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DNA binding of two hybrid ligands composed of an alkylating pyrrolo[2,1-c][1,4]benzodiazepine (PBD)
moiety tethered to either a naphthalimide or a phenyl benzimidazole chromophore was studied by
DNA melting experiments, UV and fluorescence titrations, CD spectroscopy and isothermal titration cal-
orimetry (ITC). Binding of both hybrids results in a remarkable thermal stabilization with an increase of
DNA melting temperatures by up to 40 °C for duplexes that allow for a covalent attachment of the PBD
moiety to guanine bases in their minor groove. CD spectroscopic measurements suggest that the naph-
thalimide moiety of the drug interacts through intercalation. In contrast, the PBD-benzimidazole hybrid
binds in the DNA minor groove with a preference for (A,T)4G sequences. Whereas the binding of both
ligands is enthalpy-driven and associated with a negative entropy, the benzimidazole hybrid exhibits a
less favourable binding enthalpy that is counterbalanced by a more favourable entropic term when com-
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pared to the naphthalimide hybrid.
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1. Introduction

Genomic DNA is targeted by many natural and synthetic low
molecular weight compounds that upon binding to double-
stranded nucleic acids through alkylation, intercalation and minor
or major groove binding may interfere with various biological
processes. In addition to the direct manipulation of genomic se-
quences due to their specific chemical reactivity, such drugs may
also act as artificial regulators of gene expression through interfer-
ing with the binding of transcription factors or enzymes that regu-
late DNA topology such as topoisomerases I and II. Thus, the
pyrrolo[2,1-c][1,4]benzodiazepine (PBD) drugs anthramycin, tom-
aymycin or DC-81 belong to a family of potent tricyclic anticancer
antibiotics, that are isolated from various Streptomyces species and
that bind to the minor groove of double-stranded DNA forming a
covalent bond to the exocyclic amino group of a central guanine
within a three base pair recognition site (Fig. 1).!~3 In contrast,
1,8-naphthalimide-based antitumor drugs like amonafide exhibit
a topoisomerase II inhibitory activity forming complexes with
DNA through intercalation.*® Similarly, the bis-benzimidazole
Hoechst 33258 has been shown to inhibit DNA topoisomerase I,
binding preferentially in the DNA minor groove at stretches con-
sisting of 3-4 consecutive A/T base pairs.5’

Potential applications of these drugs in diagnosis, molecular
biology and medicine critically depend on the selective binding
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to a defined sequence of DNA. For targeting double-helical DNA
with sufficient selectivity, DNA binding drugs should preferably
recognize a target sequence of about ten base pairs in length and
bind to it with high affinity. However, due to their size limitations
many of the small DNA binding ligands are only capable of recog-
nizing a very limited stretch of duplex DNA and the resulting poor
sequence selectivity mostly limits their practical utility. As a con-
sequence, much effort has been devoted to the development of
DNA binding drugs with enhanced binding selectivity and affinity
over the past years. For increasing the type of drug-DNA interac-
tions, a variety of ligands with an extended string of repeating
binding motifs were designed and often found to exhibit superior
affinity, sequence selectivity or reactivity when compared to the
corresponding simple lead compounds. These include pyr-
rolobenzodiazepine dimers with interstrand cross-linking abil-
ity,®° dimeric naphthalimides'® and bis-benzimidazoles'! as well
as minor groove binding pyrrole-imidazole hairpin polya-
mides'?!3 originally derived from the smaller natural drugs
netropsin and distamycin A. Structural variants of the latter are
called lexitropsins whereas combilexins are composed of an oli-
goamide core linked to various intercalators to form hybrid mole-
cules of structurally quite different DNA binding domains with
intercalating and minor groove binding activity.'*

Likewise, hybrid molecules bearing a pyrrolo[2,1-c][1,4]benzo-
diazepine moiety with alkylating activity and linked to different
DNA binding structural units have recently been shown to be
promising inhibitors of cancer cell growth with cytotoxicity in a
number of cell lines.!”> Although an understanding of the forces
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Figure 1. (A) Structures of DC-81, amonafide, Hoechst 33258 and a combilexin. (B) Covalent adduct of DC-81 with DNA from C11 of the PBD to the guanine 2-amino group of

a CG base pair.

responsible for the affinity and selectivity toward a DNA duplex is
crucial for future rational drug design, specific binding interactions
of those hybrids have not been scrutinized so far. Here we report
on the first detailed study of the sequence selectivity and binding
thermodynamics of two pyrrolo[2,1-c][1,4]benzodiazepine drugs.
Hybrid 1 is composed of a PBD moiety tethered to a coplanar naph-
thalimide DNA binding motif'®!” with a potential propensity for
intercalation. In contrast, the PBD unit of hybrid 2 is covalently
linked to a 2-phenyl-benzimidazole motif'® derived from the bis-
benzimidazole minor groove binder Hoechst 33258 (Fig. 2). Be-
cause a piperazine ring has previously been shown to impart a

large favorable binding interaction for minor groove recogni-
tion,'®2 it has been introduced as part of the linker in 1 or through
attachment to the benzimidazole terminus in 2.

2. Results
2.1. UV melting experiments
To study the affinity and sequence selectivity of binding for the

ligands 1 and 2, 11 different duplexes composed of self-comple-
mentary and non-self-complementary 10mer oligonucleotides
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Figure 2. Structures of pyrrolobenzodiazepine hybrids 1 and 2.

were used as targets for the drugs. The duplex sequences and the
results of the UV melting experiments are summarized in Table 1.

