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ABSTRACT

The two known antineoplastic quinoxaline topoisomerase Il
poisons, XK469 (NSC 697887) and CQS (chloroquinoxaline
sulfonamide, NSC 339004), were compared for DNA cleavage
site specificity, using purified human topoisomerase lla and
human topoisomerase |I3. The DNA cleavage intensity pattern
for topoisomerase lla poisoning by CQS closely resembled that
of VM-26, despite the lack of any apparent common pharma-
cophore. In contrast, the topoisomerase Il DNA cleavage in-
tensity patterns of XK469 and CQS were very different from one
another despite the similar overall structures of the two drugs.
This suggests that the differences in DNA site specificity of
topoisomerase Il poisoning by XK469 and CQS may be caused
by differences in their geometry, side chains, or electronic

structure. The topoisomerase lI3-mediated DNA cleavage sites
of CQS and XK469 were also very different from one another,
adding further support to this idea. Earlier work has demon-
strated that a number of specific topoisomerase Il poisons
show very similar patterns of DNA cleavage with either topo-
isomerase lla or topoisomerase I3, suggesting that the topo-
isomerase Il isozymes play only a minor role in choices of DNA
cleavage sites. However, both of the quinoxaline topoisomer-
ase |l poisons in this study showed distinctly different and
unique DNA cleavage intensity patterns with each topoisomer-
ase |l isozyme. This indicates that topoisomerase Il isozymes
can play a major role in DNA cleavage site selection for some
classes of topoisomerase Il poisons.

Type II topoisomerases are enzymes that change the topol-
ogy of DNA by introducing transient double-strand DNA
strand breaks through which other DNA strands are passed.
The covalent attachment of the topoisomerase II subunits to
the DNA at the site of the DNA strand breaks may facilitate
the short lifetime of the DNA cleavage intermediate. Topo-
isomerase II poisons are drugs that stabilize covalent en-
zyme-DNA intermediates of the topoisomerase reaction cycle
in which the topoisomerase subunits are covalently linked to
the DNA through 5'-phosphotyrosyl linkages (Chen and Liu,
1994). They are structurally diverse, and a number of them
are standard anticancer agents (Chen and Liu, 1994). Their
cytotoxicity is caused by complex DNA lesions that result
from interactions of the drug-stabilized topoisomerase-DNA
complexes with DNA replication complexes (Snapka, 1986;
Hsiang et al., 1989; Shin and Snapka, 1990; Ryan et al., 1991;
Haldane et al., 1993; Catapano et al., 1997). Different topo-
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isomerase II poisons can cause very different patterns of
strong and weak DNA cleavages (Tewey et al., 1984; Capra-
nico et al., 1990; Pommier et al., 1992). The variability of
DNA cleavage strength at different sites on the DNA is
believed to result from a ternary complex in which the drug
binds at the interface between the topoisomerase and the
DNA. Because the DNA makes up part of the drug’s binding
pocket, this part of the binding pocket will vary with DNA
sequence, and it is reasonable that structurally diverse topo-
isomerase II inhibitors would preferentially stabilize topo-
isomerase-DNA cleavage complexes at different DNA se-
quences. Topoisomerase II poisons may enhance DNA
cleavage at sites that are normally topoisomerase II cleavage
sites in the absence of drugs or may stimulate topoisomerase-
mediated DNA cleavage at sites that are not normally de-
tected in the absence of drugs (Capranico et al., 1993). Drugs
such as VM-26 may show only low DNA site selectivity and
stimulate topoisomerase II-DNA cleavage at many sites,
whereas others may have greater site selectivity (Capranico
et al., 1993). Some, such as clerocidin, streptonigrin, and
amonafide have extreme DNA site selectivity and stimulate
strong cleavage only at rare sites with very defined se-

ABBREVIATIONS: CQS, chloroquinoxaline sulfonamide (NSC 339004); XK469, (=*)-2-[4-(7-chloro-2-quinoxalinyloxy)phenoxy]proprionic acid
(NSC 697887); VM-26, teniposide (NSC 122819); VP-16, etoposide (NSC 141540); ICRF-193, meso-2,3-bis(2,6-dioxopiperazin-4-yl)butane;

GuHCI, guanidinium chloride.
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quences (Capranico et al., 1994b; Capranico et al., 1997;
Borgnetto et al., 1999).

