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Self-Assembly of a Quinobenzoxazine—Mg?* Complex on DNA: A New Paradigm
for the Structure of a Drug—DNA Complex and Implications for the Structure

of the Quinolone Bacterial Gyrase—DNA Complex
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The quinobenzoxazine compounds A-62176 and A-85226 belong to a novel class of antineoplastic
agents that are catalytic inhibitors of topoisomerase II and also structural analogs of the
antibacterial DNA gyrase inhibitor Norfloxacin. In vitro studies have shown that their
antineoplastic activity is dependent upon the presence of divalent metal ions such as Mg**
and Mn2*, although the precise role of these ions in the mechanism of action i1s unknown. In
this study we have investigated the structures of the binary complex between the quinoben-
zoxazines and Mg?* and the ternary complex between quinobenzoxazine—Mg?* and DNA. The
stoichiometry of the binary and ternary complexes and the biophysical studies suggest that a
2:2 drug:Mg?* complex forms a “heterodimer complex” with respect to DNA in which one drug
molecule is intercalated into DNA and the second drug molecule is externally bound, held to
the first molecule by two Mg?* bridges, which themselves are chelated to phosphates on DNA.
There is a cooperativity in binding of the quinobenzoxazines to DNA, and a 4:4 drug:Mg?*
complex is proposed in which the two externally bound molecules from two different 2:2 dimers
interact via m—mx interactions. The externally bound quinobenzoxazine molecules can be
replaced by the quinolone antibacterial compound Norfloxacin to form mixed-structure dimers
on DNA. Based upon the proposed model for the 2:2 quinobenzoxazine:Mg?* complex on DNA,
a parallel model for the antibacterial quinolone—Mg?**—DNA gyrase complex is proposed that
relies upon the ATP-fueled unwinding of DNA by gyrase downstream of the cleavable complex
site. These models, which have analogies to leucine zippers, represent a new paradigm for
the structure of drug—DNA complexes. In addition, these models have important implications
for the design of new gyrase and topoisomerase II inhibitors, in that optimization for structure—
activity relationships should be carried out on two different quinolone molecules rather than

a single molecule.

Introduction

Research at Abbott Laboratories with the objective
to discover novel anticancer drugs has resulted in the
identification of a number of synthetic quinolone analogs
with excellent in vivo antineoplastic activity.2 This
biological activity differs from that of the parent qui-
nolones, typified by Norfloxacin, which show antibacte-
rial activity but are devoid of antineoplastic activity. The
quinobenzoxazine compounds A-62176 (1-(3-aminopyr-
rolidin-1-yl)-2-fluoro-4-oxo0-4H-quino(2,3,4-i][1,4]benz-
oxazine-5-carboxylic acid) and A-85226 (3-amino-1-(3-
aminopyrrolidin-1-yl)-2-fluoro-4-oxo-4H-quinol2,3,4-
i/11,4]benzoxazine-5-carboxylic acid) (Figure 1) are two
examples of these agents and have been identified as
part of a novel class of synthetic antineoplastic agents.2
While the quinobenzoxazines are structurally related
to the quinolone bacterial gyrase inhibitor Norfloxacin,
they possess a planar tetracyclic ring structure in place
of the fused bicyclic ring system of Norfloxacin (Figure
1). Recent studies at Abbott Laboratories demonstrate
that the quinobenzoxazine compounds are active against
a wide range of human and murine cell lines in vitro,
have curative activity against systemic tumors in mice,
and have reproducible cytotoxic activity in a number of
solid tumor models (Shen, unpublished results).2 The
molecular basis for the anticancer activity of the
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Figure 1. Structures of the quinobenzoxazine (A-62176 and
A-85226) and quinolone (Norfloxacin) compounds used in this

study. In the case of the quinobenzoxazines, the S enanti-
omers were used.

quinobenzoxazines is not understood but is believed to
be mediated by their interaction with topoisomerase II.
Recently, Permana and co-workers have shown that the
quinobenzoxazines are potent mammalian DNA topo-
isomerase II inhibitors but do not cause topoisomerase
II-mediated strand breaks.? Thus, it has been proposed
that these compounds inhibit the DNA topoisomerase
IT reaction at a step prior to the formation of the
“cleavage complex” intermediate. The DNA binding

© 1995 American Chemical Society



Self-Assembly of Quinobenzoxazine—Mg®* Complex on DNA

affinity of various quinobenzoxazines to DNA parallels
their cytotoxic potency.* However, the mode of interac-
tion (e.g., intercalation vs groove binding) of the
quinobenzoxazines with DNA was undefined. While
many studies on the mechanism of action of the parent
quinolones have been reported, there are conflicting
reports, particularly in regard to the role played by DNA
in the mechanism of action of the quinolones.>® A large
amount of biological data has suggested that DNA
gyrase is the intracellular target for quinolones.57.9-12
However, several recent reports have shown that the
quinolones do not bind to DNA gyrase but instead bind
to DNA.%13-16 The Abbott investigators have proposed
a novel cooperative quinolone—DNA binding model and
suggested that self-associated Norfloxacin molecules
bind via hydrogen bonds to transient single-stranded
regions in DNA that are produced by gyrase during the
intermediate gate-opening step of the duplex DNA
supercoiling process.'® Significantly, Norfloxacin is also
able to unwind DNA but only in the presence of Mg2*
ions.!™® Drug-induced DNA unwinding, which is mea-
sured in an assay using closed circular DNA, has been
considered in many cases as indicative of intercalative
binding by drugs to DNA. However, the DNA unwind-
ing efficiency of Norfloxacin is far less than that for
adriamycin and daunomycin, which are known to
intercalate into duplex DNA.17 In fact, the putative
unwinding angle for Norfloxacin is less than 11°, which
is the minimum possible unwinding angle consistent
with intercalation.’® Also, the instability to electro-
phoresis of the DNA—Norfloxacin complex is only
consistent with either weak intercalative binding by
Norfloxacin in native duplex DNA or dissociative release
of the ligand during the assay.!™®

Like Norfloxacin, preliminary mechanism of action
studies have shown that DNA binding of the quinobenz-
oxazines is dependent upon the presence of divalent
metal ions (Shen, unpublished results). However, the
role of these divalent ions in the binding of the quinobenz-
oxazines to DNA is unknown. To account for the Mg®"
dependency of Norfloxacin binding to DNA, the lack of
evidence for intercalation, and the preference for bind-
ing to single-stranded DNA, Palumbo and co-workers
have proposed a new model for DNA binding in which
Mg?" acts as a bridge between the phosphate groups of
the nucleic acid and the carbonyl and carboxyl groups
of Norfloxacin, although direct experimental evidence
is lacking.>® Stacking interactions between the Nor-
floxacin aromatic rings and the DNA bases in single-
stranded regions have been proposed to further stabilize
the ternary (Norfloxacin—Mg?* —DNA) complex.>!# The
present study of the quinobenzoxazines demonstrates
that for these analogs of the antibacterial quinolones
both duplex DNA unwinding and a noncovalent binding
mode to DNA are Mg?' dependent. However, moderate
structural differences between quinolone and quinobenz-
oxazine compounds result in large differences in their
biological activities, as the former are antibacterial
agents and the latter are antineoplastic agents. Our
results with the quinobenzoxazine antineoplastics pro-
vide firm experimental evidence for the proposed bind-
ing role of Mg?* in the complex with DNA® and suggest
an alternative mechanism for interaction of the anti-
bacterial compounds with the partially unwound duplex
DNA produced by the interaction with topoisomerase.
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Figure 2. Fluorescence-detected gel electrophoresis of A-62176
in the absence (C) and presence of Mg?", Mn?*, or K* ion. Each
lane contains 2 L of a 10 mM solution of A-62176 containing
Mg?*, Mn?*, and K, respectively, at a drug:metal ion ratio of
1:50. The arrow points to the A-62176—Mg”" or A-62176—
Mn?* complex.

In this article, the binary complex between the
quinobenzoxazines and Mg?" and the ternary complex
between quinobenzoxazine, Mg?*, and DNA have been
investigated using a variety of experimental methods,
including 'H- and 3'P-NMR, FT-IR, UV—vis spectros-
copy, viscometry, and gel electrophoresis, in an attempt
to gain insight into the binding specificity, ligand-
induced conformational transitions in DNA, coopera-
tivity in binding, and drug binding modes to DNA.
A-85226, an amino analog of A-62176 (Figure 1), was
used in the FT-IR, NMR, and viscometry studies
because it has greater solubility than A-62176 in water.
Last, the combined interactions of a quinobenzoxazine,
ethidium bromide, or echinomycin together with Nor-
floxacin and DNA in the presence of Mg?' have been
studied to attempt to explain the different biological
activities of the quinolone and quinobenzoxazine com-
pounds. Some of this work has been published in
preliminary form.420.21

Results

1. The Structure and Stoichiometry of the
Coordination Complex Formed between the Quino-
benzoxazines and Divalent Metal Ions. Fluores-
cence Detection of Quinobenzoxazine—Metal Ion
Complexes That Migrate during Agarose Gel Elec-
trophoresis. The ability of A-62176 to form cationic
complexes with divalent metal ions was probed using
agarose gel electrophoresis (Figure 2). Aliquots (2 uL)
of a 4 mM aqueous solution of A-62176, containing
either Mg?*, Mn?", or K* (all at a 1:50 drug:metal ion
ratio), were loaded onto a 2.5% agarose gel and sub-
jected to electrophoresis at pH 8.0. The intrinsic
fluorescence of A-62176, upon irradiation with UV light,
was exploited to detect the location of A-62176 and its
complexes in the gel. The lanes having a combination
of A-62176 with Mg2?t or Mn2* show formation of a
stable complex (see arrow in Figure 2), which migrates
into the gel toward the cathode. In contrast, the sample
of A-62176 in the presence of K* or in the absence of
metal ions did not migrate into the gel. In the absence
of metal ions, A-62176 is zwitterionic at pH 8; therefore,
it does not migrate to the cathode. In the presence of
Mg?* and MnZ*, the migration of the drug complex
indicates that a positively charged complex is formed.
The fact that the drug does not migrate in the presence
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Figure 3. Partial FT-IR spectra in the range 1825—400 cm™* of A-85226 (lower scan) and the A-85226—Mg?* complex (upper
scan), both taken in a KBr disk. The units on the y axis refer only to the upper spectrum; the lower spectrum has been scaled
and displaced relative to the upper spectrum to aid in comparison.

of K* indicates there is no complex formation with
univalent metal ions.