In general, the duplex-to-single strand transition is character-
ized by a single cooperative absorbance change as a function of
temperature. Drug binding to the duplex is expected to enhance
its stability when compared to single strands and an increase in
the duplex melting temperature upon drug addition is therefore
associated with its relative binding affinity. Except for the all-AT
duplex D1, sequences were designed to have a central tract of 2-
4 AT base pairs of varying sequences flanked on either side by a
GC base pair. In D2b and D2c, one or both GC base pairs have addi-
tionally been replaced by IC base pairs lacking an exocyclic 2-ami-
no substituent on the inosine.

Table 1
UV melting temperatures T, (°C) for the oligonucleotide duplexes without and with
addition of 1 and 2 in a 2:1 drug:duplex molar ratio®.

Duplex TmW/odrug Tpmw.1 AT, 1 Tphaw.2 AT, 2

D1 5-AATATATATT 13 22 9 23 10
3-TTATATATAA

D2a 5-AACATATGTT 29 63 34 62 33
3-TTGTATACAA

D2b 5-AAIATATGTT 21 55.3 343 60 39
ITTCTATACAA

D2c 5-AACATATITT 13 19.5 6.5 22 9
3I-TTITATACAA

D2e 5-AATATATGTT 205 55.5 35 57.5 37
3-TTATATACAA

D3 5-ATCTATAGAT 19 58.5 395 P =
3-TAGATATCTA

D4 5-AACATTAGTT 255 62.3 368 59.8 343
3-TTGTAATCAA

D5 5-AACAATTGTT 335 63.8 303 66 325
3-TTGTTAACAA

D6 5-ATCATTAGAT 245 62.2 37.3 590 345
3-TAGTAATCTA

D7 5-AACCTATGTT 31 62.5 315 585 27
3-TTGGATACAA

D8 5-AACCTAGGTT 35 70 35 35 0

3-TTGGATCCAA

2 Average of 3-4 determinations.
> Not determined due to non-cooperative melting.

Typical thermal denaturation profiles for the drug-DNA mix-
tures are shown in Figure 3. The melting temperature of 13 °C for
D2c increases by 6.5-19.5 °C upon adding 1 in excess of double-
stranded DNA. As shown in Figure 3(top), no significant hysteresis
effects are observed for corresponding heating and cooling cycles
in agreement with reversible drug binding and fast dynamic equi-
libria. Likewise, melting experiments with the all-AT duplex D1 ex-
hibit a modest increase in the melting temperature of 9 °C upon
addition of ligand 1, again exhibiting a fully reversible melting pro-
file. A similar increase in duplex thermal stabilization of these se-
quences is also observed for hybrid 2.

A very different behaviour in melting is seen after addition of
both ligands to the duplexes containing a guanine base. A repre-
sentative example is shown in Figure 3(bottom) for the D2b duplex
in the presence of excess 1. A monophasic transition at high tem-
peratures is observed in the first heating profile after equilibration
of the mixture for several days. This transition which has to be
attributed to the formation of a drug-DNA complex is considerably
shifted compared to the melting transition of the free oligonucleo-
tide duplex by about 34 °C and 39 °C for 1 and 2, respectively. In
contrast, the nucleic acid shows only a low-temperature transition
with a transition temperature corresponding to the melting of
drug-free duplex upon cooling. Also, absorbances after cooling
have somewhat increased when compared to absorbances mea-
sured at the start of the first heating cycle. Interestingly, both the
low- and high-temperature transition appear in a second subse-
quent heating ramp, however, the low-temperature transition
can be reduced or eliminated again after equilibration for a pro-
longed period of time (not shown). Taken together, very slow
kinetics in drug binding and cleavage of the labile covalent adduct
after strand dissociation, as observed for other PBD deriva-
tives,!?1?2 must be responsible for such non-reversible behavior
seen in these melting profiles. It has to be noted, that transition
temperatures are not affected by the drug-to-DNA molar ratio,
supporting the existence of only one defined complex in equilib-
rium with the free duplex. Also, replacing one of the two GC base
pairs by an IC base pair in duplex D2a does not compromise the
thermal stabilization of bound drug and even results in an en-
hanced stability of complexes with 2, suggesting the covalent
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Figure 3. UV melting profiles for drug-duplex mixtures (2:1 molar ratio) in BPS
buffer. For experimental conditions see text.

attachment of one hybrid molecule in either duplex. In contrast,
with both guanine bases replaced by inosine to disable covalent
adduct formation, increases in duplex melting temperatures drop
down dramatically upon addition of both hybrids to <10 °C. Com-
pared to the significant effects on duplex stabilization of the two
PBD hybrids, the non-conjugated PBD drug DC-81 used as a refer-
ence does not result in a noticeable duplex thermal stabilization
upon addition to duplex D2a as well as to guanine-free D2c under
identical conditions (data not shown).

The increase in melting temperatures after addition of either 1
or 2 amounts to >30°C for duplexes with a central (AT)4G se-
quence. One of the largest thermal stabilization on duplexes re-
ported under such conditions so far is observed for complexes
D3-1 and D2b-2 with TATAG and ATATG tracts, exhibiting a tem-
perature for the duplex half-dissociation raised by nearly 40 °C.
No melting temperature could be determined for D3 in the pres-
ence of 2 due to non-sigmoidal melting curves. The reason for such
atypical behaviour remains unknown but may be attributed to the
coexistence of several complexes with unspecific drug binding.