The quinoxaline anticancer drugs CQS and XK469 (Fig. 1)
were both found to have activity against solid tumors (Shoe-
maker, 1986; Valeriote et al., 1996; Corbett et al., 1998). In
both cases, the molecular targets relevant to the anticancer
activity remained elusive as the drugs progressed through
animal model testing to human clinical trials. XK469 was
found to be the first highly selective topoisomerase II3 poison
(Gao et al., 1999). Studies with topoisomerase II8 knockout
mouse cells confirmed the in vitro results and showed that
topoisomerase IIB is the cytotoxic target of XK469 in vivo
(Snapka et al., 2001). Based on its structural similarity to
XK469, CQS was studied for topoisomerase II activity and
was found to be both a topoisomerase IIa and IIB poison (Gao
et al., 2000). The reason that the topoisomerase II poisoning
activity of CQS remained elusive for so long is the fact that
the protein denaturant routinely used in topoisomerase poi-
soning assays, SDS, does not efficiently trap topoisomerase
II-DNA cleavable complexes stabilized by CQS. Chaotropic
protein denaturants, such as GuHCI and urea, trap the CQS-
stabilized topoisomerase II-DNA cleavage complex effi-
ciently, and when these denaturants are used, CQS topo-
isomerase II poisoning is readily detected both in vivo and in
vitro. Another topoisomerase II-targeting drug, ICRF-193,
has also recently been found to be similar to CQS in that its
topoisomerase II poisoning is difficult to detect using SDS-
based assays but readily detectable using GuHCl (Huang et
al., 2001). CQS and XK469 remain the only known quinoxa-
line topoisomerase II poisons. As antineoplastic agents, they
are remarkable for their low nonspecific toxicity and solid
tumor activity.

Because of the unique properties of these two quinoxalines,
both as topoisomerase II poisons and as anticancer drugs, the
DNA sequence specificity of their activity with each human
topoisomerase II isozyme is of special interest. The results
discussed above suggest that their overall structure plays an
important part in their interactions with topoisomerase II

H oo |
Chior oq uinaxaline sulfonamide @)
(CQS, NSC 339004) < o
T
X o]
N\ OYCOQH
P> CHs H3CO' OCH3
C! N O OH
XK469 (NSC 697887)

VM-26 (Teniposide, NSC 122819

o
CH o
HNhN ? <
) and N ONH
o HC M
o

ICRF-193

OH ©O NH{(CH 2)2NHCH2CH20H

48e

OH O  NH(CH2)aNHCHCHO0H
Mitoxantrone (NSC 301739)

Fig. 1. Chemical structures of CQS, XK469, VM-26, mitoxantrone, and
ICRF-193.
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isozymes, but the details of their structure and their elec-
tronic properties are clearly different, possibly accounting for
the differences in topoisomerase II isozyme specificity and
the requirement of chaotropic protein denaturants for detec-
tion of CQS stabilized topoisomerase II-DNA cleavage com-
plexes. Our study tests the hypothesis that the structural
and electronic differences in XK469 and CQS will strongly
affect their patterns of topoisomerase II-mediated DNA
cleavage.

Materials and Methods

Drugs and Reagents. XK469 (NSC 697887) was provided by the
National Cancer Institute Drug Synthesis Branch, Bethesda, MD.
CQS (chloroquinoxaline sulfonamide, NSC 339004) was provided by
Dr. R. Shoemaker (National Cancer Institute, Bethesda, MD).
VM-26 (teniposide, NSC 122819) was obtained from the National
Cancer Institute, Division of Cancer Treatment, Natural Products
Branch (Bethesda, MD). Dimethyl sulfoxide was the solvent for all
drug stocks. Recombinant human topoisomerase Ila was obtained
from N. Osheroff (Vanderbilt University, Nashville, TN) (Kingma et
al., 1997). Recombinant human topoisomerase II3 was a generous
gift of Dr. Caroline Austin, (University of Newcastle, Newcastle-
upon-Tyne, UK) (Austin et al., 1995).

