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ABSTRACT. We have investigated the binding ability to DNA of compounds belonging to the 2-azaan-
thraquinone-type structure and have examined the effect on the activity of DNA gyrase as well as on
mammalian topoisomerases in vitro. Using different biophysical techniques it was found that one of
these ligands, 9-((2-dimethylamino)ethyl)amino)-6-hydroxy-7-methoxy-5,10-dihydroxylzgispojuino-
line-5,10-dione (TPL-I), is an intercalating DNA binding agent, whereas the parent compound tolypocladin
(TPL) and a derivative (TPL-Il) showed almost no similar affinity to DNA. CD measurements demonstrated
a significant and selective binding tendency of TPL-I to alternating purine/pyrimidine sequences with
some preference for poly(dA-d-poly(dA-dT). Ty, values were increased of the ligand complex with the
alternating AT-containing duplex polymer. The binding to various DNAs was characterized by CD and
visible absorption spectral changes. From the latter, different binding constantsofl&2and 1.5x

10> M~1 were obtained for poly(dA-dFpoly(dA-dT) and poly(dAjpoly(dT), respectively. Sedimentation
measurements with supercoiled pBR322 plasmid DNA clearly indicated an intercalative binding mechanism
associated with an unwinding angle of about.1&hese results suggest that the intercalative binding of
TPL-I is promoted by the 2-(dimethylamino)ethylamino group substituted on carbon 9 of the anthraquinone
system. The cytotoxic compound TPL-I, but not TPL or TPL-II, effectively inhibited the DNA supercoiling
reaction of DNA gyrase and the activity of mammalian topoisomerases | and Il as measured by the
relaxation assay. TPL-I affects the cleavage reaction of topoisomerases on a single site located in alternating
purine—pyrimidine sequence regions. The inhibitory potency of TPL-I can be ascribed to a blocking of
cleavage sites on the DNA substrate, which correlates with the sequence preference of the ligand.

Tolypocladin, a pigmented metabolite derived from the 2-azaanthraguinones have not been reported so far. Topo-
mycelium of Tolypocladium inflatun(1) was identified as ~ isomerases are potential drug targets and a number of
6,7,9-trihydroxy-3-methyl-5,10-dihydrobenzioquinoline- antitumor active compounds or antibiotics inhibit the enzymic
5,10-dione. activity by interference with the DNAenzyme complex@—

The biological role of this metabolite is not yet known. 12) Many inhibitors interact with the enzyme, such as the
Tolypocladin and some derivatives show cytotoxic activity anti-gyrase active compounds quinolones or coumasns (
(Gutsche, unpublished). Atfirst glance the chromophore of 11). The drug camptothecin binds to the DN#£opo-
this class of compounds seems to possess structural similari;g ) araca | complex, but not to the isolated DNA or enzyme
ties to the group of anthracene-9,10-diones, such as mitox—protein ©). On the ,other hand, mitoxantrone as a DNA

antrone 2—4), but it differs markedly with respect to the - ) . .
: : . . . : .. binding agent may also stimulate mammalian topoisomerase
location of the ring nitrogen and various side chain substitu- R
Il cleavage activity in vitro 13).

tions (Figure 1). More recently, a new type of modified

antitumor anthracene-9,10-diones was repoiid (Vhereas In this work we investigated the binding ability to DNA
an intercalative interaction mechanism of mitoxantrone with of tolypocladin (TPL) and two synthetic analogues and

DNA has been widely demonstratedi @, 6, 7, studies with 505516 their inhibitory effects on the activity of DNA
T This work was supported in part by Deutsche Forschungsgemein topoisomerases in vitro. As evidenced from several bio-
schaft (Grant Zi 396/5-1) and Thinger Ministerium fu Wissenschaft,  Physical experiments a TPL analogue (TPL-I, cf. Figure 1)
Forschung U. Kuetur. shows a profound affinity to DNA whereas the parent
* To whom correspondence should be addressed. Ted9 3641 compound TPL is inactive. TPL-I binds to DNA by means
65 7500. Fax:+49 3641 65 7520. E-mail: christoph.zimmer@uni- . . N
of intercalation and inhibits DNA gyrase as well as mam-
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Ficure 1: Chemical structures of 2-azaanthraquinone derivatives.

(A) Tolypocladin, sodium salt (TPL). (B) Tolypocladin analog-I
(TPL-I). (C) Tolypocladin analog-Il (TPL-II).