Binding affinities as judged from the AT, values of >30 °C are
not significantly compromised for the naphthalimide hybrid 1
upon shortening the central AT tract to three and two AT base pairs
in D7 and D8, respectively. However, the benzimidazole hybrid 2
shows a noticeable decrease in thermal stabilization with the tar-
get duplex D7 and fails to bind D8 with only two centrally located
AT base pairs.

2.2. CD spectroscopy

The free ligands exhibit small Cotton effects below 300 nm be-
cause of the intrinsic asymmetry of the PBD ring system with its
single chiral center. Since the naphthalimide moiety itself is not
optically active, no Cotton effect is observed at its absorption

wavelength at 342 nm. Figure 4(top) shows the CD spectra of free
drug 1, the sum of spectra for free D2a and drug as well as of a mix-
ture of D2a and 1. When compared to the sum of CD spectra for
free D2a and 1, the CD spectrum of the drug-DNA mixture has
changed. The strong negative and positive bands observed at
around 250 and 270 nm, indicative of a B-type duplex structure,
are slightly shifted to shorter wavelengths on complex formation
with an increase in amplitude for the positive band. The two weak
negative long-wavelength bands, centered at 295 nm and 342 nm
and only observed for the drug-DNA mixture, must arise from
bound drug. The CD band at 342 nm must be attributed to an in-
duced CD effect of the naphthalimide chromophore upon binding
to DNA. Interestingly, the additional negative CD band at 295 nm
is only observed in guanine-containing duplexes and hence may
be associated with the formation of the covalent bond between
the PBD and a guanine amino group.

As shown in Figure 4(bottom), significant changes of the CD
spectrum are also associated with binding of the benzimidazole
hybrid 2 to the D2a duplex. Again, a shift towards shorter wave-
lengths for both the strong negative and positive bands at around
250 and 270 nm is observed after addition of the drug to the du-
plex. This is accompanied by a significant increase in signal ampli-
tude of the positive band and a moderate decrease in amplitude of
the short-wavelength negative band. In addition to the negative CD
band at 295 nm also observed for the binding of 1, a positive band
centered at 315 nm is observed after addition of hybrid 2 to the du-
plex and results from an induced Cotton effect of the benzimid-
azole chromophore.

2.3. UV titration

Because the drug should bind in the duplex minor groove prior
to the formation of a covalent bond to the guanine amino group
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Figure 4. Circular dichroism spectra showing the influence of binding on hybrids 1,
2 and duplex D2a in BPS buffer.



M. Rettig et al./Bioorg. Med. Chem. 17 (2009) 919-928 923

located at its floor and in order to separate non-covalent binding
interactions from additional covalent aminal bond formation with
its slow kinetics (vide supra), guanines in duplex D2a were re-
placed by inosines for the following titration experiments. Also,
by using the intramolecular hairpin duplex D2d (see Fig. 5), the
double-helical structure exhibiting a melting temperature of
48 °C was significantly stabilized to enable measurements at
20 °C without any noticeable thermally induced duplex melting.

Upon addition of hairpin duplex D2d to a buffered solution of 1
and 2, a decrease in the intensity of the long-wavelength absorp-
tion band with a hypochromicity of about 25% and 11% was ob-
served, respectively. By comparison with the nearly identical
absorption band found previously for a simple N-pyridiniumeth-
yl-substituted naphthalene imide, the long-wavelength absorption
of 1 at 342 nm can be assigned to electronic transitions of the
naphthalimide moiety.?? Likewise, the absorption band of 2 with
its maximum at 319 nm must largely arise from the 2-phenyl-
benzimidazole structural unit. Whereas binding of 1 only results
in a negligible wavelength shift of its absorption maximum, bind-
ing of 2 is accompanied by a bathochromic shift of 5 nm. More
importantly, however, there is a single clean isosbestic point for
1 at 365 nm for all drug-to-duplex ratios indicating the presence
of only one spectrally distinct drug-DNA complex in equilibrium
with the free drug. Likewise, the absorption spectra of 2 indicate
one major binding mode, however, small variations in the position-
ing of non-covalently bound drug may be responsible for the
slightly blurred isosbestic point at 329 nm.
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Figure 5. Absorption spectral changes observed upon addition of the hairpin
duplex D2d (0-50 uM) to 1 (26 uM, top) and 2 (26 puM, bottom) in BPS buffer with

2% DMSO; arrows indicate the development of the absorption bands upon DNA
duplex titration.

2.4. Fluorescence titration

The binding constant of the ligand to DNA was determined by
titrating the drug solution with a concentrated solution of hairpin
duplex D2d at 20 °C. A moderate decrease and significant increase
in the drug fluorescence emission was observed during the addi-
tion of the duplex to hybrid 1 and 2, respectively, resulting in the
binding isotherms shown in Figure 6. The analysis of the spectro-
scopic titration curve is based on its fitting with an appropriate
binding model [for an overview see (24)]. Structural considerations
together with the UV spectroscopic data clearly support a major or
even exclusive complex with a specific bimolecular drug-DNA
association. Accordingly, by employing a 1:1 binding model a good
overall fit to the fluorescence data was obtained as shown in Fig-
ure 6. For the non-covalent binding of the ligands, association con-
stants of similar magnitude were determined from the titration
data of 1 and 2. These amount to K,=3.8-10°M~! for 1 and
K,=5.6-10° M~ for 2 at 20 °C.