Mapping of Topoisomerase II-DNA Cleavage Sites. Sites of
topoisomerase II mediated DNA cleavage stimulated by the drugs
were mapped as described previously (Huang et al., 2001). Briefly, a
DNA substrate consisting of a 516 base-pair EcoRI-Scal fragment of
pBR322 (residues 3846-4362) was labeled with 32P by filling in the
overhanging EcoRI end with Klenow fragment (USB Corp., Cleve-
land, OH) and a mix containing dCTP, dGTP, dTTP, and [a-3?P-
dATP] (3000 Ci/mmol; Amersham Biosciences, Piscataway, NJ). To-
poisomerase II reaction mixes contained the end-labeled DNA
fragment (1-2 X 10° dpm), 10 mM HEPES-HCI, pH 7.9, 50 mM KCl,
5 mM MgCl,, 50 mM NaCl, 0.1 mM EDTA, 1 mM ATP, and the drug
being tested. Reactions were started by adding the topoisomerase
(0.8 or 1.2 ug of human topoisomerase Ila or IIB, respectively), after
a preincubation of the other components at 37°C for 5 min. These
concentrations were chosen because they gave equal topoisomerase
II poisoning with VM-26 (Huang et al., 2001). The epipodophyllotox-
ins VM-26 and VP-16 show little or no isozyme selectivity for topo-
isomerase II poisoning (Austin et al., 1995). The final reaction vol-
ume was 20 ul. After a 30-min incubation at 37°C, the reactions were
terminated by addition of 2 ul of 4 M GuHCl. The DNA was ethanol-
precipitated and then resuspended in proteinase K solution (0.2
mg/ml, 28 ul, 2 h, 45°C). The protein-free DNA was precipitated with
ethanol and resuspended in gel loading buffer (80% formamide, 10
mM NaOH, 1 mM EDTA, 0.1% xylene cyanol, and 0.1% bromphenol
blue). The samples were heated to 70°C for 2 min, cooled to room
temperature, and then loaded onto a polyacrylamide sequencing gel
(8% acrylamide, 19:1 acrylamide/bisacrylamide, and 7 M urea in
Tris-borate buffer). Electrophoresis was done at 1800 V for 2 or 6 h,
and the gel was then transferred to Whatman 3MM paper and
exposed to Hyperfilm for autoradiography. The 2- and 6-h electro-
phoresis times gave better resolution of the smaller and larger DNA
fragments and allowed more complete mapping of topoisomerase
II-mediated cleavages on the target DNA. Sanger dideoxy DNA
sequence ladders were made with the fmol cycle DNA sequencing
system (Promega, Madison, WI). The primer, 5'-AAATTCTTGAA-
GACGAAAGGGCC-3', complementary to the EcoRI end of the 516-
base pair pPBR322 fragment, was labeled at the 5'-end by T4 polynu-
cleotide kinase with [y->2PJATP and used without further
purification. The polymerase chain reaction was carried out for 30
cycles with Tag DNA polymerase, using the appropriate deoxy-/
dideoxy-NTP mix for each reaction. The reactions were stopped by
addition of fmol sequencing reaction stop solution, and the DNA was
denatured at 70°C before gel loading. Because the sequenced strand
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was labeled on the 5" EcoRI end and was complementary to the
strand on which the topoisomerase-mediated sequences were
mapped, it was necessary to translate the sequence to determine the
cutting sites. The significance of differences in the occurrence of
specific bases within cleavage sites was determined by comparing
the observed and expected values based on exact polynomial proba-
bilities.