EXPERIMENTAL PROCEDURES

Materials. DNA samples from calf thymus (CT DNA:
58 mol % AT) and GC-rich DNA fromStreptomyces
chrysomallugSC DNA: 28 mol % AT) were purified and
used as previously describetd]. Synthetic DNA duplex
polymers were from Boehringer (Mannheim) and used
without further purification. Molar extinction coefficients

in base pair (bp) units (for 1 cm path length) were used as

follows: poly(dA)poly(dT) 260 = 12.0 mM cm™; poly-
(dA-dT)-poly(dA-dT), ezs2 = 13.6 mM* cm™; poly(dG-
dC)poly(dG-dC), €254 = 14.2 mMt cm™%; poly(dA-dC)
poly(dG-dT),e2s0= 13.0 mM* cm™. Supercoiled plasmid
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Topoisomerase | was identified by relaxation of supercoiled
pBR322 DNA in the absence of ATP. Topoisomerase Il
was assayed by decatenation of kDNA in the presence of
ATP (19). The purified enzymes were devoid of cross-
contamination. They were dialyzed against storage buffer
(20 mM Tris-HCI, pH 7.5, 1 mM EDTA, 10 mM Nz5,0s,
10 mM 2-mercaptoethanol, 0.2 M NacCl, 50% glycerol) and
stored at—20 °C. The specific activities of the enzymes
were approximately 5x 10° units/mg of protein. One
enzyme unit is defined as the activity fully relaxing (.8
of pBR322 DNA at 37°C in 30 min in a standard assay.
DNA Fragments.The 162 bp restriction fragment from
pBR322 was obtained as previously report2@)the 249
bp EcaRl—Puull fragment containing a high-affinity site for
topoisomerase 116) was isolated from the plasmid pUC-
NC15; it was labeled at the recesseeeBd of theEcoRl
site usinga-[32P]dATP (3000 Ci/mmol) and the Klenow
fragment of DNA polymerase | according to standard
procedures.

Enzyme Assays

Supercoiling reaction of DNA gyrase was described
elsewhere 17, 20, 2). The gyrase-mediated cleavage of
the 162 bp fragment from pBR322 DNA was performed in
the presence of 100 mM ciprofloxacin (Bayer AG, Le-
verkusen) using an assay described previouady.

Relaxation standard assay with mammalian topoisomerase
| and Il has been done using 1 unit of enzyme in 0
reaction mixtures containing 08 of supercoiled pBR322
DNA in 20 mM Tris-HCI, pH 7.8, 150 mM KCI, 10 mM
MgCl2, 1 mM EDTA, 1 mM DTT, 20Qug/mL bovine serum
albumin, and, for topoisomerase Il, 1 mM ATP. Compounds
to be tested were diluted in DMSQo a final DMSO
concentration of 10% in the relaxation assay. This amount
of DMSO does not influence the enzyme activity. The
indicated amounts of inhibitors were preincubated with
supercoiled DNA for 10 min at 37C. The enzyme reactions
were terminated by addition of BL of stopper solution
containing 0.5% sodium dodecyl sulfate, 1 mg/mL proteinase

DNA from pBR322 was isolated according to standard y 244 1 mMm CaGl in 50 mM Tris-HCI, pH 7.8, and
procedures by CsCl density gradient centrifugation or was ;. .bation at 5G¢C for 15 min. After addition of 5L of

purchased from Sigma; the molar absorption coefficient used 0.005%

wasezg = 6.62x 10° M~ cm?; samples differed somewhat
in their superhelix density. Plasmid pUCNC15 was a
generous gift from O.Westergaardgdus, Denmark; cf. ref
15). Tolypocladin (TPL) and two synthetic congeners (TPL-I
and TPL-II, cf. Figure 1) were obtained from the Hans Kno
Institute; extinction coefficients used are TRz = 6.2 x

10 Mt cmy; TPL-I, €563 = 7.63 x 10° M~1 cm™%; and
TPL-Il, €25 =2.01x 1M 1cm™

Restriction enzymes were purchased from Bio Labs;
Klenow enzyme was from Boehringer Mannheini?P{-
dATP was from NEN; and camptothecin was from Sigma.
Kinetoplast DNA (KDNA) was prepared fronCrithidia
fasciculataaccording to Hajduk et al16).