2.5. Isothermal titration calorimetry

Isothermal titration calorimetry was used to quantify the ther-
modynamics of non-covalent drug binding to duplex D2d. Figure 7
shows primary data for the titration of the hairpin duplex into a
buffer solution of 1 and 2. Such a reverse titration circumvents
problems associated with the limited solubility of drug in aqueous
buffer. Each peak in the upper panel corresponds to the heat re-
leased on addition of an aliquot of duplex to the drug. These data
must be corrected for the dilution heats associated with the addi-
tion of DNA into buffer and buffer into drug solution. The heat of
dilution for the latter was shown to be negligible. In contrast, titra-
tion of the DNA into aqueous buffer was found to be endothermic.
Integration with respect to time after correcting for these dilution
effects and normalization per mole of added duplex gives the cor-
responding binding isotherms (lower panel).

As shown in Figure 7, application of a simple independent bind-
ing site model (vide supra) for the interactions of ligands 1 and 2
with the hairpin structure leads to an excellent fit of the binding
isotherm yielding the binding enthalpies AH° and equilibrium
binding constants K,. Additionally, the entropy and free energy of
association AS° and AG® can be calculated from the other parame-
ters according to the standard thermodynamic relationship
AG° = AH® — TAS®. All parameters determined from ITC are sum-
marized in Table 2.

Complex formation through drug binding is exothermic and in
both cases counterbalanced by an entropy penalty. However,
enthalpic and entropic contributions to the binding free energy dif-
fer between the two PBD hybrids. Thus, a more negative AH® for
the binding of 1 is accompanied by a more unfavourable negative
binding entropy AS°. As a result of this balancing effect, both drugs
exhibit a moderately strong non-covalent binding with about the
same overall free energy of association AG°® ~—8.0 kcal mol'.
Note, that although smaller in magnitude by a factor of 5-6, asso-
ciation constants determined for the two hybrids by ITC show a
reasonable agreement with the corresponding fluorescence titra-
tion data.

3. Discussion
3.1. Kinetics of binding

Covalent DNA adduct formation with various PBD drugs
through alkylation of the guanine amino group in the DNA minor
groove has previously been found to proceed with slow rates and
to also depend on the hydrogen ion concentration.?!?>2% Likewise,
looking at the UV melting curves it becomes obvious, that the
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kinetics of covalent bond formation with the PBD hybrids is slow
enough to require an extensive period of time for completion. This
is reflected by the presence of a free duplex melting even with drug
in excess and non-superimposable melting curves taken at differ-
ent times. Thus, an increase in the ratio of hyperchromicities upon
melting of the free and ligand-bound duplex is often observed for a
second consecutive melting profile with only a short intervening
period of equilibration. Likewise, after equilibration for several
hours or days the amount of complex as estimated from hyper-
chromicities of the biphasic melting profile increased considerably
in some cases. Alkylation of guanine-containing duplexes is also
supported by TLC and HPLC analyses for these sequences, that
clearly indicate the presence of some single-stranded DNA-drug
adduct even under denaturing conditions (not shown). In contrast,
only free DNA and free drug can be detected for duplexes lacking a
guanine for covalent attachment. For the latter, only a monophasic
time-independent melting profile was observed in the presence of
drug in line with a fast equilibrium of free and non-covalently
bound drug.

The aminal bond formed between the drug and the guanine
2-amino group is known to be labile and amenable to hydrolysis
at acidic but also neutral pH when present on a single-stranded
DNA, resulting in the liberation of free reactive drug upon thermal
denaturation of the duplex.?” The disappearance of a high-temper-
ature transition in the cooling curves of GC containing sequences,
leaving only the low-temperature transition attributed to the
annealing of free oligonucleotide, clearly indicates significant
hydrolysis occurring after duplex denaturation. However, a small
increase in absorbance, as observed for some oligonucleotides after
cooling below their melting temperature, may be attributed to a
small fraction of single-stranded DNA-drug adduct whose hybrid-
ization with a complementary oligonucleotide is hampered for ste-
ric reasons.
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Figure 7. Calorimetric data for the titration of 1 (left) and 2 (right) with hairpin duplex D2d at 20 °C showing exothermic binding. ITC raw data give the power output for each
8-pL injection of titrant as a function of time and are presented in the top panel. The lower panel is obtained after peak integration and shows the heat produced per injection
as a function of the duplex/ligand molar ratio (black squares) together with the best fit to the corrected binding isotherm (solid line). The initial drug concentration in the cell
was 19 and 13 uM and the concentration of duplex titrant was 423 and 212 uM for the titration of 1 and 2, respectively.
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Table 2
Thermodynamic parameters for the binding of ligands 1 and 2 to hairpin duplex D2d
at 20 °C

Ligand K, (M) AHe°(kcal-mol~!) T-AS°(kcal-mol~') AG°(kcal-mol~!)

1° 3.8-10°+ 0.4-10° -8.8
1° 7.810°+3.9.10° —18.7%22 ~109+£25 -7.8
22 5.6-10°+2.0-10° -9.0
2° 8.9-10°+4.4.10° —145+22 —6.6+24 -79

2 Obtained from fluorescence titrations; values are given as averages from two
independent experiments with standard deviations indicated.

P Obtained from ITC measurements; values are given as averages from three
independent experiments with standard deviations indicated.