Results

Topoisomerase Ila. The results of this study are shown
in Figs. 2 and 3. Figure 2 shows the patterns of topoisomer-
ase ITa- and IIB-mediated DNA cleavage on short (2-h elec-
trophoresis) DNA sequencing gels, and the results are
summed up in Fig. 3, which indicates all of the sites stimu-
lated by the various drugs, including many weak DNA cleav-
age sites that are not clear from Fig. 2. Longer (6-h) electro-
phoresis experiments (not shown) were also done to refine
and/or confirm the mapping of specific DNA cleavage sites as
indicated in Fig. 3. The pattern of drug stimulated topoisom-
erase ITa-DNA cleavage was very similar for CQS and VM-26

A Topoisomerase o B Topoisomerase IIp

QXVaD

— C396
G402

Fig. 2. Mapping of topoisomerase IIa- and IIp-mediated DNA cleavage
sites. A, topoisomerase Ila-mediated DNA cleavage was stimulated by
CQS, XK469, and VM-26. The gel was run for 2 h to obtain optimum
resolution of the low molecular weight DNA fragments. A 6-h electro-
phoresis (not shown) was used to obtain optimum resolution of high
molecular weight DNA fragments. Sequencing ladders: G, guanine; A,
adenine; T, thymine; C, cytosine; D, substrate DNA only; «, topoisomer-
ase Ila with substrate DNA; Q, CQS (2 mM); X, XK469 (2 mM); V, VM-26
(100 wM). The sequencing ladders were done on the opposite strand from
that used for mapping topoisomerase II-mediated cleavage sites (see Fig.
3), so it is necessary to translate the sequence to the opposite strand to
identify the topoisomerase II mediated cleavages. Cleavage sites are
identified by the base at the +1 position (3’-side of the topoisomerase II
cleavage) and the number of the base in the cloned fragment. B, topo-
isomerase IIB-mediated DNA cleavages stimulated by CQS and XK469.
The same substrate DNA was used for mapping both topoisomerase II3
and topoisomerase Il cleavages. Again, both short (2 h, shown) and long
(6 h, not shown) electrophoresis runs were made to optimize resolution in
different parts of the sequence. B, topoisomerase II3 with substrate DNA;
other abbreviations are the same as in Fig. 2A. The DNA strand break at
C413 occurs normally in a fraction of the DNA substrate molecules.

(Fig. 2A). Both drugs tended to stimulate topoisomerase ITa-
DNA cleavages at the same sites; in addition, the relative
strengths of the cleavages tended to be similar for CQS and
VM-26. Several of these sites of strong CQS and VM-26
stimulated cleavage represent enhanced cleavage of normal
topoisomerase Ila cleavage sites (Fig. 2, lane «, sites G295,
T313, A343, G346, A357, G361, and others). That fact that
VM-26 tends to enhance normal topoisomerase Ila cleavage
sites has been noted by others (Capranico et al., 1993).
Strong CQS and VM-26 stimulated cleavages can be seen at
sites G295, G298, A343, G346, A357, and G361 as well as
others. Moderate CQS and VM-26 cleavage sites can be seen
at C396 and A399, whereas weak CQS and VM-26 cleavage
sites are evident at T384 and A387. Topoisomerase Ila has
been reported to have an affinity for cleavage in alternating
purine-pyrimidine (RY) repeats, resulting in multiple strong
cleavages (Spitzner et al., 1990). A region enriched in purine-
pyrimidine pairs occurs from position 301 to 310 (Fig. 3), and
a number of strong and moderate VM-26- and CQS-stimu-
lated cleavages are found in this region and the bases imme-
diately flanking it. Although the sites of CQS- and VM-26-
stimulated topoisomerase Ila cleavage often show similar
strengths for the two drugs, a few sites exist at which each
drug uniquely stimulates strong cleavage. For instance,
there are strong VM-26 cleavages at T355, G431, and A434,
which are not matched by CQS stimulated cleavage. Like-
wise, there are CQS cleavages at G238, A248, A266, and
C422 that are not matched by comparable VM-26 stimulated
cleavages. Overall, however, the two drugs show very similar
patterns of topoisomerase Ila mediated DNA cleavage.