In a second experiment, aliquots of the A-62176—Mg?*
mixture within a range of drug:Mg?* ratios (1:0.5—1:
100) were applied to a 2.5% agarose gel (data not
shown). Very little of the A-62176—Mg2* complex
migrated into the gel in mixtures having drug:Mg?*
ratios of less than 1:50. Since complex formation is only
seen when the ratio of A-62176:Mg2* is at least 1:50,
this suggests that the complex is relatively unstable and
that a large excess of Mg?* is needed in order to drive
the complex formation between drug and Mg?* to
completion.

Characterization of the Quinobenzoxazine—
Mg2* Complex by IR. Infrared spectral analysis has
been used previously to study the complexes formed
between quinolones and magnesium, as well as other
divalent metal ions.2? We sought to extend these
studies to the quinobenzoxazine—Mg?2* complexes. For
these experiments, we employed the quinobenzoxazine
A-85226 because of its relatively higher solubility.

The IR spectra of the A-85226—Mg?* and the
A-85226—Mg?* complexes in KBr disks are shown in
Figure 3. In the lower spectrum, the ketonic group for
free A-85226 has a strong IR band at 1640 cm™1, typical
of the ketonic group in 1,4-dihydro-4-oxoquinolines.23
The carbonyl of the carboxylic acid of the free drug has
a weaker band at 1700 cm™1. In the A-85226—Mg?*
complex, the corresponding IR bands are weaker (upper
spectrum, Figure 3). The band for the carboxylate
carbonyl clearly shifts to a lower frequency (1685 cm™1).
However, due to interference by other bands in the same
region, it is not clear that the ketonic band also shifts.
A typical Mg?*—0 asymmetrical stretching frequency?4
at 426 cm™! is also seen for the complex. A parallel
experiment for the Norfloxacin—Mg?* complex also

shows the same change for the carboxylate carbonyl/
ketonic bands and the formation of a new Mg?*—0O
stretching frequency at 423 cm™! (data not shown).

Job Titration Analysis of the A-62176—Mn2*
Complex. Job titration analysis?®28 was used to de-
termine the stoichiometry of metal—ligand complexes.
Our agarose gel electrophoresis experiments indicated
that A-62176 forms complexes with both magnesium
and manganese but that the relative instability of the
magnesium complex dictates the use of excess magne-
sium to drive complex formation to completion. There-
fore, we used Mn?* in this experiment. Absorbance
titration of A-62176 by MnCl; was performed in MeOH.
Upon addition of MnCly, the intensity of both absorption
bands at 320 and 395 nm increased, but both bands
shifted in opposite directions (Figure 4A); i.e., while the
320 nm band shifted to the blue, the 395 nm band
shifted to the red. Up to a 1:1 ratio of A-62176:Mn2*,
there were two isobestic points at 326 and 370 nm,
indicative of complex formation. However, further
addition of Mn?* caused the isobestic points to shift. We
interpret this to mean that a new type of metal—drug
complex is forming. The Job titration analysis for
A-62176 with Mn2?* was performed at 320 nm in MeOH
at room temperature. The mole fraction of Mn?* was
varied between 0 and 1. The normalized plot in Figure
4B shows a distinctive maximum at x4rue = 0.50 (mole
fraction of drug), indicating that the stoichiometry of
the drug—Mn2* complex is 1:1, 2:2, etc.

2. The Quinobenzoxazines Bind to DNA, and
the Binding to DNA Is Dependent upon Divalent
Cations. DNase I Footprinting Analysis. A typical
DNase I digestion pattern for the 63-bp oligomer (oli-
gomer 1 in the Experimental Section) complexed with
various concentrations of A-62176 in the presence of
MgCls (2 mM) is shown in Figure 5, left. The densito-
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Figure 4. (A) UV—vis titration of a 30 uM methanolic solution
of A-62176 with Mn?* at room temperature. Plots from bottom
to top in respect to the absorption at 320 nm are molar ratios
of [Mn?+1[A-62176] = 0, 0.2, 0.4, 0.6, and 0.9. The arrow on
the y axis indicates the spectrum of the drug in the absence of
Mn?*. (B) Job titration plot? for the A-62176—Mn?* complex
in methanol at room temperature. The total concentration of
drug and Mn?* is 100 uM.

metric scans in Figure 5, right, correspond to lanes 1—4
of the left panel. At the lowest concentration of A-62176
(lane 2), it is clear that A-62176 first interacts with the
GC-rich region of oligomer 1 (brackets A—D in the left
panel and scans corresponding to lanes 1 and 2 in the
right panel). However, at the two lowest concentrations
of A-62176 (lanes 2 and 3), the central region of the 63-
bp oligomer (bracket E) that contains the T7-tract shows
enhanced DNase I cleavage in the presence of A-62176.
One interpretation of this observation is that the
presumed local unwinding of the T-tract due to the
binding of A-62176 to the adjacent GC-rich region then
renders this normally insensitive AT region susceptible
to DNase I cleavage. Inthe presence of increasing drug
concentrations (lanes 3—5), all regions of the DNA
oligomer show diminished cleavage, except for the
T-tract region, which only shows diminished cleavage
in the presence of the highest concentration of A-62176.
These results suggest that the interaction between
A-62176 and DNA may involve a cooperative binding
mechanism in which the binding of A-62176 to the GC-
rich regions of the oligomer facilitates the subsequent
binding of A-62176 at adjacent AT-rich regions.

The ability of A-62176 to bind to DNA is dependent
upon the concentration of Mg?*, as shown in Figure 6.
Inspection of the autoradiograph (Figure 6) reveals that
the DNase I cleavage pattern of the drug—DNA complex
in the absence of Mg2* (lane 2) is only slightly different
from the cleavage pattern in the absence of any ligand
(lane 1). However, increasing the Mg2* concentration
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in the presence of a constant amount of A-62176 results
in increased protection from DNase I cleavage (see
brackets A—C). The DNA binding sites do not become
saturated until the concentration of Mg2* reaches 1 mM.
Therefore, this DNase I footprinting result shows that
the cooperative binding of A-62176 to DNA, which
results in inhibition of DNase I cleavage, is dependent
upon Mg2?* concentration.

Spectrophotometric Analysis. The binding of
A-62176 to calf thymus DNA in the absence and
presence of Mg?* was also measured spectrophotomet-
rically, and the results are shown in Figure 7. The free
quinobenzoxazines show absorption peaks at 320 and
380 nm. Incremental addition of calf thymus DNA to
drug solution in the absence of Mg?* causes a slight blue
shift and a decrease in absorbance only at the 320 nm
peak of A-62176 (Figure 7A). In contrast, a red shift
and reduction in absorption in both the 320 and 380 nm
peaks, as well as three clear isobestic points (at 328,
345, and 414 nm), are observed when a solution of
A-62176 containing 10 mM MgCl; is titrated with the
DNA stock solution. Figure 7C shows the absorption
change of A-62176 at 380 nm upon addition of DNA in
the presence and absence of Mg?*. While very little
change in the absorption is observed in the absence of
Mg?*, a significant decrease in absorption is observed
in the presence of Mg2*. Since A-85226 behaves in a
similar manner, the 380 nm absorption peak of the
quinobenzoxazines can be used to monitor the divalent
metal ion-specific binding of these drugs to DNA.

3. The Quinobenzoxazine Antineoplastic Agents
Form Ternary Complexes with DNA in which
Mg?* Bridges between the Intercalated Drug and
a Phosphate Oxygen in DNA. The Quinobenzox-
azines Form Intercalation Complexes with DNA
in the Presence of Mg?* Ions. (i) Topoisomerase
Relaxation Assay. The topoisomerase I-induced re-
laxation assay was carried out using supercoiled DNA,
as described previously,? to test the helix unwinding
ability of A-62176. Supercoiled DNA was incubated in
the presence of magnesium and increasing concentra-
tions of A-62176, then the DNA—drug complexes were
incubated with topoisomerase I, and the resulting DNA
topoisomers were separated by agarose gel electro-
phoresis. In the absence of added drug, a single band
corresponding to relaxed circular DNA is produced;
however, in the presence of increasing concentrations
of A-62176, well-defined bands representing different
topological forms, which migrate faster than the relaxed
form, are produced (Sun and Hurley, data not shown).
This result provides excellent evidence for an intercala-
tion mechanism for A-62176 binding to DNA but in itself
does not rule out minor groove binding with concomitant
unwinding.