3.2. Sequence selectivity

Based on the UV melting data, both hybrid drugs significantly
stabilize duplexes containing GC base pairs with an increase in
melting temperature ranging from 30 °C to 39 °C upon binding.
Clearly, such a dramatic stabilization must be attributed to cova-
lent adduct formation at guanine sites and consequently, stabil-
ization upon non-covalent drug binding for duplexes lacking GC
base pairs is significantly reduced with ATy, values <10 °C. How-
ever, duplex stabilization as indicated by elevated temperatures
for strand dissociation is also influenced by sequence effects of
the GC-containing double strand. Whereas binding of 1 exhibits
AT, values >30°C for all duplexes studied, the benzimidazole
hybrid 2 shows a noticeable drop in its thermal stabilization for
duplexes with a shortened AT base pair tract upstream the GC
site. Thus, with only three AT base pairs in D7, AT,, decreases
to 27 °C and there is a complete loss of duplex stabilization with
no indication of any drug binding in the case of duplex D8 which
features only two contiguous AT pairs. Structural models of hy-
brid 2 positioned within the duplex minor groove suggest that
excluding its terminal piperazine ring, the PBD-benzimidazole hy-
brid will span four base pairs upstream from the guanine site of
covalent attachment in line with its maximum stabilizing effect
in the presence of an (A,T)4G tract. Apparently, the phenyl-substi-
tuted benzimidazole motif preferentially binds in the intrinsically
narrow minor groove of AT sequences, a feature generally ob-
served for minor groove binding ligands including Hoechst
33258. Accompanied by unfavourable steric or electrostatic ef-
fects within the minor groove, GC base pairs seem to kinetically
and/or thermodynamically hamper initial drug binding by non-
covalent interactions, a prerequisite for the formation of a cova-
lent bond between the PBD moiety and an adjacent exocyclic
guanine amino group.

Based on the length of the linker that connects to the PBD moi-
ety, the naphthalimide chromophore in 1 is expected to closely
match the location of the benzimidazole unit in 2 when positioned
in the duplex minor groove. Thus, the naphthalimide does not
seem to favor AT base pairs over GC base pairs at its binding site
supporting an intercalative mode of binding within the mixed hy-
brid. Such interactions correspond to the intercalative binding
found for other mono- and bisnaphthalimide ligands and sup-
ported by the observed CD spectral features (vide infra).'®?® It is
also interesting to note, that replacing the non-alkylated CG base
pair following the (AT), tract in D2a by an IC or TA base pair to
give D2b and D2e has no marked effect on the thermal duplex sta-
bilization by hydrid 1, but leads to noticeable differences in the hy-
brid 2-mediated stabilization in line with direct drug-DNA
interactions close to this base pair site.

Simple pyrrolo[2,1-c][1,4]benzodiazepine drugs have been
shown to prefer binding at 5-PuGPu-3’ sequences with 5-PyG-
Py-3’' sequences to be the least preferred target sites.® For the
interstrand cross-linking PBD dimer SJG-136, a 5-PuGATCPy-3’

tract was found to be the preferred binding site and the preference
for an adenosine next to guanosine was attributed to favorable
hydrogen bond interactions between the two PBD units and the
adenine bases.?? Based on the UV melting of the various target du-
plexes, such a preference is not immediately apparent for the two
PBD hybrids as can be inferred from the considerable drug-medi-
ated stabilizations of the D2 duplexes carrying a TGT sequence.
Obviously, the moderate sequence selectivity exhibited by the
PBD drug is further leveled off by the additional naphthalimide
or benzimidazole moieties within the hybrid molecules. A discrim-
ination between the different AT-rich sequences by the ligand is
suggested from differences in AT, by up to 10 °C depending on
the particular sequence of the central (A,T), tract. However, espe-
cially in the case of more subtle differences, there is no direct
way to assess binding affinities from differences in melting tem-
peratures when the temperature dependence of binding constants
is not known for the different complexes. Nevertheless it is inter-
esting to note, that upon complex formation with 1, duplexes with
the same central AT-tract like D4/D6 and D2a/D2b/D2e exhibit
about the same increase in melting temperature, allowing se-
quences to be ordered according to increasing AT, as follows:
ATn(5-TATAG-3') > ATy(5-ATTAG-3') > AT (5 -ATATG-3') > ATy,
(5’-AATTG-3'). In contrast, hybrid 2 shows no obvious trend for
such (AT), sequence selectivity with respect to AT,

3.3. Mode of binding

Considering the length of the oligonucleotide duplexes and the
size of the hybrid drugs one can expect that the duplex can phys-
ically only accommodate one drug molecule for specific binding
and such a 1:1 interaction is corroborated by the available experi-
mental observations. Also, UV melting and titration data showing a
well-defined melting temperature for the drug adducts and the
presence of isosbestic points over a wide range of ligand-to-DNA
ratios are consistent with a single predominant or even exclusive
complex geometry. Additional weaker binding, for example,
through outer non-specific association cannot be rigorously ex-
cluded, yet if present do not exhibit any noticeable effect on the
various experiments. The long-wavelength UV absorptions of 1
and 2 attributable to the naphthalimide and benzimidazole struc-
tural units are both reduced in intensity upon duplex addition. The
rather large hypochromic effect observed for bound 1 amounts to
25% and contrasts with a hypochromicity of only 11% found for
2. This indicates strong electronic interactions between m-electrons
of 1 and DNA bases characteristic of intercalating compounds. It
has to be noted, however, that hypochromicities of up to 60% have
been reported for some simple naphthalimide derivatives upon
DNA intercalation.'%?