XK469-stimulated topoisomerase IIa-DNA cleavages have
a pattern that is very distinct from those of CQS and VM-26.
Consistent with the finding that XK469 is a strong topoisom-
erase IIB poison but a poor topoisomerase Ila poison (Gao et
al., 1999), the XK469 stimulated topoisomerase Ila DNA
cleavages are very weak. The strongest XK469 stimulated
topoisomerase IIa-DNA cleavages tend to be much weaker
than those of CQS and VM-26, and, compared with the strong
CQS and VM-26 cleavages, can be considered only moderate
at best. Although faint XK469 cleavages often occur at sites
of strong CQS and VM-26 cleavage (71% of the XK469 cleav-
ages match CQS cleavages), the relative strength of the
cleavages are very different. No XK469 cleavages were de-
tected in the region below the DNA strand break at C413,
whereas CQS and VM-26 both have uniquely strong cleavage
sites in this region. One of the strongest XK469 cleavage sites
occurs at G402, where CQS and VM-26 cleavages are not
detectable. Other significant XK469 cleavage sites occur at
T358 (just below the strong CQS, VM-26 cleavage sites at
A357) and at C362 (just below the strong CQS, VM-26 cleav-
age site at G361). Both of the latter two sites are unique to
XK469. Another strong XK469 site, at T310, corresponds to a
CQS cleavage site of comparable strength.

Studies with eukaryotic topoisomerase II have indicated
that DNA sequence is the primary determinant of topoisom-
erase II cleavage specificity and strength (Spitzner and Mul-
ler, 1988). For DNA cleavages stimulated by topoisomerase II
poisons, the strongest base preferences tend to be the —1 and
+1 positions relative to the topoisomerase cleavage sites
(Palumbo et al., 2002). Studies of drug-stimulated topoisom-
erase II mediated DNA cleavage have shown that VM-26
stimulated cleavages are favored by a C at the —1 position

6002 ‘9 AInr uo Aq Bio0°sjeuinofiadse’ wreydjow wouy papeojumoq


http://molpharm.aspetjournals.org

aspet’