(ii) Viscometry Measurements. Viscometry mea-
surements were used to further explore the binding
mechanism of the quinobenzoxazines to DNA. In these
experiments, the effect of A-85226, either in the pres-
ence or absence of Mg2*, on the viscosity of sonicated
calf thymus DNA was examined (Figure 8). For com-
parison, the viscometric titration profile of the contour
length ratio of DNA (L/L,) against moles of drug added
per mole of DNA base pair (v) for ethidium bromide, a
classic intercalator, is also shown in Figure 8.
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Figure 5. (Left) DNase I footprinting of oligomer 1 (for sequence, see Experimental Section) in the absence (lane 1) or presence
(lanes 2—5) of A-62176. AG and TC represent the purine- and pyrimidine-specific chemical cleavage reactions. Lanes 2—5 contain
1,2, 4, and 8 uM A-62176, respectively, with 10 ng of DNA and 2 mM MgCl,. Brackets A—D correspond to regions of diminished
cleavage with DNase I, whereas bracket E shows initially enhanced cleavage. (Right) Densitometric scans of lanes 1—4 of the
left panel. The DNA sequence of the lower strand of oligomer 1 is shown in lane 1, and DNase I inhibition (A—D) and enhancement

(E) zones are shown in lane 2.

As anticipated, for ethidium bromide and A-85226 in
the presence of Mg?*, the DNA contour length ratio
increases with increasing ratio of ligand to DNA but
reaches a plateau value when saturation binding is
attained. For ethidium bromide, the saturation point
is at a ratio of 0.45 drug molecules per DNA base pair,
while for A-85226, saturation binding occurs at a ratio
of 0.80 drug molecules per DNA base pair. The contour
length ratio of DNA reaches a plateau value of 1.09 at
a drug:DNA base pair ratio of 0.45 for a classical
intercalator like ethidium bromide. Significantly, a
similar value is obtained for A-85226 in the presence of
Mg?" (25 mM) at the same drug:DNA ratio (point at
which the lines cross in Figure 8). In the absence of
Mg?*, addition of A-85226 to calf thymus DNA initially
causes a decrease in contour length, and this is followed

by a slow increase in contour length as more drug is
added.

The viscometric results provide excellent evidence
that the quinobenzoxazine—Mg?" complex is an inter-
calator and that it increases the contour length of DNA
in a similar way to ethidium bromide, although the final
stoichiometry (drug:DNA base pair) is apparently dif-
ferent. However, in the absence of Mg?*, the contour
length of DNA is not affected by addition of drug,
indicating that drug binding involves an alternative

mechanism, such as minor groove or an external binding
mode.

(iii) NMR Experiments. The effects on the low-field
1H-NMR spectra of DNA upon addition of DNA ligands
are a diagnostic tool for deducing ligand bhinding modes.
For intercalators, upfield shifts of imino protons are
often observed, which are accompanied by some broad-
ening of the resonance envelopes. In contrast, downfield
shifts of imino resonances are characteristic of groove
binders.?®

Figure 9 (panel A) shows the low-field NMR spectra
of a magnesium-containing solution of [d(G-C)s]; as a
function of increasing amounts of A-85226. The pres-
ence of resonances due to the H-bonded imino protons
of the G residues of [d(G-C)s]z in H2O demonstrates that
the oligomers are in the duplex form.?® As drugis added
to a solution of [d(G-C)s]2, a new peak appears at 12.62
ppm, and the resonances at 13.00 and 13.15 ppm
decrease in intensity (scans a—e). At relatively high
drug levels (scan e, ratio of DNA to drug is 1:2), even
the originally most downfield resonance signal shifts
slightly upfield. These spectral effects are indicative of
an intercalative binding mode.

In contrast, a quite different result is obtained for the
[d(A-T)s]; titration experiment with A-85226 in the
presence of Mg?" (Figure 9, panel B). As A-85226 is



Self-Assembly of Quinobenzoxazine—Mg?* Complex on DNA

-+ + 4+ + + DNasel
02 2 2 2 2 (gagy;
6 )
AT 5 00205 1 5 Mg+ (mM]ULM
G C 1 2 3 4 5 &

LU RN B BN 1 N A W
e S e -
et e .
LAENINT 1t

L IENIY .

" R

" N

LI Y . .

Figure 6. Effect of increasing concentrations of Mg?* on the
DNase I footprinting of oligomer 2 (for sequence, see Experi-
mental Section) in the presence of 2 4M A-62176. Lanes 1-6
contain 5, 0, 0.2, 0.5, 1, and 5 mM MgCl,, respectively. Lane
1 contains 7 ng of DNA but without A-62176. Lanes 2—6
contain 7 ng of DNA with 2 tM A-62176 in 20 uL of a solution
containing 10 mM Tris-HCI (pH 7.6) and 10 mM NaCl.
Brackets A—C correspond to three sites of inhibition of DNase
I cleavage (5"-CGA, 5-TTGCT, and 5-AAAGC, respectively).

added to a magnesium-containing solution of [d(A-T);]s,
new resonance signals do not appear. The imino proton
signals broaden but shift less than 0.1 ppm (compare
scans a and d). By UV spectrophotometry, A-85226 has
been shown to bind to [d(A-T)s;]» in the presence of
magnesium, since the UV spectrum shows a red shift
and clear isobestic points during the titration of A-85226
by DNA (data not shown). Therefore, the peak broad-
ening observed in the NMR titration experiment (panel
B) suggests that A-85226 binds to the outside of [d(A-
T)sl2 in a nonspecific manner, possibly by electrostatic
interactions with the phosphate backbone.2830

The spectral changes of the ternary [d(A;GCTy)]o—
Mg?*—A-85226 complexes as a function of increasing
drug:DNA ratio are shown in Figure 9 (panel C). Initial
additions of drug up to a drug:DNA ratio of 1:1 produce
upfield shifts for GC imino proton resonances from 12.8
to 12.5 ppm, while the chemical shifts of the A-tract
imino proton resonances remain unchanged (compare
scans a and c¢). When excess drug is added (DNA:drug
ratio of 1:2), the A-tract imino proton peaks broaden and
move upfield, while the GC imino proton resonances
shift further upfield to 12.4 ppm (scan d). This result
clearly shows that the quinobenzoxazines preferentially
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and B indicate the spectrum of the drug in the absence of DNA.

intercalate in the GC region. However, once intercala-
tion of GC base pairs occurs, further drug intercalation
in the A-tract region follows.

Mg?* Bridges the Quinobenzoxazine Molecule to
the Phosphate Backbone of DNA. Palumbo and co-
workers>!® have suggested that the quinolone antibiot-
ics may interact with the phosphate of single-stranded
DNA via a bridging Mg?* ion. To explore whether the
quinobenzoxazine antineoplastics are bridged via an
Mg?* ion to the DNA phosphate backbone, the *'P-NMR
spectral changes of [d(G-C);]5 in the presence of A-85226
and Mg®™ were studied.

Figure 10 shows the S'P-NMR spectra of [d(G-C)5]»
in the presence and absence of A-85226 in NMR buffer
(10 mM NaH;PO, and 100 mM NaCl) containing 100
mM MgCls. A single resonance signal at —0.88 ppm for
all the phosphate groups is observed for [d(G-C);]z
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Figure 8. Viscometric titration of sonicated calf thymus DNA
with ethidium bromide and A-85226 in the presence and
absence of Mg?* (25 mM) at 22 °C in 0.01 M Tris buffer. The
ratio of the contour length of DNA, L/L,, is plotted as a function
of moles of drug added per mole of DNA base pairs, v. The
vertical dotted lines show the intercepts on the x axis where
the ethidium bromide and A-85226 (Mg?*) plots intersect.
(—a—) = A-85226 + Mg?*; (—O—) = A-85226; and (—0O-) =
ethidium bromide.
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Figure 9. Low-field 'H-NMR spectra showing the effect of
addition of A-85226 on the imino proton signals of three
synthetic DNA oligomers. The DNA concentration is 1 mM
in 10 mM NaH,PO,, 100 mM NaCl, 100 mM MgCl; in 9:1 H;0:
D;0. (A) [d(G-C)5]5:A-86226 ratios of (a) 1:0, (b) 1:0.5, (c) 1:1,
(d) 1:1.5, and (e) 1:2 are shown. (B) [d(A-T)s5]2:A-86226 ratios
of (a) 1:0, (b) 1:0.5, (¢) 1:1, and (d) 1:2 are shown. (C) [d(A4-
GCT4)]2:A-86226 ratios of (a) 1:0, (b) 1:0.5, (¢) 1:1, and (d) 1:2
are shown.

