after
regular time intervals. A plot of log [ay/(ay-a,)] (Where a,=absorbance of
ligand at room temperature before illumination, a,=absorbance after
heating the ligand solution after illumination, at a particular temperature
for time f) with time (¢) furnished a straight line. This demonstrated that
the photoisomerization of azobenzene in 2 and 3 followed first-order ki-
netics and the rate constant (k) could be obtained from the slope of the
straight line. All kinetic experiments were carried out with a freshly pre-
pared solution and each experiment was carried out at least twice. The
observed k values were within =3 % of the value reported in Table 2.

The experimentally determined rate constants at different temperatures
were plotted against 1/7 (T =absolute temperature) to obtain the activa-
tion energy (E,) and frequency factor (A) from the slope and intercept of
the Arrhenius equation. Further, the activation enthalpies (AH?), activa-
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tion entropies (AS7), and activation free energies (AG?) for the cis-to-
trans isomerization of 2 and 3 were obtained from Eyring plots.?*%!

'"H NMR Spectroscopy

'"H NMR experiments for the configurational analysis of conjugates 2 and
3 were carried out at 295 K by using a JEOL JNM A-300 spectrometer.
Individual samples of 1 mm concentration were taken in [Dg]DMSO and
the corresponding changes in the molecular configuration upon photoillu-
mination were determined by recording "H NMR spectra. Integration of
the respective azobenzene proton peaks allowed the determination of the
percentage of the trans and cis form of each ligands in their photostation-
ary state.

Circular Dichroism Spectroscopy

CD spectra were recorded by using a JASCO (J-715) model spectropo-
larimeter equipped with a Perkin—Elmer temperature controller. The ex-
periments were carried out in 150 mm NaCl, 0.01M Tris-HCl (Tris = tris-
(hydroxymethyl)aminomethane), 0.1 mm ethylenediaminetetracacetic
acid (EDTA) buffer solution at pH 7.4 by using 20 um duplex poly
[d(AT)]-poly [d(TA)] in the presence and absence of the conjugates at
25°C. All CD titrations were averaged over at least two acquisitions and
the scan rate was maintained at 50 nmmin~' with optical cells of path
length of 1 cm. Titration was performed in the dark and care was taken
to minimize the isomerization of azobenzene—distamycin conjugates. The
changes in ICD intensity at 336 nm were plotted against different [lig-
and]/[DNA] ratios to obtain the concentration of ligand required to satu-
rate the duplex-DNA binding.

Effect on DNA Melting Points

The stabilities of ligand/duplex-DNA complexes were determined from
thermal denaturation experiments. UV/Vis spectra were acquired on a
Beckman 640 UV/Vis spectrophotometer equipped with a temperature
programmable cell block by following the changes in absorbance at
260nm as a function of temperature. The samples were heated at
0.5°Cmin' and the absorbance values were recorded for every 0.5°C
rise in temperature. All 7, experiments were carried out twice in the
above mentioned NaCl buffer solution at saturated [ligand]/[DNA]
ratios. The average melting-temperature value of two independent melt-
ing experiments is mentioned in Table 4.

Hoechst Displacement Assay

The fluorescence intensity of Hoechst 33258 increases dramatically on
binding with duplex poly [d(AT)]-poly [d(TA)]. Initially, 0.25 um Hoechst
was taken in NaCl buffer solution and various aliquots of concentrated
poly [d(AT)]-poly [d(TA)] solution were added progressively to saturate
Hoechst binding on the duplex-DNA surface. Different azobenzene—dis-
tamycin conjugates were then added into a saturated solution of
Hoechst-DNA complex and the displacement of Hoechst from double-
stranded DNA was measured by a decrease in the fluorescence emission
intensity at 464 nm (4., =355nm) and at 25°C. Titration was performed
under dark conditions and much care was taken to minimize the isomeri-
zation of azobenzene—distamycin hybrids. The concentration of individual
ligands for achieving 50% quenching of DNA-bound Hoechst fluores-
cence was used for calculating the apparent binding constant (K,,,). The
binding constant (K,) of Hoechst with poly [d(AT)]-poly [d(TA)] in NaCl
buffer solution was found to be 1.5x10’m~" by Scatchard analysis.””’!

Ligand-Docking Studies

A duplex oligodeoxynucleotide sequence of d[GC(AT),,CG], was pre-
sented to nucgen program of AMBERS?®! version instead of poly
[d(AT)]-poly [d(TA)] DNA. The modeled duplex DNA was then docked
with the optimized ligand structures by using AUTODOCK version
3.05.%) The grid center was taken as a center of the macromolecule with
a grid size of 80x80x126 and a grid spacing of 0.4186 A. A Lamarckian
genetic algorithm (GA) was used owing to the existence of 32-48 rotata-
ble bonds in these ligands and to evaluate the right ligand-DNA confor-
mation as it is known to reproduce various experimental ligand-DNA
complex structures.’” The flexible docking procedure was repeated until
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substantial interactions of the extended binding mode of the ligand with
DNA were obtained. Further, the lowest dock conformation obtained
from the flexible docking was again submitted for rigid docking to
remove the internal energy of the ligand (steric clashes) by retaining the
hydrogen-bonding interaction with the duplex-DNA bases.
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