CD spectra provide additional information on the hybrid bind-
ing to the double helix. Changes in the DNA absorption region be-
tween 200 and 300 nm upon drug addition and developing signals
of an induced CD (ICD) at the drug absorption above 300 nm con-
firm drug-DNA interactions associated with some structural per-
turbations of the duplex. In general, the specific drug orientation
within the complex may be deduced from the sign of the ICD sig-
nal; however, its evaluation requires information about the transi-
tion dipole moment for the corresponding electronic transition of
the ligand and remains ambiguous in certain cases.>®3! On the
other hand, a negative ICD at 350-365 nm has also been found
for a naphthalimide-pyrrole-carboxamide compound of the combi-
lexin-type thought to bind through partial intercalation.'® In con-
trast, a positive ICD similar to hybrid 2 between 300 and 400 nm
has previously been reported for the bis-benzimidazole derivative
Hoechst 33258 binding in the minor groove of a dodecamer
duplex.3?33
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3.4. Thermodynamics of binding

The determination of binding constants by spectroscopic or
calorimetric titration experiments requires measurements on the
system at thermodynamic equilibrium. To circumvent slow kinet-
ics for the adduct formation with the PBD hybrids during titration,
duplexes with guanines exchanged for inosine nucleosides were
employed for a thermodynamic characterization of complex for-
mation. This offers a detailed description of the non-covalent
drug-DNA association that is expected to precede and guide any fi-
nal covalent bond formation with a guanine amino group located
at the floor of the duplex minor groove.

Binding constants determined by fluorescence and ITC experi-
ments indicate moderately strong non-covalent drug-DNA interac-
tions with values of K, ~10%°M~!. Surprisingly, given the very
different non-PBD moieties of 1 and 2, differences for the two hy-
brids in K, are marginal. Association constants of 10%-10°> M~!
have previously been determined for the binding of simple naph-
thalimide derivatives to calf-thymus DNA*2?3 as well as for furo-
naphthalimides binding to double-helical DNA with an observed
preference for GC-rich sequences.!® On the other hand, association
constants for 2 are considerably smaller by up to 2 orders of mag-
nitude when compared to the high-affinity bis-benzimidazole min-
or groove binder Hoechst 33258.1%3334 In line with the absence of
any significant thermal stabilization of duplexes in the presence of
the free PBD drug DC-81, the PBD moiety of the hybrids is expected
to be only a minor contributor to the overall binding within a non-
covalent DNA complex but will greatly promote binding through
covalent adduct formation at G-containing sequences.

Binding constants determined by spectroscopic and calorimet-
ric methods often show significant differences due to inherent
inaccuracies of the analysis. Thus, the evaluation of spectroscopic
titration data is based on a binding reaction that follows a two-
state transition between free and bound ligand molecules. In con-
trast, ITC only provides for reliable association constants if the
product of K, and the total concentration of titrate are in a range
1-1000. For tight binding with high K, values, appropriate concen-
trations would be too low to produce a heat signal within the sen-
sitivity range of the instrument and the requirement of higher
concentrations will inevitably compromise the accuracy. For the
present studies, association constants from both techniques are
found to be within the same order of magnitude and translate to
only a moderate difference in the binding free energy of about
1 kcal mol !, thereby gaining additional confidence in the proper
analysis of the corresponding data. Indeed, moderately strong
binding with K, ~10° M~! in the present system permits accurate
determination of binding constants from ITC measurements
employing concentrations in the 10~> M range. On the other hand,
the modest deviations in the binding constant as obtained from the
fluorescence titration data may reflect a binding event that does
not completely conform to a simple lock-and-key mechanism as
can be anticipated by the structure of the hybrids with two drug
moieties linked by a flexible spacer.

Isothermal titration calorimetry also provides for a direct deter-
mination of the molar binding enthalpy AH° for the non-covalent
drug-DNA interaction. The sigmoidal binding isotherm obtained
rules out the presence of multiple non-identical binding sites with
different intrinsic affinities and again points to a 1:1 complex. Gi-
ven the small temperature range available for additional fluores-
cence titration experiments, we did not attempt to also
determine binding enthalpies by spectroscopy through a van’t Hoff
analysis of temperature dependent association constants.

Binding of both 1 and 2 to the duplex is enthalpically driven
with a large negative AH°. The enthalpy change measured by ITC
has major contributions from hydrogen bonding, van der Waals
interactions and electrostatic interactions between ligand and

DNA and also from reorganization of water molecules on complex
formation whose influence on AH° is difficult to assess. On the
other hand, unfavourable changes in entropy partly balance
favourable binding enthalpies for the two drugs. The entropy is
thought to be largely dominated by hydration or hydrophobic
effects and a positive AS°® as previously observed for some drugs
is a strong indication, that the effect of water molecules expelled
from the complex interface drives their binding to the DNA. In con-
trast, with two structural units connected by a flexible linker, a loss
of rotational and translational degrees of freedom upon binding
may significantly contribute to the substantial entropic penalty
of complex formation for the two PBD hybrids.