(Figure 10A). However, upon addition of A-85226 to the
[d(G-C)5]2 solution, two new resonance signals in the
downfield region between —0.72 and —0.10 ppm appear
(Figure 10C). For comparison, the intercalator ethidium
bromide was also used in this study. Upon addition of
ethidium bromide to the [d(G-C)s): oligomer, just one
new resonance signal at —0.68 ppm is observed, pre-
sumably due to conformational changes on the DNA
phosphate backbone induced by intercalation of ethid-
ium bromide into DNA (Figure 10B). This appearance
of a new signal slightly downfield from the DNA
backbone 3!P resonance has been observed in previous
studies of DNA—intercalator complexes®!~32 and reflects
the local distortion of the backbone that occurs due to
formation of the intercalating complex. Significantly,
for both ethidium bromide and A-85226, distinct signals
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Figure 10. 3'P-NMR spectra of [d(G-C);]2 (A) and [d(G-C)s].
in the presence of ethidium bromide (B) and A-85226 (C). For
B and C, the mole ratios of oligomer to drug were 1:2. The
oligomer (drug) complexes were dissolved in NMR buffer (10
mM NaH:PO,4 and 100 mM NaCl) and 100 mM MgCl, at 27
°C in 100% D,O.

are seen for both unperturbed and unwound phosphate
backbone 3!P resonances, indicating that the exchange
between intercalated and free DNA sites is slow on the
SIP.NMR time scale for these ligands. Since in the
present study the quinobenzoxazine—Mg?* complexes
have been confirmed as intercalators, the new downfield
signal at —0.72 ppm in Figure 10B can be attributed to
intercalation. However, the additional 3IP-NMR reso-
nance signal at —0.10 ppm, which is unique to the
A-85226—Mg?t—[d(G-C)5)s complex, cannot be explained
by either purely intercalation or groove binding. The
resonance signal at —0.10 ppm must be due to a
different effect and is consistent with a distortion of the
deoxyribose phosphate backbone due to formation of an
A-62176—Mg?*—(oxygen)phosphate coordination com-
plex.

A-62176 Has GC Base Pair Preference at Sub-
stitution Levels of Drug and Interacts in a Coop-
erative Manner with DNA. The previously described
DNase I footprinting experiments (Figures 5 and 6) and
the YH-NMR results (Figure 9) demonstrate the GC base
pair binding preference of the quinobenzoxazines. In
order to quantify this preference, association constants
for binding of A-62176 to various DNA oligomers were
measured spectrophotometrically. The Scatchard plots
for A-62176 bound to poly[d(G-C).] and poly[d(A-T)z] in
the presence of 10 mM MgCl; are shown in Figure 11.
The solid lines drawn through the data represent the
best fit using the Scatchard equation.?* Under identical
conditions, A-62176 binds more strongly to poly[d(G-
C)2] than it does to poly[d(A-T)s], and the association
constants for the drug binding to poly[d(G-C).] and poly-
[d(A-T)z] are 6.1 x 105 and 3.8 x 10 M, respectively.
These results confirm that the A-62176—Mg?* complex
binds preferentially to GC-rich regions in double-
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Figure 11. Scatchard plot of A-62176 binding to poly[d(G-
C)2] (—0O-) and poly[d(A-T)z] (—O—) in the presence of MgCl,
(10 mM).
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Figure 12. Scatchard plot of combined data from equilibrium
dialysis fluorescence emission at 500 nm (open circles) and
spectrophotometric titration absorption at 380 nm (closed
circles) for A-62176 binding to calf thymus DNA.

stranded DNA, as would be expected for a typical
intercalator.

As shown in Figure 11, spectrophotometric titration
failed to produce data for » < 0.2. In this low-binding
region, addition of more DNA causes only very small
changes in absorbance (Figure 7) and therefore is not
suitable for calculating the bound and free drug con-
centrations. Equilibrium dialysis can overcome this
problem by separating the free drug and the drug—DNA
complex into two compartments. Free drug concentra-
tion can be measured by the intrinsic fluorescence of
the drug. However, at high-binding ratios (v > 0.3), free
drug becomes more concentrated, and the prolonged
time periods needed for reaching equilibrium cause the
drug to precipitate. Therefore, the two methods were
combined to obtain a complete Scatchard plot.

A Scatchard plot obtained by combining data from
both sources for A-62176 binding to calf thymus DNA
generates a smooth isotherm with a maximum near v
= 0.2 (Figure 12). Fitting the combined data to the
McGhee and von Hippel model® gives an association
constant (&) of 3.5 & 0.4 x 105 M~! with a cooperativity
parameter (w) of 3.2 £ 0.6 and a binding site size (n) of
1.27 £+ 0.06. A value for w of >1 is associated with
positive cooperativity, and the binding site size fits well
with the viscometry measurements (see Figure 8). Not
unexpectedly, there was also a systematic deviation of
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data from the best fit. In the model proposed (see later)
for the quinobenzoxazine—Mg?*—DNA complex involv-
ing multiple interactions between drug molecules in
different environments, it is not surprising that the
model does not adequately describe the experimental
system. Therefore, the McGhee and von Hippel model
is only used to qualitatively show the positive cooper-
ativity effect. This result confirms our expectations
from the DNase I footprinting experiments (see Figure
5) that binding of a first drug molecule creates better
binding sites for other drug molecules.

4. Norfloxacin Enhances the DNase I Footprint
Generated by A-62176 in the Presence of Mg?* and
Produces a Greater DNA Lengthening Effect with
A-62176 as Determined by Viscometry. Since both
Norfloxacin and the quinobenzoxazine antitumor agents
require Mg?* for interaction with DNA, but only the
quinobenzoxazines can form a stable intercalation com-
plex with duplex DNA, the possibility of a cooperative
binding to DNA by the two compounds was evaluated.
The DNase I footprinting patterns of A-62176 alone
(lanes 2—5), Norfloxacin alone (lane 7), and the two
combined drugs (lanes 8—11) are shown in Figure 13,
top. As anticipated, Norfloxacin alone is invisible to
DNase I footprinting (compares lanes 6 and 7), while
increasing concentrations of A-62176 initially inhibit
DNase I cleavage of GC-rich regions with associated
unwinding and enhanced cleavage of the AT-rich re-
gions (lanes 2—4). These AT regions are themselves
inhibited from DNase I cleavage at the highest drug
concentration (lane 5). The effect of a constant amount
of Norfloxacin (15 uM) on the DNase I footprinting
pattern of A-62176 is shown in lanes 8—11. While this
concentration of Norfloxacin alone does not inhibit the
DNase I cleavage pattern, in combination with A-62176
there is enhancement of the footprinting strength of the
quinobenzoxazine antineoplastic agent A-62176. This
is most clearly shown by comparing the densitometric
scans of lanes 4 and 10 (scans A and C in Figure 13,
bottom) with those of lanes 5 and 11 (scans B and D in
the bottom panel), respectively. Addition of 15 xM
Norfloxacin to 2 uM A-62176 (lane 10 in the top panel
and scan C in the bottom panel) results in a DNase I
footprinting pattern that is almost equivalent to that
obtained with 4 4M A-62176 (lane 5 in the top panel
and scan B in the bottom panel). The results of these
experiments suggest that, although less potent than
A-62176, Norfloxacin can interact cooperatively with
A-62176.

If Norfloxacin and A-62176 can cooperatively interact
with DNA in the presence of Mg?*, as suggested by the
DNase I footprinting experiments, then together they
should have an additive effect on lengthening of the
DNA helix. To test this postulate, viscometric titration
profiles of the contour length ratio of DNA (L/Lo) against
moles of drug adduct per mole of DNA base pair were
carried out for A-85226 alone, Norfloxacin alone, and a
1:1 mixture of both in the presence of Mg2*. The results
shown in Figure 14 demonstrate that while Norfloxacin
alone shows no lengthening effect on DNA the 1:1
mixture of Norfloxacin and A-85226 shows an additive
lengthening effect that parallels the effect of pure
A-85226 at twice the concentration of quinobenzoxzine
present in the 1:1 Norfloxacin:A-85226 mixture. Inter-
estingly, the 1:1 mixture of Norfloxacin and A-85226
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Figure 13. (Top) Effect of Norfloxacin on the DNase I
footprinting of A-62176 with oligomer 1 (for sequence, see
Experimental Section). Lanes 1-5 contain 0, 0.5, 1, 2, and 4
uM A-62176, respectively, with 20 ng of DNA in 20 uL of
solution containing 10 mM Tris-HCI (pH 7.6), 2 mM MgCl,,
and 10 mM NaCl. For lanes 7—11, 15 uM Norfloxacin was
preincubated with 0, 0.5, 1, 2, and 4 «M A-62176, respectively,
in the same buffer solution for 10 min, and 20 ng of DNA
(oligomer 1) was then added to the reaction mixtures. Lane 6
is identical with lane 1. AG and TC represent the purine- and
pyrimidine-specific chemical cleavage reactions. The sequence
of the DNase-enhanced region is shown to the right. (Bottom)
Densitometric scans of lanes 3, 4, 9, and 10 of the top panel
are shown in panels A—D, respectively.
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Figure 14. Viscometric titration of sonicated calf thymus
DNA with A-85226, Norfloxacin, and a 1:1 mixture of A-85226
and Norfloxacin in the presence of Mg?* (25 mM) at 22 °C in
0.01 M Tris buffer. The ratio of the contour length of DNA,
L/Ly, is plotted as a function of moles of drug added per moles
of DNA base pairs, v. The vertical dotted lines show the
intercepts (0.80 and 0.96) on the x axis for where saturation
binding of A-85226 (Mg?") and A-85226 and Norfloxacin is
attained, respectively. (—a—)= A-85226 + Norfloxacin (1:1);
(—0O-) = A-85226; and (—O—) = Norfloxacin.

produces an even greater lengthening effect than A-85226
alone (i.e., a final drug to DNA ratio (v) of almost 1 vs
0.8 for A-85226 alone). This result, when taken in
conjunction with the DNase I footprinting experiment
(Figure 13), demonstrates that Norfloxacin and the
quinobenzoxazines bind to DNA in a cooperative man-
ner.%6