61

121

Ta

Xa
Xp
Qo
Qp
181

Ta
Vo
Xa
Xp
Qo
ap
241

Ta
Vo
Xo
Xp
Qo
Qp
301

To
Vo
Xo
Xp
Qo
ap
361

Vo
Xa
Xp
Qo
ap
421

481

ACTCAACCAA
TGAGTTGGTT
CAACACGGGA
GTTGTGCCCT
GTTCTTCGGG
CAAGAAGCCC

CCACTCGTGC
GGTGAGCACG
X
Q

CAAAAACAGG
GTTTTTGTCC

TACTCATACT
ATGAGTATGA

GCGGATACAT
CGCCTATGTA

Q

CCCGAAAAGT
GGGCTTTTCA

ATAGGCGTAT
TATCCGCATA

GTCATTCTGA
CAGTAAGACT
TAATACCGCG
ATTATGGCGC
GCGAAAACTC
CGCTTTTGAG

<
o
<
<

QaQaa a

ACCCAACTGA
TGGGTTGACT

AAGGCAAAAT
TTCCGTTTTA

X

Q
CTTCCTTTTT
GAAGGAAAAA

ATTTGAATGT
TAAACTTACA
vV vV

GCCACCTGAC
CGGTGGACTG

XK469 and CQS Topoisomerase Il Isozyme-Mediated DNA Cleavage
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Fig. 3. Distribution of topoisomerase II- and drug-stimulated topoisomerase II cleavages on the 516-base pair pBR322 substrate DNA. The primer
used for dideoxy DNA sequence ladders is indicated by underlining at the EcoRI end, and the *P-labeled adenine residues incorporated into the strand
for mapping topoisomerase II cleavages are indicated by bold letters and shading. The relative strengths of individual cleavages are indicated by the
weight of the symbol for each drug (bold, strong cleavage; normal weight, average or moderate cleavage; gray, weak or very weak cleavage). X, XK469;
Q, CQS; V, VM-26; T, topoisomerase IIa alone. The DNA strand-break at C413 is present in a fraction of the substrate DNA molecules before addition
of enzymes or drugs (Huang et al., 2001). All +1 bases (3’ relative to the topoisomerase-mediated cleavage) for the drugs are indicated by bold, beneath
the symbols, indicating specific drug-stimulated DNA cleavages.
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relative to the site of DNA cleavage (Pommier et al., 1991;
Capranico et al., 1993; Capranico et al., 1997). Our data are
consistent with this. Of the 25 strong or moderate VM-26
stimulated topoisomerase Ila cleavages, 12 have a C at the
—1 position, whereas only 5.2 would be expected for random
occurrence based on the frequency of C in the substrate DNA.
This difference is very significant (P = 0.002). Similarly, of 26
strong or moderate CQS-stimulated topoisomerase I« cleav-
age sites, 12 have C at the —1 position where 5.5 would be
expected (P = 0.006). Of 22 XK469 stimulated topoisomerase
ITa cleavage sites (most weak), 11 have C at the —1 position
(4.6 expected by random occurrence, P = 0.002). Only two of
the XK469 stimulated topoisomerase Ila sites have C at the
+1 position, which is not statistically different from the value
of 4.6 predicted (P = 0.29). These results indicate that
XK469, like CQS and VM-26, tends to stimulate topoisomer-
ase Ila cleavage at sites with a C at the —1 position. How-
ever, the cleavage intensity pattern for XK469-stimulated
topoisomerase Ila cleavages is distinctively different from
those of CQS and VM-26. In two instances, relatively strong
XK469-stimulated topoisomerase Ila cleavages occur just
one base to the 3’ side of strong VM-26 and CQS cleavages (at
T358 and C362, Figs. 2 and 3). Although this is a striking
visual feature of the sequencing ladders in Fig. 2A, the sig-
nificance is not clear. XK469-stimulated topoisomerase II3
cleavages correspond to the XK469-stimulated topoisomer-
ase Ila cleavages in both cases, and XK469-stimulated topo-
isomerase 1183 cleavages also occur one base pair to the 3’ side
of strong VM-26 and CQS topoisomerase Ila cleavages at
T296 and C314. However, XK469 stimulated topoisomerase
IIa and IIB cleavages match exactly strong VM-26 and CQS
cleavages at A248 and A343 and are offset by three base
pairs at G402. Because XK469-stimulated topoisomerase I1a
and IIB cleavages often occur independently of one another
and nowhere near strong VM-26 or CQS sites (see Fig. 3, row
241), a much larger data set would have to be analyzed to
determine whether these one-base pair offsets relative to
strong VM-26- and CQS-stimulated topoisomerase Il« cleav-
ages are significant.

Topoisomerase IIB. XK469 was compared with CQS for
stimulation of topoisomerase II3-mediated DNA cleavage. As
shown in Fig. 2, the XK469 pattern was again distinctive.
CQS stimulated relatively few topoisomerase II3-mediated
DNA cleavages, but a number of these were strong, such as
the cleavages at G295, T329, A343, G346, and C396. XK469
caused a single very strong topoisomerase IIB3 cleavage at
T358 and numerous moderate and weak cleavages.

Many of the XK469-stimulated topoisomerase II DNA
cleavages were also distinctly different from those stimulated
by CQS. Whereas 16 of 22 (73%) of the XK469-stimulated
topoisomerase Ila cleavages corresponded to CQS-stimulated
topoisomerase Ila cleavage sites, only 3 of 20 (15%) of the
XK469-stimulated topoisomerase IIB3 cleavages matched the
CQS-stimulated topoisomerase IIS3 cleavages. In addition to
the overall differences in topoisomerase IIB cleavage sites,
the cleavage intensities were also very different for CQS and
XK469. XK469 stimulated one very strong topoisomerase II3
cleavage and a number of moderate cleavages on the sub-
strate DNA used in this study but caused only weak to
moderate cleavages with topoisomerase Il«. This is consis-
tent with the previously reported specificity of XK469 for
topoisomerase IIB (Gao et al., 1999).