As seen from Table 2 and shown in Figure 8, enthalpic and entro-
pic contributions to the free energy of binding are noticeably differ-
ent for the two PBD drugs. A more favourable negative enthalpy
change for the naphthalimide hybrid is offset by a less favourable
entropy of binding. A comparison of DNA binding drugs whose ther-
modynamics have been studied by direct calorimetric methods re-
veal, that for most intercalators like ethidium a large negative
enthalpy term dominates the entropic term and constitutes the ma-
jor contributor to the favourable free energy.>>~3# For minor groove
recognition, thermodynamic profiles are in general strongly se-
quence dependent but in many cases show a favourable binding en-
tropy due to significant hydrophobic interactions and release of
bound water on binding. Thus, the endothermic binding of Hoechst
33258 to oligonucleotide duplexes is considered a rigid body inter-
action with little conformational changes to either DNA or drug and
exclusively driven by hydrophobic effects.343¢37 The observed shift
to a less favourable binding enthalpy but a more favourable binding
entropy when substituting the phenyl benzimidazole for the naph-
thalimide moiety in the PBD hybrids is therefore compatible with a
shift from a partially intercalative binding mode for 1 to an exclu-
sive minor groove binding mode for 2. Hydrophobic contributions
to the binding free energy may be evaluated by the transfer free
energies of ligands from the aqueous solution to the interior or min-
or groove of the DNA duplex. Heat capacity changes obtained from
the temperature dependence of AH° and changes in the solvent-
accessible surface area as determined from the three-dimensional
structure of complexes have been linked and used to estimate the
free energy contribution from the hydrophobic transfer pro-
cess.>®37 Lacking corresponding thermodynamic and structural
data, an alternative estimate for the hydrophobic contribution to
the free energy of binding may be gained by n-octanol/water parti-
tion coefficients logP. Indeed, a prediction of log P for hybrids 1 and
2 give values of 2.88 and 4.42, respectively, indicating a more
hydrophobic benzimidazole hybrid 2 in line with larger hydropho-
bic effects and a more favourable binding entropy. It should be
noted, however, that the dielectric constant for octanol is 10.3
and with an estimated value of 20 for the DNA minor groove,3®
assessments based on the water-to-octanol partition coefficient
are qualitative at best.

4. Conclusions

PBD hybrid molecules constitute a promising type of DNA bind-
ing agent. Through their ability of covalent bond formation with
guanine bases, high binding affinities with a remarkable increase
in the thermal stability of nucleic acid duplexes are observed. Com-
plex formation is significantly promoted by other attached moie-
ties that also impart additional sequence selectivity. Clearly,
specific recognition of more than 6 base pairs is presently limited
by the size of the two ligands. However, larger DNA binding ligands
with the potential of reading longer sequences often suffer from
having low delivery capabilities. Typically, they violate the ‘rule
of five’ with respect to their high molecular weight and their num-
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Figure 8. Enthalpic and entropic contributions AH° and TAS® to the overall free
energy AG° as determined by ITC measurements for the interaction with DNA of
PBD hybrids 1 and 2 at 20 °C, of the intercalator ethidium at 25 °C*® and of the
minor groove binder Hoechst 33258 at 20.5 °C.3*

ber of hydrogen bond donors and thus problems may arise in pass-
ing through biological membranes to reach the desired nuclear
target.

There is ample evidence from the various spectroscopic and
calorimetric studies that the structural units attached to the PBD
moiety in the two hybrid drugs interact specifically via intercala-
tion in the case of the naphthalimide chromophore and via minor
groove binding in the case of the phenyl benzimidazole structure.
The analysis of the binding free energy in terms of entropy and en-
thalpy offers valuable hints for a future rational design of lead
compounds with improved binding characteristics. Thus, enthal-
py-driven non-covalent binding as observed for the two hybrid
drugs suggests that, by introducing suitable substituents, more se-
quence selectivity can be attained through additional specific
hydrogen bonds or electrostatic interactions with the nucleic acid.
NMR structural studies on the complexes are in progress and are
expected to complement the thermodynamical data, a prerequisite
for more specific structural modifications of the drugs.

5. Experimental
5.1. Materials

DNA oligonucleotides were purchased from TIB MOLBIOL (Ber-
lin, Germany). Concentrations of the DNA stock solutions were
determined spectrophotometrically from absorbances of single-
stranded oligonucleotides in distilled water at 80 °C using molar
extinction coefficients at 260 nm derived from a nearest-neighbour
model.*® For the measurements, a BPS buffer (20 mM phosphate,
100 mM NacCl, pH 7.0) was used unless otherwise stated.

Naphthalimide-linked PBD hybrids have been prepared by
employing vanillin and L-proline methylester as the starting mate-
rials. The nitro diethylthioacetal intermediate is coupled with bro-
mo-N-alkyl-1,8-naphthalimides followed by reduction of the nitro
functionality to give the corresponding amino thioacetal. Depro-
tection of the amino diethylthioacetal with HgCl, and HgO affords
C-8 linked 1,8-naphthalimide-PBD hybrids.'® The hybrid ligand 1
with a naphthalimide linked through a piperazine side-armed-al-
kane spacer to the PBD moiety has been prepared by a similar
procedure.!”

For the synthesis of the benzimidazole-PBD hybrid 2, 4-[6-(4-
methyl-1-piperazinyl)-benzimidazole-2-yl]phenol was used for
the coupling with the nitro diethylthioacetal as described.'®

5.1.1. 7-Methoxy-8-(3-{4-[6-(4-methyl-1-piperazinyl)benzimida-
zol-2-yl]-phenoxy}propyl)-oxy-(11aS)-1,2,3,11a-tetrahydro-5H-
pyrrolo[2,1-c][1,4]benzodiazepin-5-one (2)

A solution of (2S)-N-{3-(4-[6-(4-methyl-1-piperazinyl)ben-
zimidazol-2-yl]|phenoxy|propyl)-oxy-5-methoxy-2-aminobenzoyl}
pyrrolidine-2-carboxaldehyde diethyl thioacetal (717 mg, 1 mmol),
HgCl, (613 mg, 2.26 mmol) and CaCOs (246 mg, 2.46 mmol) in ace-
tonitrile-water (4:1) was slowly stirred at room temperature over-
night or until TLC indicated complete loss of starting material. The
reaction mixture was diluted with ethyl acetate (30 mL) and fil-
tered through a Celite. The clear yellow organic supernatant was
extracted with saturated 5% NaHCOs (20 mL), brine (20 mL) and
the combined organic phase was dried (Na,SO,). The organic layer
was evaporated in vacuum and purified by column chromatogra-
phy (80% CH,Cl,-MeOH) to give compound 2 (327 mg, 55%). This
material was repeatedly evaporated from CHCl; in vacuum to gen-
erate the imine form.