5. The Intercalative Binding Drugs Ethidium
Bromide and Echinomycin Cannot Substitute for
A-62176 in the Cooperative Interaction of Nor-
floxacin with DNA in the Presence of Mg?'. Based
upon the data described above, two alternative models
for the A-62176—Norfloxacin complex with DNA in the
presence of Mg?™ ions can be proposed. In the first
model, A-62176 and Norfloxacin play similar structural
roles in the interaction with DNA. However, the ability
of Norfloxacin to interact with DNA is dependent upon
initial intercalative binding by A-62176, which results
in local unwinding of DNA, thereby providing a desta-
bilized adjacent site for stable intercalative binding by
Norfloxacin. In the second case, A-62176 and Norfloxa-
cin play dissimilar structural roles in the interaction
with DNA. In this case, A-62176 is uniquely responsible
for the intercalative role and Norfloxacin plays a non-
intercalative role in the complex but is still structurally
dependent upon A-62176 and Mg?" for interaction with
DNA. The tweo models can be differentiated by testing
the general role of intercalation in creating binding sites
on DNA for Norfloxacin. If the sole purpose of A-62176
is to provide destabilized intercalation sites for Nor-
floxacin through intercalation, then structurally unre-
lated intercalating agents such as ethidium bromide or
echinomycin should be able to substitute for A-62176.
Conversely, if Norfloxacin does not itself intercalate but
rather interacts with DNA in a manner that is depend-
ent upon both Mg?" and A-62176, then simple intercala-
tion per se will be insufficient to provide a cooperative
interaction with Norfloxacin. Parallel experiments to
those described before (using DNase I footprinting and
viscometry) but using echinomycin and ethidium bro-
mide, respectively, in place of A-62176 were carred out
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Figure 15. Effect of Norfloxacin on the DNase [ footprinting

pattern of echinomycin. Lanes 1-6 and 2—7 in the left and
right panels, respectively, are the same incremental increasing
concentrations of echinomycin, and in the right panel only,
lanes 2—7 contain Norfloxacin (15 «M). AG and TC represent
the purine- and pyrimidine-specific chemical cleavage reac-
tions. The sequence to the right of lane 7 corresponds to the
echinomycin DNase [ footprint.

with Norfloxacin. The results of the DNase I footprint-
ing experiments (see Figure 15) show that echinomycin
is unable to provide an additive effect on inhibition of
DNase I footprinting, despite the documented ability of
similar bis-intercalators®’ to produce local unwinding
of DNA (compare lanes 1-6 in the left panel with lanes
3—7 in the right panel in Figure 15, which have the
same concentrations of echinomycin but in the presence
or absence of Norfloxacin). The viscometry experiments
also show that Norfloxacin was unable to provide an
additive lengthening effect on DNA in the presence of
ethidium bromide (data not shown). Therefore, both
sets of results show that mere intercalative binding by
echinomycin and ethidium bromide, and thus local
unwinding of DNA, is insufficient to provide a local DNA
environment suitable for cooperative interactions with
Norfloxacin. This argues strongly against the first
model, in which Norfloxacin and the intercalators would
play interchangeable roles. Rather, this data is consis-
tent with a second model, in which A-62176 exclusively
provides the intercalative binding moiety and also plays
an additional structural role in interacting with Mg*"
and Norfloxacin. In a subsequent experiment, in which
the descarboxyl A-62176 was used in conjunction with
Norfloxacin, no cooperative effect was observed, even
though the descarboxyl compound is able to weakly
intercalate with DNA (data not shown). This provides
additional evidence for the importance of the -keto acid
in providing stabilization of the drug:Mg?* complex in
the cooperative intercalation with Norfloxacin.
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Discussion

The quinobenzoxazine antineoplastic agents bear
strong structural similarities to the quinolone antibiot-
ics typified by Norfloxacin (see Figure 1). Indeed, the
design of these compounds was inspired by the structure
of Norfloxacin-type compounds that are clinically useful
antibacterial compounds. Surprisingly, while the quino-
benzoxazine compounds lacked significant antibacterial
activity, they did have antineoplastic activity that was
dependent upon the presence of divalent cations, such
as Mg?® and Mn®*.? This latter observation was sig-
nificant because although the biological activities were
different, both the quinobenzoxazines (data shown here)
and the quinolones'® exhibit a requirement for Mg?".
The subsequent observation reported here that, while
the quinolones do not appear to form stable complexes
with duplex DNA, the quinobenzoxazines were able to
do so in the presence of Mg?* suggested that stable com-
plexation with duplex DNA might be the basis for
departure from antibacterial to antineoplastic activity.
These preliminary observations inspire two related
questions: (1) what is the structure of the quinobenz-
oxazine—Mg?" complex with duplex DNA that is pre-
sumably responsible for the catalytic inhibition of
topoisomerase II activity and antineoplastic activity and
(2) what is the structural relationship between the ter-
nary quinobenzoxazine—Mg? —DNA complex and the
quaternary quinolone—Mg?*—DNA—gyrase complex?
The results reported here, together with the recently
proposed Palumbo model for the quinolone—Mg**—
phosphate chelation complex,” provide the basis for a
revised model for the quinolone—Mg*' —DNA—gyrase
complex and important insights into the design of new
quinolone antibacterial agents, as well as a proposed
structure for the quinobenzoxazine—Mg?* —~DNA com-
plex.

Determination of the Structure of the Quino-
benzoxazine—Mg?'/Mn2?' Complex. The well-estab-
lished ability of the antibacterial quinolones to bind to
di- and trivalent metal ions has led us to investigate
the ability of the related quinobenzoxazines to bind
manganese and magnesium ions. The formation and
structure of the quinobenzoxazine—metal ion complexes
were characterized by FT-IR and agarose gel electro-
phoresis experiments. The FT-IR results clearly impli-
cate the 5-carboxylate moiety of the quinobenzoxazines
in magnesium complexation, although definitive proof
is still lacking. Although we have no unequivocal
evidence for the role of the 4-keto group in complexation,
we favor a model in which the 4-keto group of the
quinobenzoxazines participates, in combination with the
5-carboxylate group, in chelation of the divalent metal
ion. This model is consistent with the invariant nature
of the 4-keto group in the closely related antibacterial
quinolones. Mendoza-Diaz and co-workers™ have shown
by X-ray crystallography that the 4-keto group of
nalidixic acid is involved in the complexation of this
quinolone with Cu?*-phenanthroline.”” We note that
there are other, unassigned bands unique to the IR
spectrum of the quinobenzoxazine—Mg?* complex (~1000
cm ', Figure 3, upper spectrum) that may indicate that
additional functional groups of the drug are involved
in complexation with magnesium. Potential sites for
complexation include the amino substituent of the C-1
pyrrolidine moiety.
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Figure 16. Proposed structures of the 1:1 (top) and 2:2 (bottom) A-62176:Mg?* complexes. In the 2:2 complex, stereodiagrams

of the head-to-tail complexes are shown.

Both the quinobenzoxazine—Mn?" and quinobenzox-
azine—Mg?' complexes migrate during gel electrophore-
sis (Figure 2). The Mg?" and Mn?" ions have similar
ionic radii (0.065 and 0.080 nm, respectively)*’ and,
excluding redox reactions, are chemically similar. Evi-
dence from FT-IR with supportive data from 'H- and
I3C-NMR spectra (unpublished results) suggests that
both metal ions bind to the ketonic carbonyl and
carboxyl moieties of the quinobenzoxazine compounds,
as shown in Figure 16. We therefore have used the
more tightly binding manganese ion in a Job titration
to determine the stoichiometry of the quinobenzox-
azine—metal complex. The Job titration confirms that
the quinobenzoxazine—Mn?* complex forms in an
equimolar ratio, e.g., 1:1, 2:2, etc. By extension, the
quinobenzoxazine—Mg?* complex also forms a similar
positively charged complex.

The combined results of the gel electrophoresis, FT-
IR, and Job titration experiments suggest that a
quinobenzoxazine—Mg?~ complex forms in equimolar
proportions between the drug and divalent cation. The
simplest complexation would involve a 1:1 ratio of drug
to Mg?* (Figure 16, top), but for reasons discussed later,
we favor the alternative 2:2 complex of drug to Mg2*,
in which two drug molecules form a head-to-tail com-
plexation with two Mg®™ ions. In such a 2:2 quinobenz-
oxazine—Mg?~ complex, each drug molecule could par-
ticipate in Mg?* complexation, with the -keto acid and
the amino group of two different drug molecules serving
as ligands for each of the two magnesium ions (see
Figure 16, bottom). Such a 2:2 complex has previously
been proposed, on the basis of spectrofluorimetric stud-
ies, for the interaction between the antibacterial fluo-
roquinolones and magnesium ions.*!