DNA gyrase fromStreptomyces nourseias purified to
homogeneity as reported elsewhet&)( Briefly, a crude
extract obtained from a continuous cultureéSofnourseN840
was applied for purification on a novobiocin-Sepharose
column; the native enzyme A2B2 was eluted with 20 mM
ATP. Eukaryotic topoisomerases | and Il were isolated
simultaneously as described by Strausfeld and Ricli®@r (

bromophenol blue in 50% glycerol, the samples were
analyzed on 1% agarose gels in TAE buffer (50 mM Tris-
acetate, pH 8.0, 20 mM sodium acetate, 2 mM EDTA, 18
mM NacCl). Electrophoresis was carried out at 2 V/cm
overnight. The gels were stained with ethidium bromide and
photographed under UV illumination. Inhibitory effects are
given as IGy and IGy, representing those concentrations of
substances which cause medium or nearly complete inhibition
of enzyme reactions, respectively.

The topoisomerase-mediated DNA cleavage was per-
formed in reaction mixtures of 48L containing 5uL of
reaction buffer (500 mM Tris-HCI, pH 7.6, 250 mM KCl,
10 mM DTT), 2uL of labeled fragment (30 06850 000
cpm; 5-12 ng), 1uL of camptothecin solution (10 mM in
DMSO), 5uL of inhibitor, resulting in the final concentration
as indicated, 2L of glycerol, and 33:L of H,O. Reactions
were initiated by the addition of 2L of topoisomerase |

1 Abbreviations: DMSO, dimethyl sulfoxide; DTT, dithiothreitol;
VM 26, teniposide [4demethylepipodophyllotoxin thenyliderg—
p-glucoside].
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(80 units). Reaction mixtures were incubated for 30 min at
30 °C, and the reactions were stopped with 2000f 0.5%
SDS followed by 5uL of proteinase K (20 mg/mL) and
incubation at 55C for 1 h.

After addition of 1uL of tRNA (10 mg/mL), the samples
were deproteinized with phenol/chloroform, precipitated with
ethanol and resuspended ipl of 80% formamide, 10 mM
NaOH, 1 mM EDTA, 0.1% bromophenol blue, and 0.1%
xylene cyanole FF. After heating for 10 min the samples
(30.000 cpm/lane) were resolved by electrophoresis in 8 M
urea, 8% polyacrylamide sequencing gels in 100 mM Tris-
borate, pH 8.3, and 2 mM EDTA. The cleavage products

were compared with sequencing ladders generated by the

Maxam-Gilbert method. Reaction products were visualized
by autoradiography or a Phosphor Imager system.

Reaction buffer (1&) for the topoisomerase IlI-mediated
DNA cleavage was 500 mM Tris-HCI, pH 7.6, 250 mM KCl,
10 mM DTT, 10 mM ATP, 60 mM MgGJ, and 1ulL of
VM 26 (3.4 mg/mL DMSO) was added instead of camp-
tothecin.

Biophysical Binding Experiments.CD spectra were
recorded on a Jasco 720 CD dichrograph gisirl cmpath
length cell. Sedimentation velocity experiments were carried
out as reported previoush2®) using a Beckman model
Spinco E analytical ultracentrifuge coupled with an AT 386
personal computer for online data acquisiti@3)( Absorp-
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Ficure 2: CD spectra of TPL-I DNA complexes at 0.1 M NaCl,
pH 7. (A) Poly(dA-dT}poly(dA-dT); (B) poly(dAYpoly(dT); (C)

tion spectra were recorded on a Perkin-Elmer Lambda 19 poly(dG-dC)poly(dG-dC); (D) CT DNA. Attached numbers des-
spectrophotometer equipped with thermostated cell holders.ignate total ratiar;, ligand per nucleotide.

In the titration experiments, the extinction at fixed wave-

lengths was measured with sampling times of at least 10 s.marker), the mixtures were loaded into a 5% polyacrylamide
For quantitative binding studies, at least three solutions of 9€! (90 mM Tris-borate, pH 7.6, 2.5 mM EDTA). Gels were

different DNA concentration were prepared gravimetrically
from a DNA stock solution. These solutions were titrated
by adding microliter quantities of a TPL-I stock solution,
arriving at final total TPL-I concentrations of approximately
20uM. Besides the actual titration of DNA with the ligand,

run for 3 h at 0.8V/cm, dried, and exposed on X-ray film
overnight.

RESULTS

CD Binding Studies.Circular dichroism can be used to

the concentration dependence of the spectral properties ofmonitor DNA binding of small organic ligands, in particular

TPL-lI was studied in an analogous way to determine the
parameters of self-association.
spectrophotometric binding studies, binding modeling, and
data handling are described elsewheX4).( Sedimentation

when they are optically inactiv®). Figure 2 shows typical

The procedures used inCD spectra of various DNA complexes formed with TPL-I.