Although CQS stimulates DNA cleavage at many of the
same sites with topoisomerase Ila and topoisomerase 113, the
relative intensity patterns are very different. There are
strong CQS stimulated cleavages at G295, T329, A343, and
C396 for both isozymes, but the strong CQS-stimulated to-
poisomerase Ila cleavages at G235, G238, A248, A266, T310,
and A357 are either missing or greatly reduced with the 8
isozyme. The strongest XK469-mediated topoisomerase II3
cleavage, at T358, is also one of the stronger XK469 cleavages
for topoisomerase Ila (the somewhat stronger CQS and
VM-26 cleavages at A357 are indicated for topoisomerase Ila
in Fig. 2A, and the XK469-topoisomerase Ila cleavage at
T358 can be seen between them, one base lower on the gel).
Likewise, the XK469 cleavage at G402 is apparent with both
isozymes. However, most of the numerous XK469 cleavages
seen with topoisomerase II do not match cleavages of sim-
ilar intensity in the topoisomerase Ila experiment. Of 22
XK469 topoisomerase Ila cleavages and 20 XK469 topoisom-
erase IIB cleavages, only five are common to both isozymes.

Discussion

Most topoisomerase poisoning assays use the detergent
SDS to inactivate topoisomerases trapped in drug-stabilized
topoisomerase-DNA cleavage complexes and convert them to
irreversible protein-DNA crosslinks. However, CQS-stabi-
lized topoisomerase Ila and IIB-DNA cleavage complexes are
not efficiently detected when SDS is used, and it is necessary
to use chaotropic protein denaturants instead (Gao et al.,
2000). Aside from this unusual feature, shared only with
ICRF-193 at this time (Huang et al., 2001), CQS seems to be
a typical topoisomerase II poison, resembling VM-26 in its
DNA sequence specificity and lack of pronounced topoisom-
erase II isozyme preference. In addition to sharing many
sites, the relative strengths of CQS and VM-26 stimulated
topoisomerase Ila cleavages tend to be comparable, resulting
in overall patterns that are quite similar, although each drug
does stimulate a few significant cleavages at unique sites not
shared by the other. Many of the VM-26 and CQS stimulated
cleavages occur at sites normally cleaved by topoisomerase
IIa in the absence of drugs.

The relation of CQS-stimulated topoisomerase Ila cleavage
to VM-26 stimulated cleavage is very similar to that reported
for VM-26 and mitoxantrone (Capranico et al., 1993). In
general, drugs with similar shapes, and with shared phar-
macophores and electronic structure, tend to have similar
topoisomerase II-mediated DNA cleavage patterns, whereas
topoisomerase II poisons of different chemical classes cause
very different DNA cleavage patterns and/or cleavage inten-
sity patterns (Capranico et al., 1993, 1994a, 1998; Guano et
al., 1999). However, there are exceptions to this rule. Some
drugs with very similar structures cause different patterns of
topoisomerase-mediated DNA cleavage, and some drugs of
very different structure may have similar patterns (Capra-
nico et al., 1997). VM-26 and mitoxantrone represent an
example of structurally dissimilar drugs with similar pat-
terns of topoisomerase-mediated DNA cleavage. Both drugs
tend to stimulate topoisomerase II cleavages at the same
sites, often sites cleaved by topoisomerase II in the absence of
drugs, yet they have no common pharmacophore, and mitox-
antrone is a DNA intercalator, whereas VM-26 is not (Capra-
nico et al., 1993). CQS represents another case of a drug with
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no apparent pharmacophore in common with VM-26, yet
mimics its topoisomerase Ila cleavage intensity pattern.