Magnesium Ions Play an Important Role in the
Interaction of the Quinobenzoxazines with DNA.
To investigate the role of Mg?* in the interaction of the
quinobenzoxazines with DNA, we employed UV—vis
spectroscopy to study the interaction of quinobenzox-
azines with calf thymus DNA in the presence and
absence of magnesium. In the absence of magnesium,
the quinobenzoxazines appear to interact with DNA in
a relatively weak, nonselective fashion. There are
modest changes in the UV region of the absorption
spectrum of A-62176 with added DNA in the absence
of magnesium, but the lack of a clear isobestic point
indicates a multitude of binding modes. In contrast, in
the presence of magnesium, a number of marked
changes occur in the absorption spectra of A-62176 upon
addition of DNA. There are bathochromic shifts in both
the UV and visible regions of the spectrum of the drug
and clear isobestic points (compare panels A and B in
Figure 7). Upon the basis of these observations, the
quinobenzoxazines appear to interact with DNA in quite
different ways in the presence and absence of Mg?" ions.
A topoisomerase relaxation assay, viscometric titrations,
and NMR evidence clearly indicate that the magnesium-
dependent DNA binding of the quinobenzoxazines in-
volves intercalation; we assume that the magnesium-
independent binding involves interaction with the grooves
or exterior of the DNA double helix. The association
constant of A-62176 binding to polyld(G-C);] in the
presence of 10 mM Mg?" was determined to be 6.1 x
10> M1, This magnesium-dependent interaction of
quinobenzoxazines with linear double-stranded DNA is
to be contrasted to the antibacterial quinolones, which
only bind to supercoiled circular DNA, not linear double-
stranded DNA, in the presence of magnhesium. Fur-
thermore, the association constant for the magnesium-
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dependent binding of A-62176 to calf thymus DNA that
we report is an order of magnitude higher than the
association constant previously reported for Norfloxacin
binding to supercoiled DNA in the presence of magne-
sium (4.2 x 104 M™1).18

Determination of the Structure of the Quino-
benzoxazine—Mg?* Complex with DNA. Spectro-
scopic (UV, CD, NMR) and other experimental methods
(viscometry, gel electrophoresis) were used to explore
the nature of the ternary complex between the quino-
benzoxazines, Mg?*, and DNA. The results of these
studies provide insights into the sequence specificity of
the drug—DNA binding reactions and a detailed char-
acterization of the quinobenzoxazine—Mg2*—DNA com-
plex, ligand-induced conformational transitions in DNA,
the stoichiometry of the drug—Mg2*—DNA complex, and
cooperativity in drug binding.

Previous studies have shown that when the concen-
tration of Mg2* in the solution is greater than 0.7 M, or
the concentration of Nat is greater than 2 M, the
conformation of DNA is changed from B- to Z-form.42
Thus, reaction conditions throughout this study are
carefully selected in order to avoid conformational
changes in DNA induced by high salt concentration. The
CD spectral changes (unpublished results) observed
upon addition of the quinobenzoxazines to poly[d(G-C)]
confirm the importance of Mg?* in facilitating the
interaction of A-85226 with DNA and also show that
the DNA remains in B-form DNA throughout the
titration process in both the presence and absence of
10 mM MgCl.

There is clear evidence that in the presence of
magnesium the quinobenzoxazines intercalate into
double-stranded DNA: quinobenzoxazine binding is
accompanied by unwinding of closed circular DNA, as
determined in the topoisomerase assay, by lengthening
and stiffening of linear double-stranded DNA, as deter-
mined by viscometric studies, and by downfield shifts
of the phosphorus signals and upfield shift of the imino
proton signals in the NMR. Additional information
concerning the nature of the intercalation complex
formed between quinobenzoxazine, Mg?*, and DNA was
also obtained from these studies.

In contrast to the quinolone gyrase inhibitors, the
quinobenzoxazines form a stable complex with duplex
DNA. Therefore, we were able to probe directly the
interaction of the quinobenzoxazines with DNA, using
31IP.NMR to address the possibility of a drug—phosphate
bridging role for Mg?t. The results show that at
subsaturating levels of drug three 3'P-NMR signals are
present. The most upfield (—0.88 ppm in Figure 10C)
is assigned to those phosphates in the backbone at
which drug modification has not occurred. The down-
field chemical shift of the middle 31P-NMR signal (—0.72
ppm) is typical for phosphates at which intercalation
has occurred. The remaining most downfield 31P-NMR
signal (—0.10 ppm) is unique to the intercalating
quinobenzoxazines, which require Mg?* for their binding
to DNA. We propose that this downfield-shifted signal
is due to the Mg?*-chelated phosphate in which the
chelation produces an additional distortive effect on the
deoxyribose phosphate backbone.

Several lines of evidence point toward a GC prefer-
ence for the initial intercalative binding complex of the
quinobenzoxazine—Mg2* complex. First, the Scatchard
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plots show that the association constants for drug
binding to polyld(G-C).] and poly[d(A-T)s] are 6.1 x 105
and 3.8 x 105 M1, respectively. The initial DNase I
footprints of A-62176 reveal a clear GC preference.
Proton NMR studies of the magnesium-dependent in-
teraction of the quinobenzoxazines with various double-
stranded DNA oligomers have proved to be especially
insightful. The interaction of A-85226 with [d(G-C)s]2
clearly demonstrates intercalation, as evidenced by
upfield shifts in the imino proton signals. In contrast,
with [d(A-T)s]2, there is no indication of intercalation
under similar conditions. Remarkably, with the oligo-
mer [d(A4GCTy)ls, initial intercalation at the GC step
is followed by intercalation at the AT base pairs. Thus,
while isolated AT base pairs cannot serve as intercala-
tion sites for A-85226, AT base pairs flanking a favored
CG site can serve as intercalation sites, clearly demon-
strating the cooperativity in the DNA binding by
quinobenzoxazines. A parallel result is evident in the
DNase I footprinting experiments, where the initial
footprint occurs at GC-rich regions, and only after drug
binding has occurred at these regions does the adjacent
A-tract become receptive to drug binding (Figure 5). We
note that there is additional information in the DNase
I footprinting experiments that indicates some distortion
of A-tract regions flanked by quinobenzoxazine-inter-
calated GC-rich regions (regions B and E in Figure 5).
As expected, the GC-rich regions are cleaved more
readily by the DNase I than the A-tract, where little
cleavage occurs. However, once intercalation by the
quinobenzoxazine has occurred in the GC-rich region,
the A-tract becomes susceptible to DNase I cleavage,
presumably as a consequence of local unwinding due to
intercalation at the adjacent site. Only then, at higher
drug concentrations, does this region of drug-induced
DNase I cleavage become receptive to intercalation by
A-62176. A parallel sequence of events presumably
results in the consecutive GC and then AT imino upfield
1H.NMR shifts in the [d(A4GCT4)]> duplex during titra-
tion with A-62176.

A Scatchard plot (Figure 12) shows that A-62176
binds to DNA with a positive cooperativity. The positive
binding cooperativity reveals that intercalation of the
first drug creates other intercalative sites. The coop-
erativity can come from two sources: (1) as already
mentioned, intercalation in the GC region by A-62176
locally unwinds the adjacent DNA double helix, and this
may create better intercalation sites, even within A-
tracts, and (2) the aromatic stacking of the externally
bounded drug molecule with other drug molecule(s) may
initiate and stabilize the intercalation at adjacent sites
(see later).

The viscometric titrations demonstrate that the maxi-
mal increase in viscosity corresponds to a drug—DNA
base pair ratio of ~1:1. This surprising result requires
that, at saturation, every base pair step be occupied by
an intercalated quinobenzoxazine molecule—in violation
of the well-established neighbor exclusion rule.42 How-
ever, if the quinobenzoxazines exist, in the presence of
magnesium, as a 2:2 drug—Mg2* complex, and further,
if in such a 2:2 complex, only one of the two drug
chromophores serves as an intercalator, then there is
no violation of the neighbor exclusion rule: at saturation
only one 2:2 quinobenzoxazine—Mg2* dimer is interca-
lated between two base pairs. Minor or major groove
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Figure 17. Molecular models of the 4:4 quinobenzoxazine:Mg?* (top) and the 2 + 2:4 mixed quinobenzoxazine/quinolone—Mg?"—
DNA complexes (bottom). Mg?* ion coordinates with the carbonyl and carboxyl oxygens of the A-62176 molecule and one oxygen
on the DNA phosphate backbone, as well as two water molecules. The distances between the Mg®® ion and these coordinated
ligands are ~1.72—1.94 A. The aromatic ring D intercalates between the GC base pairs. In both cases the intercalated A-62176
molecules are shown in yellow, the phosphates involved in the coordination are blue, and the Mg*" ions are gray. The externally
bound molecules (A-62176 for the top and Norfloxacin for the bottom) are colored green.

binding can be eliminated for the second drug molecule
of the 2:2 complex, since only upfield 'H-NMR shifts of
imino protons occur upon formation of the quinobenz-
oxazine—Mg?*—DNA complex. In order to maximize the
quinobenzoxazine stacking interactions in the nonin-
tercalated members of the 2:2 complex, two separate 2:2
complexes may arrange themselves so that the exter-
nally bound drug molecules are at adjacent positions,
but the intercalated moieties are still separated by two
base pairs (see Figure 17, top).

Let us examine the data that would support the
proposed 2:2 quinobenzoxazine—Mg?" model for the
active species involved in intercalation into DNA. Our
studies of the A-62176—Mn?* complexation clearly show
that a single complex forms with equal molar ratios of
metal ion and drug. Previous investigators have pro-
posed a 2:2 drug—Mg?™ complex for the closely related
antibacterial fluoroquinolones.*! Thus, our model is

consistent with our data on the quinobenzoxazines as
well as previously published data on the structurally
similar fluoroquinolones. The cooperative nature of the
intercalation of quinobenzoxazines can at least be
partially attributed to the presence of the “exterior,”
nonintercalating quinobenzoxazine member of the 2:2
drug—Mg?" complex. The importance of drug—drug
interactions in the structure—activity relationship of the
antibacterial quinolones has previously been proposed
and is supported by a number of X-ray crystal structures
of antibacterial quinolones, which show close interac-
tions between neighboring molecules in the crystal
lattice.®® These interactions involve a combination of
x—n stacking and van der Waals contacts between
substituents at N-1. We invoke these same interactions,
particularly w— stacking, to explain how the presence
of one intercalated 2:2 complex, with its associated
exterior quinobenzoxazine, can facilitate the nearby
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intercalation of another 2:2 complex. Drug—drug as-
sociation between the exterior chromophore of the
intercalated 2:2 complex and one of the chromophores
of the incoming 2:2 complex will stabilize the intercala-
tion of the incoming 2:2 complex at an intercalation site
that might not otherwise be favored. An extension of
this rationale dictates that the exterior chromophore of
the intercalated 2:2 complex need not be optimized for
intercalation but rather must serve only to coordinate
the shared magnesium ions in the 2:2 complex and
facilitate drug—drug interactions on the exterior of the
DNA. We reasoned that the antibacterial quinolones
should serve these two functions. Thus, the coopera-
tivity that we observe between the intercalation of the
quinobenzoxazines and Norfloxacin is a strong indica-
tion that our model is fundamentally correct. Finally,
we acknowledge that the principle of self-assembly in
designing cytotoxic agents was described some years ago
by Rideout.** Fortuitously, the self-assembly of the 4:4
drug:Mg?* complex described here on a DNA double
helix seems to fulfill the principles proposed in this
elegant and clever proposal.