Poly(dA-dT)ypoly(dA-dT) and poly(dG-dCpoly(dG-dC)
exhibit a significant enhancement of the positive CD band

and absorption measurements were made in the presence adround 275 nm in the presence of increasing TPL-I concen-

50 mM Tris-HCI, 1.0 mM EDTA, pH 7.8 at 20C.

Filter Binding Assay.Nitrocellulose filters (Schleicher &
Schill, NC 45, 25 mm diameter) were wet soaked in 0.4 M
KOH for 30 min at room temperature, rinsed with water to
neutrality, and stored in binding buffer (10 mM Tris-HCI,
pH 7.6, 60 mM KCI, 10 mM MgC, 0.1 mM spermidine,
0.1 mM EDTA) at 4°C. Reaction mixtures (11@L)
containing §2P]-5-end-labeled NC14 DNA fragment, to-
poisomerase | or Il (producing 80% of the maximum
obtainable filter binding), and the indicated amounts of the
ligand were incubated for 30 min at room temperature.

tration, the effect of which is more pronounced for the AT-
containing duplex polymer (Figure 2A and C). Because
TPL-I is optically inactive, these CD changes directly reflect
ligand binding to the duplex structures. Strikingly different
behavior is observed for poly(dAjoly(dT), which does not
show a similar large CD binding effect in the presence of
increasing amounts of TPL-lI under comparable conditions
(Figure 2B). The CD titration curves measured at the CD
maxima of DNA complexes more clearly demonstrate the
variation of the binding ability of TPL-I to different DNA's.
As shown in Figure 3, the CD signal progressively increases

Mixtures were then spotted onto prewashed filters using afor the alternating AT- and GC-containing DNA duplex

10-well filtration apparatus from Hoefer. After the filters
were washed under reduced pressureImL/min) two
times with 500uL of binding buffer containing 2%g/mL

polymers and reaches a saturation level at room temperature
of 0.3-0.4, which is the total ratio of TPL-I to nucleotide
(Figure 3, curves 1 and 2). In contrast to that for poly(dA)

of bovine serum albumin, they were dried and counted in a poly(dT) a titration curve with very low CD signals is

Beckman LS 6000 counter.
Gel Retardation Assay.Reaction mixtures with topo-

isomerases | and Il were prepared as for the filter assay.

After addition of bromophenol blue in glycerine (as dye

observed (Figure 3, curve 6), suggesting a weak affinity of
TPL-I to this sequence. The other DNA’s exhibit a CD
binding behavior with somewhat higher affinity when
compared to poly(dApoly(dT), but all of them show distinct
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Ficure 3: CD titration curves of different DNAs with TPL-I in
0.1 M NaCl, monitored at their CD maxima for corresponding
curves as indicated: (1) poly(dA-dPply(dA-dT) at 264 nm; (2)
poly(dG-dC)poly(dG-dC) at 274 nm; (3) poly(dA-d&)oly(dG-
dT) at 271 nm; (4) CT DNA at 276 nm; (5) SC DNA at 270 nm;
(6) poly(dA)-poly(dT) at 255 nm.

lower affinity relative to the alternating DNA duplex. No
similar DNA binding ability was found for TPL or TPL-II

in their CD spectra (data not shown). To characterize the
stability of the most efficient complex formation of TPL-|
with poly(dA-dT)-poly(dA-dT) the influence of increasing
salt concentration was investigated. The CD binding effect
measured at room temperature is 0.4 (total ratio of TPL-I
per nucleotide), is progressively lowered frava = 6 M2
cmtat 0.1 M NaCl (room temperature) the = 4.2 M1
cmtat 1 M NaCl, and becomes totally abolished at2M
NacCl, suggesting complete dissociation of the complex at
high salt molarity (data not shown).

Melting Temperature and Visible Absorbance
Measurements

For DNA—TPL-I complexes at 50 mM NacCl, significant
melting temperature changesT,,) were detected (Table 1).

Burckhardt et al.