Many of the sites of CQS and VM-26 topoisomerase Ila
cleavage also correspond to sites of ICRF-193-stimulated
topoisomerase II8 DNA cleavage (Huang et al., 2001). Among
these are T203, G207, G235, G295, G298, T304, T313, A343,
G346, A357, G361, C396, and A399. In addition, the patterns
of ICRF-193- and CQS-stimulated topoisomerase 113 cleav-
ages are very similar, including not only the sites of cleavage,
but the relative strengths of the cleavages. As noted under
Results, the CQS cleavage intensity pattern on topoisomer-
ase IIB is very different from the CQS cleavage intensity
pattern on topoisomerase Ila. Several topoisomerase II poi-
sons such as VM-26 (Drake et al., 1989; Cornarotti et al.,
1996), 4'-(9-acridinylamino)methanesulfon-m-anisidide (am-
sacrine) (Marsh et al., 1996), 4-demethoxy-3’-deamino-3’-hy-
droxy-4'-epi-doxorubicin I (Cornarotti et al., 1996), and other
anthracycline analogs (Guano et al., 1999) show topoisomer-
ase IIB cleavage intensity patterns that strongly resemble
their topoisomerase Ila cleavage intensity patterns. This has
been interpreted as evidence that the binding of these drugs
is very similar in the enzyme-DNA-drug ternary complex of
both isozymes, and it has been suggested that the interac-
tions of these drugs with the topoisomerase II isozymes may
involve mainly the highly conserved active site residues of
the two isozymes (Cornarotti et al., 1996; Palumbo et al.,
2002). Based on this model, drugs that show topoisomerase
IIB cleavage intensity patterns that differ markedly from
their topoisomerase Ila cleavage intensity patterns would
interact significantly with nonconserved active site features
in topoisomerase IIB, resulting in an altered cleavage inten-
sity pattern. The resemblance of the CQS topoisomerase 113
cleavage intensity pattern to the ICRF-193 cleavage inten-
sity pattern suggests that the two drugs share some similar-
ity in their interaction with topoisomerase II3 despite their
very different structures. Flavonoid topoisomerase II poisons
have also been found to have very different cleavage patterns
on topoisomerase Ila and IIB (Austin et al., 1995).

The pattern of XK469-stimulated topoisomerase Ila cleav-
ages differs mainly in the relative strength of the cleavages.
The XK469 topoisomerase Ila-mediated cleavages are gener-
ally very weak compared with those of CQS and VM-26. The
strongest XK469 cleavages (which are moderate to weak
compared with the strong CQS and VM-26 cleavages) do not
correspond with the positions of the strongest CQS and
VM-26 cleavages but often occur at positions of very weak
CQS and/or VM-26 cleavage. The generally weak XK469-
stimulated topoisomerase Ila cleavages are consistent with
our previous finding of strong B-isozyme selectivity for
XK469 (Gao et al., 1999). ICRF-193 is structurally unrelated
to the quinoxalines but resembles XK469 in its preference for
the B-isozyme of human topoisomerase II (Gao et al., 1999),
although the preference is not as pronounced as that of
XK469. XK469, in contrast to CQS, shows differences not
only in average strength of cleavage between the two
isozymes, but also many cases of differences in cleavage site
specificity. The XK469 topoisomerase Ila and topoisomerase
1183 cleavage intensity patterns are quite distinct, which un-
derscores the idea that XK469’s interaction with the topo-
isomerase IIB active site is very different from its interaction
with the topoisomerase Ila active site. The model discussed
above would predict that XK469 interacts strongly with the
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topoisomerase IIB active site features that are not found in
the topoisomerase Ila active site. The fact that the XK469
topoisomerase Ila cleavage pattern is distinctively different
from those of VM-26 and CQS and that its topoisomerase 113
cleavage pattern is very different from those of CQS and
ICRF-193 suggests that XK469 may have unique interac-
tions in the active site of each topoisomerase II isozyme that
are not shared by the other drugs in this study.

The fact that both XK469 and CQS are topoisomerase II
poisons suggests that the overall quinoxaline structure is
favorable for stabilization of topoisomerase II-DNA cleavage
complexes. For the quinoxalines, the topoisomerase II
isozymes seem to play a major role in DNA cleavage site
selectivity. However, the two drugs differ significantly in
structural detail and chemical and electronic properties. The
potential hydrogen bonding properties of XK469 and CQS are
also clearly very different, not only in the modifying group on
the smaller aromatic ring (-NH,, for CQS versus -O-CH(CH;)-
CO,H for XK469) but also on the linking group between the
two aromatic ring systems (-NH-SO,- for CQS versus -O- for
XK469). The differences in structure and electronic proper-
ties may account not only for the marked differences in
topoisomerase II-mediated DNA cleavage site selectivity for
these drugs but also for the differences in isozyme preference
and trapping of cleavage complexes by different protein de-
naturants. Quinoxalines seem to hold unusual promise as
topoisomerase II poisons with unique properties.
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