Both the Shen and Palumbo models for the quin-
olone—DNA interactions have similarities to the 2:1
chromomycin—Mg?* complexes.4*6 In one case, a self-
associated quinolone complex is proposed, and in the
other,518 a drug—Mg?* complex is proposed. Conceptu-
ally, our thinking about the structure of the quinobenz-
oxazine—Mg2t—DNA complex was influenced by the
existing models for the quinolone—DNA complexes
proposed by the Italian group® and the U.S. group.!®
Unexpectedly, the cooperative role of A-62176 and
Norfloxacin and, conversely, the noncooperative effect
of general intercalators such as ethidium bromide were
also important observations. Last, the recently reported
comparison of the hydroxyl radical footprinting patterns
of DNA with the bacterial gyrase, and then after
formation of the cleavable complex trapped with a
nonhydrolyzable ATP analog or quinolone antibiotic,
provided additional crucial insight.*

Stereomodels for the proposed 4:4 A-62176—Mg?*—
DNA (POy) chelation complex are shown in Figure 17,
top. This 4:4 complex consists of a pair of 2:2 A-62176—
Mg?* dimers. In each 2:2 dimer, the quinobenzoxazine
ring D (Figure 1) of one A-62176 molecule is intercalated
between the adjacent base pairs and the pyrrolidine ring
of this molecule lies in the minor groove, with the amino
group coordinating an Mg?* ion that is in proximity to
the negatively charged phosphate backbone. Mg?*
coordination serves to bridge the amino group of this
A-62176 molecule with the carbonyl and carboxyl groups
of an adjacent, nonintercalated A-62176 molecule. In
a similar way, the carbonyl and carboxyl groups of the
intercalated A-62176 molecule coordinate a second Mg?*
molecule that is also bound by the amino group of the
exterior, nonintercalated A-62176 molecule. Both Mg2*
ions of the 2:2 Mg?+:A-62176 complex are also coordi-
nated by the oxygen of the DNA phosphate backbone.
The additional coordination sphere about these Mg2*
ions is filled with water molecules. Because of steric
constraints, it was not possible to form a similar drug—
Mg?*—PO; complex in the major groove of DNA. Two
such 2:2 dimers are then arranged on DNA such that
the two externally bound quinobenzoxazines interact
through n—x stacking forces and the two intercalated
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molecules are separated by two base pairs. Stereomod-
els of an analogous 4:4 mixed A-62176:Norfloxacin
dimer Mg?* complex are shown in Figure 17, bottom.
In this model, consistent with the results of the coop-
erativity experiments, the two Norfloxacin molecules are
externally bound and the A-62176 molecules are inter-
calated.

Relationship between the Structure of the 2:2
Quinobenzoxazine—Mg?* Complex with DNA and
the Norfloxacin Interaction with the Bacterial
Gyrase—DNA Complex. While there are certain
similarities between the quinobenzoxazine—DNA and
quinolone—gyrase—DNA interactions, there are also
critical differences. There is ample evidence that both
drugs require Mg?* for their interaction with DNA,!8
and an Mg?* bridged phosphate is implicated. On the
other hand, only the quinobenzoxazines are able to form
a stable intercalated complex with DNA. Although
A-62176 and Norfloxacin are able to form a heteroge-
neous 2:2 Mg?* complex on DNA (Figure 17, bottom),
direct evidence for an intercalative role for Norfloxacin
is lacking. The DNA unwinding role of echinomycin at
adjacent sites is insufficient to create stable intercala-
tion sites for Norfloxacin, even in the presence of Mg2*.
Both the Shen and Palumbo models®!® propose that a
transient step in the gyrase manipulation of DNA
produces a DNA substrate that provides a special niche
for the quinolone antibiotics. The two models differ
considerably in the precise structure of the substrate
binding site and the quinolone complexation species.
Upon the basis of the analogies to the 2:2 quinobenzox-
azine—Mg2*—DNA complex, we propose a quinolone—
Mg?*—phosphate bridge parallel to the Palumbo model®
but suggest that gyrase-mediated unwinding of duplex
DNA rather than single-stranded DNA is the more
likely target.

Recently, the Maxwell laboratory has determined the
hydroxyl radical footprint of DNA in the presence of
bacterial gyrase and the quinolones.*” A comparison of
the hydroxyl radical footprinting patterns of DNA with
gyrase alone and then after formation of the cleavage
complex trapped with a quinolone (CFX) or a nonhy-
drolyzable ATP analog (ADPNP) shows that the major
changes are a shift in the phasing of the cleavage
maxima upstream of the cleavage site (i.e., 5" to the
cleavage site on the top strand) and an additional
cleavage peak adjacent to the cleavage site (Figure 18).
This is common to the footprints found with both the
quinolone and nonhydrolyzable ATP analog. We pro-
pose that this enhanced cleavage site downstream on
both strands is due to transient unwinding of the helix,
which is then trapped by intercalation of a Mg?*-
stabilized dimer (2:2 model) or pair of dimers (4:4 model)
of the quinolones. It is important to recognize that we
do not propose the quinolones induce this unwinding
but rather that they simply trap the kinetically acces-
sible unwound DNA, since this same enhanced hydroxyl
radical cleavage is found in the case of the nonhydro-
lyzable ATP analog.

Implications for Drug Development. Our model
for the structure of the quinobenzoxazine—Mg?*—DNA
complex (Figure 17) proposes what is effectively a
heterodimer of the 2:2 drug—Mg?* complex with respect
to the receptor, since while one drug molecule is
intercalated the other is externally bound to DNA. In
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Quinolones?

CGCEACGCCAGGCTAGATGECCTTCCCCATTATGATTCTT
20 -10 A * +10 +20
GCGCTGCGCTCCGACCTACCGGAAGGGGTAATACTAAGAA

~———————— (leavage frequency

Quinolones?

—@- Gyrase
-O- ADPNP

—{3~ CFX

Figure 18. Plots of relative hydroxyl radical cleavage fre-
quency at each nucleotide of duplex DNA in the presence of
bacterial gyrase alone (—@-); with ADPNP (5’-adenylyl-8,y-
iminodiphosphate), a nonhydrolyzable ATP analog (—O-); and
with CFX (ciprofloxacin), a quinolone antibacterial (—0O-)
(adapted from Figure 3C in ref 47, with permission). Arrows
between the duplex sequences indicate gyrase-induced DNA
cleavage sites. The brackets indicate the quinolone antibacte-
rial-Mg?* complex intercalation/external binding site, as
proposed by us.

the presumed intracellular target (topoisomerase II for
the quinobenzoxazines and bacterial gyrase for the
quinolones), this represents fwo distinct targets for the
drug molecules. While the intercalated molecule inter-
acts exclusively with DNA, the second externally bound
molecule interacts with the protein (topoisomerase II
or gyrase). The important implication from this model
is that two different quinobenzoxazines or quinolones
should be optimized for SAR rather than just a single
molecule! In this way the two quinobenzoxazine (or
quinolone) molecules interacting with DNA and the
protein can each be independently fine-tuned for binding
interactions.

Conclusions

The structure of a novel 4:4 quinobenzoxazine:Mg?*+
complex assembled on DNA is proposed. In this com-
plex the quinobenzoxazine—Mg?* complex forms a “het-
erodimer” in respect to DNA in which one molecule is
intercalated into DNA and the second molecule is bound
externally, held to the first molecule by two Mg2*
bridges. The assembly of two such heterodimers forms
a 4:4 complex in which the two externally bound
molecules interact via 7—x interactions (Figure 17, top).
This proposed structure for a drug—DNA complex is a
new paradigm for how drugs may interact with DNA
and has structural features that mimic “leucine zippers”,
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which dimerize on DNA through external hydrophobic
interactions.*®

Based upon cooperativity experiments with Norfloxa-
cin, the structure of a mixed 4:4 quinobenzoxazine/
Norfloxacin:Mg2* complex is also proposed in which two
Norfloxacin molecules replace the two externally bound
quinobenzoxazines in the previous complex (Figure 17,
bottom). The proposed structures (Figure 17) have
important implications for the design of new topo-
isomerase II and bacterial gyrase inhibitors.