[]p +251.66 (c = 0.5, CHCl;); "H NMR (CDCls): & (ppm) = 1.98 —2.10
(m, 2H), 2.23-2.38 (m, 4H), 2.40 (s, 3H), 2.60-2.75 (m, 4H), 3.10-
3.20 (m, 4H), 3.60-3.80 (m, 3H), 3.90 (s, 3H), 4.10-4.30 (m, 4H)
6.79-6.90 (m, 2H), 6.95-7.08 (m, 3H), 7.18-7.42 (d, 2H,
J=8.6Hz), 7.67-7.65 (d, 1H, J=4.4Hz), 7.78-8.10 (d, 2H,
J=9.0Hz); MS (FAB) 595 [M+1]".

1-Octanol/water distribution coefficients logP for the hybrids 1
and 2 were predicted using the ALOGPS 2.1 program.

5.2. UV melting experiments

UV experiments were performed on a Cary 100 spectrophotom-
eter equipped with a Peltier temperature control unit (Varian Deu-
tschland, Darmstadt). The melting curves were recorded by
measuring the absorption of the solution at 260 nm with 1 data
point/°C in 10 mm quartz cuvettes. In general, the UV melting
experiments were performed by using a protocol consisting of a
first heating cycle, that was followed by cooling the sample to
the initial temperature. After a waiting period of ten minutes an-
other heating ramp was started. Heating and cooling rates of
0.5 °C/min were employed. The concentration of the various du-
plexes was in a range between 3.5 and 6 uM. Drug dissolved in
DMSO was added to the DNA solution (total DMSO <4%) in a spe-
cific molar ratio (see legend to the figures). Melting temperatures
were determined by the maximum of the first derivative plot of
the smoothed melting curves.

5.3. Circular dichroism

CD spectra were acquired with a Jasco J-810 spectropolarimeter
at 20 °C (Jasco, Tokyo, Japan). The spectra were recorded with a
bandwidth of 1 nm, a scanning speed of 100 nm/min and 15 accu-
mulations. Concentrations of the drug and the duplex were 6.6 and
3.3 uM for 1 and 10 and 5 uM for 2, respectively. Both the pure oli-
gonucleotide and the DNA-drug mixture contained an equal per-
centage of 0.5% DMSO. All spectra were blank corrected.

5.4. Fluorescence measurements

Fluorescence data were recorded with a Jasco FP-6500 spectro-
fluorometer equipped with a Peltier element and a magnetic stirrer
(Jasco, Tokyo, Japan). 5 pL aliquots of dissolved hairpin duplex D2d
were titrated into a cuvette with the drug solution using an auto-
mated titrator (Jasco ATS 429). The cuvette of 1 cm path length was
initially coated with Sigmacote to prevent drug adsorption on the
glass walls. After each addition the solution was allowed to equil-
ibrate for 3 min prior to each measurement. Because the drugs are
only poorly soluble in aqueous buffer, both solutions contained
small but equal amounts of DMSO (<0.5%). Excitation and emission
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bandwidths were 5 nm each. Fluorescence data were recorded
with 10 accumulations using a response time of 2 s and with exci-
tation and emission wavelengths set to 315 and 377 nm for 1 and
to 325 and 425 nm for 2, respectively. Blank titrations without
drug were performed by injecting the DNA solution into buffer.
Corrected fluorescence intensities were determined by subtracting
the blank intensities from those of the DNA/drug titrations. All data
were normalized. Resulting binding curves were fit to a simple sin-
gle-site model using Origin 7. The mathematical description of this
model is represented by

F 7FML*KQ*[L}+1

[Mo] fo  Kgx[L]+1 @
07+ (Mo o] + ) + - 0 @

where F is the fluorescence intensity at each titration point, [Mp]
and [L] is the total concentration of the drug and the concentration
of unbound DNA, respectively, Fy is the fluorescence enhancement
factor, f, the molar fluorescence of the drug and K, the binding con-
stant. Solving the quadratic Eq. (2) with the total DNA concentration
[Lo] gives the free DNA concentration [L].%*

5.5. Isothermal titration calorimetry

Experiments were carried out at 20 °C using a MicroCal ITC cal-
orimeter. Three independent measurements were performed start-
ing with different concentrations of the reactants. Typically, 1.8 mL
of ligand (4-22 uM) was titrated with a solution of hairpin D2d in
BPS buffer (100-423 puM). Due to the poor solubility of the drug, 2%
of DMSO was added to both the drug and the DNA solution. Injec-
tions of 8 pul each were performed with a 290 L syringe rotating at
307 r.p.m. The smaller first injection step (3 pl) was rejected. The
injection time was 16s and the delay between injections was
4 min. The peaks produced during titration were converted to heat
output per injection by integration and correction for the cell vol-
ume and sample concentration. Heat of dilution corrections were
obtained through injections of oligonucleotide into buffer contain-
ing 2% DMSO. The heats produced by the dilution of the PBD-hy-
brid in buffer were small and therefore neglected. Binding
enthalpy AH° and the binding constant K, were obtained by fitting
the corrected data to a model with a single binding site. The Origin
7 software (MicroCal) was used for data acquisition and analysis.
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