Experimental Section

Materials. Quinolone and quinobenzoxazine compounds
were provided by Abbott Laboratories and used without
further purification. Double-stranded calf thymus DNA, plas-
mid DNA pU19, poly[d(G-C).], and poly[d(A-T):] were pur-
chased from Sigma. Synthetic oligodeoxynucleotides for the
NMR experiments were purchased from Midland. Electro-
phoretic reagents (acrylamide, bisacrylamide, ammonium per-
sulfate, and N,N,N’ . N'-tetramethylethylenediamine) were pur-
chased from BioRad. T4 polynucleotide kinase was from
United States Biochemical Co., and DNase I was from Prome-
ga. The concentration of nucleic acids was determined spec-
trophotometrically. Molar absorptivities at 260 nm are re-
ported as 6600 M~! cm™! for calf thymus DNA,# 7100 M~! em™!
for poly[d(G-C).], and 6600 M~! cm™! for poly[d(A-T)y].5°

DNA sequences of oligomers 1 and 2 used in the DNase I
footprinting experiments are shown below:

Oligomer 1

5’ =CGATCTTCGTCAAGCATCCCAGAAGGARAAAATCGCCCTCGGACCAGGCAGCCTCAAACCCT-3
3" -GCTAGAAGCAGTTCGTAGGGTCTTCCTTTTTTAGCGGGAGCCTGGTCCGTCGGAGTTTGGGA =5 *

Oligomer 2

5 ' =GPCGCGTAAGTTGGCATTATAAAAAGCATTGCT TATCAATTTGT TGCAACGAACAGGTCACTGAATGCGCTGA=3 "
3 =CAGCGCATTCAACCGTAATATTTTTCGTAACGAATAGT TAAACAACGTTGCTTGTCCAGTGACTTACGCGACT -5

Agarose Gel Electrophoresis. Electrophoresis was car-
ried out on a 2.5% agarose gel (10 x 8 x 0.5 cm) in TA buffer
(0.04 M Tris-acetate), pH 8.0, at room temperature. Mixtures
of A-62176 (1 uL, 10 mM) and salt stock solutions (1 uL, 0.5
M) were treated with a gel-loading buffer (0.5 uL) and
electrophoresed at 100 V (~5.4 V/em) for 1.5 h. The gels were
photographed under UV light with a red filter.

Preparation of Oligomer DNA for DNase I Footprint-
ing., The oligonucleotides (oligomers 1 and 2) used in this
study were synthesized on an Applied Biosystems 381A DNA
synthesizer using the phosphoramidite method. The crude
oligomers were purified by preparative polyacrylamide gel
electrophoresis. Purified oligomer was labeled with [y-32P]ATP
using standard methods and annealed with the complemen-
tary strand to generate duplexes. Annealed duplexes were
further purified using previously described methods.?’

DNase I Footprinting. The 5’ 32P-1abeled oligomer DNA
(5 ng) was mixed with a desired amount of A-62176 for 10 min
at room temperature in 20 uL of a solution containing 10 mM
Tris-HC1 (pH 7.6), 10 mM NaCl, and 2 mM MgCl,, unless
otherwise indicated. Reaction mixtures were digested with 0.1
U of DNase I for 1 min. The DNase I reaction was stopped by
the addition of 20 uL of sequence dye (80% formamide in 10
mM NaOH), and samples were loaded on a 10% denaturing
sequence gel.

NMR Spectroscopy. All NMR spectra were recorded on
a Bruker MSL-500 spectrometer at 27 °C. A-85226, an amino
analog of A-62176, was chosen in the NMR study because it
has greater solubility in water. 'H-NMR experiments were
carried out by adding aliquots of a concentrated drug solution
to solutions of [d(G-C)slz, [d(A4GCTy)ls, and [d(A-T)5]; in NMR
buffer (10 mM NaH;PO4 and 100 mM NaCl, pH 7.0) in the
presence of 100 mM MgCl: in 90% H20/10% D2O. The total
DNA concentration was 1 mM. 3'P-NMR experiments were
carried out by adding A-85226 or ethidium bromide to [d(G-
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C)sl2 solutions (1 mM) in NMR buffer in the presence of 100
mM MgCl, in D,O. H3PO, was used as an external reference
(0.0 ppm).

FT-IR Spectroscopy. The FT-IR spectra were obtained
with a Nicolet 550 IR spectrometer operating between 4000
and 400 cm™! in KBr phase. Typically, 64 scans at a resolution
of 4.0 cm! were averaged. The A-85226—Mg?* complex was
prepared by mixing A-85226 and excess MgCl; in HO and
incubating at room temperature for 24 h. The mixture was
then cooled in ice, and an orange suspension was obtained.
The suspension was filtered, washed with ethanol, and dried
in vacuum.

UV-Vis Spectrophotometric Titration. Absorbance
spectra were recorded by a Perkin-Elmer 553 diode array UV—
vis spectrophotometer. Aliquots (1—5 uL) of a 3 mM MnCl,
solution containing drug at a concentration of 30 uM in MeOH
were added to a 30 uM drug solution in MeOH. After addition
of each aliquot, the absorption spectrum (290—500 nm) was
recorded. Similar experiments were carried out for the drug—
DNA interaction study. Sequential aliquots of a concentrated
solution (5 mM base pair, ~1 «L) of nucleic acid containing
drug at a concentration of 10 uM were added to a 10 uM drug
solution containing 0.01 M Tris-HCl buffer with or without
10 mM MgCl, (pH 7.0) in a 1 cm cuvette. The total drug
concentration was thus maintained at a constant value. After
addition of each aliquot, the absorption spectrum (290-500
nm) was recorded. Addition of aliquots continued until either
the absorbance became constant or the increasing concentra-
tion of nucleic acid itself caused a slight increase in absorbance.

Job Titrations. Separate stock solutions of metal ion and
A-62176 at a concentration of 5 mM were prepared. A suitable
amount of the metal ion and drug stock solutions was added
to 1 mL of MeOH in a cuvette, resulting in 14 different [drug)/
[Mn?*] ratios between 0 and 1. The total concentration of
(drug + Mn?*) was kept constant at 100 uM. The absorbance
(A) at 320 nm, which shows maximal change due to complex
formation (Figure 4B), was measured. Subtraction of the
absorbance (A¢) for the same drug concentration without Mn?*
from A yielded the absorbance change (A — Ao) due to complex
formation. The A — A values were normalized to the
theoretical maximum absorbance change (An.;), which was
obtained as described by Likussar and Boltz.?* The normalized
value, ¥y = (A — Ag)/Amax, Was then plotted against the mole
fraction of drug (x4ryg) to obtain the continuous variations plot
or the Job plot.

Viscometric Titrations. Successive aliquots of 10 mM
drug stock aqueous solution were added to a 5 mL sonicated
calf thymus DNA (molecular weight ~ 2 x 10°) solution (0.25
mM in 0.01 M Tris-HCI buffer, pH 7.0) in the reservoir of a
Cannon-Ubbelohde semimicroviscometer (Cannon Instrument
Co., series no. 50). The Mg?* concentration was 25 mM.
Under these conditions, the native double-helical structure of
the DNA was not affected.’! After each addition the flow time,
t, was measured.

The specific viscosity was calculated by n,, = ¢/t — 1.
Reduced viscosities (7,,/Cn) were evaluated at one concentra-
tion only (for each value of v), and intrinsic viscosities, [#],
were calculated using a value of 0.53 for Huggins’ coefficient
k in eq 1:52

7/Cx = 7)1 + kl7ICy) 0

The concentration Cy refers to mol of nucleotide/L, irrespective
of the amount of drug bound. Since the volume change was
<1.5% during the titration, Cx was not corrected. Therefore,
{71, which is the intrinsic viscosity for the drug—DNA complex,
is calculated by substituting ns, = ¢t/to — 1 into eq 1. The value
of [#]o is the intrinsic viscosity for the DNA solution alone.

Cohen and Eisenberg®? have shown that the ratios of the
intrinsic viscosities depend upon the relative ratios of the
contour length of DNA, L/L, (L and L, represent contour
lengths in the presence and absence of drug) (eq 2).

L/Ly ~ (InVinlp)"® (2)
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Equilibrium Dialysis. Since spectrophotometric titration
is not sufficiently sensitive at low drug binding ratios (v <
0.15), equilibrium dialysis was used to obtain binding data for
this region. A 5§ mL, 10 4M drug solution in a sealed dialysis
tube (Spectro/Por, MWCO 6000—8000) as the first compart-
ment was placed in a glass tube containing 8 mL of a calf
thymus DNA (Sigma) solution at various concentrations (10
uM to 1 mM base pairs) as the second compartment. The
whole assembly was placed in a shaker for 60 h at 20 °C in
the dark. The calf thymus DNA used was predialyzed to
eliminate short DNA strands. All solutions contained 5 mM
MgCl; and were buffered by 20 mM phosphate at pH 7.0.

The intrinsic fluorescence of the drug was used to determine
the free (Cg) and bound (Cy) drug concentrations. Fluorescence
spectra were recorded on a Hitachi F-2000 fluorometer with
an excitation wavelength at 380 nm. A-62176 has a weak
fluorescence emission at ~500 nm in pH 7.0 buffer. Addition
of DNA and Mg?* increases the fluorescence intensity but
produces very little spectral shift (data not shown). The
fluorescence intensity (I) at 500 nm in the drug compartment
was used to calculate drug concentrations (uM) in both
compartments:

Cr= WI,) x 10 (3)

C,=1[(6 x 10) — (13 x CpV8 (4)

where I, is the fluorescence intensity for 10 4M drug in the
same buffer. The bound drug concentrations calculated in this
way agree to within 5% with those calculated by fluorescence
measurements of the solution outside the dialysis bag. The
binding ratio (v) can thus be calculated by

v = C,/[DNA] (5)
where DNA concentration is in base pairs.
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