In Figure 4 the absorbances measured at the four wave-
lengths selected are given for the CT DNAPL-I complex.
With increasing total ligand concentration, a progressive
splitting of the titration curves obtained at three different
DNA concentrations (which are in the ratio of approximately
1:2:5) can be observed. The curve splitting indicates that a
proper DNA concentration range can be selected in our
binding experiments. The smooth curve in Figure 5 results
from a nonlinear regression analysis including all absorbance
values measured at the four wavelengths and the three DNA
concentrations. For the calculation of thermodynamic pa-
rameters, binding by a single mechanism was assumed and
the model of cooperative binding to a homogeneous chain
of monomeric units with overlapping binding siteZ6( 27
was chosen. Both the binding parameters and the molar
extinction coefficients with their errors can be determined
by this fitting procedure. Like other planar intercalating
drugs, TPL-l shows a strong self-association under our
solvent conditions (results not shown). A dimer model of
self-association was found to be sufficient to correct the free
monomeric ligand concentrations.

In Table 1 are given the binding constaft (for singly
contiguous binding), the cooperativity parametglo = 1,
noncooperative bindingy < 1, cooperative binding), and
the size of a binding sitg (given in base pairs per bound
ligand) for the complexes of TPL-I with polynucleotides and
CT DNA. These data show that the strongest binding of
TPL-I was found for the alternating polynucleotides poly-
(dA-dT)-poly(dA-dT) and poly(dG-dCpoly(dG-dC), a weaker
binding for poly(dA-dCjpoly(dG-dT)] and CT DNA. The
homopolymer poly(dA)poly(dT) binds approximately by
a factor of 4 more weakly compared with the alternating
polynucleotides (Table 1). This result is in agreement with
the magnitude of the TPL-I-induced Cotton effect in the CD
spectral data (see Figures 2 and 3). A distinct GC depen-
dence of the binding strength does not exist. As indicated
by theo values (Table 1), the binding process seems to be
slightly cooperative, meaning that the binding of additional

TPL-I molecules to DNA is favored by the TPL-I molecules
which are already bound. As a consequence of the large

errors estimated, however, the significance of thesalues
is low. The size of a binding site3, with a value of
approximately 2 base pairs per bound TPL-I, corresponds

well to the nearest neighbor exclusion model characteristic

The largest stabilization in temperature occurs for the of intercalating drugs.

complex of poly(dA-dTpoly(dA-dT), which is most pro-

Analytical Ultracentrifugation. The aim of boundary

nounced compared to the other DNA complexes studied atsedimentation experiments on supercoiled DN#kug com-

the same total ratios of TPL-I to nucleotide.
For further quantitative characterization of TPL-I binding,

drug interaction.

plexes was to obtain information about the mode of DNA
Figures 6AC show the sedimentation

the difference spectra between DNAPL-I complexes and  coefficient of the supercoiled form of pBR322 DNA as a
pure ligand were measured. From these spectra whichfunction of increasing drug to nucleotide input ratio for TPL-
exhibited an isosbestic point near 612 nm (results not shown),l, TPL-1I, and TPL, respectively. The observation that the
indicating a single complex type, we selected those wave- sedimentation coefficients of DNA at zero drug concentration
lengths at which the absorbance shows the most sensitivediffer slightly from each other (Figures 6AC) is due to the
responce to the binding of TPL-1to DNA. For this purpose fact that different pPBR322 preparations were used within the
the visible spectral range was chosen since within this regioncourse of this study (cf. Experimental Procedures). It is
only the free and bound ligand and not the DNA contribute obvious that TPL-I has a strong effect on the sedimentation
to the measured absorbance. For DNPPL-I complexes, behavior of covalently closed pBR322 DNA. When increas-
wavelengths of 520, 560, 600, 630, and 750 nm were ing amounts of TPL-lI are added, the sedimentation coef-
selected. The latter one, located beyond the absorption bandficient of the plasmid DNA undergoes the typical fall and
indicates light scattering if aggregates or impurities arise rise (Figure 6A, curve 2), which is known as a characteristic
during the titration procedure. feature of an intercalation proces®8). Progressive un-
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Table 1: Melting Temperature Data and Binding Parameters of TPL-l Complexes Formed with Various DNAs

ATy (°C)
r=0.1 ro=0.2 105 x KL (MY ob B° (bp/TPL-I)
poly(dA)-poly(dT) 2.3 - 1.5+ 0.4) 0.57+0.20 2
poly(dA-dT)-poly(dA-dT) 5.7 10.2 (6.2 0.6) 0.26+ 0.05 1.95+ 0.08
poly(dG-dC}poly(dG-dC) - - (5.8+£1.3) 0.51+0.21 1.88+0.18
poly(dA-dC)poly(dG-dT) 24 - (4.0+ 2.0) 1.274+0.83 1.64+ 0.28
CT DNA 1.4 2.2 (3.3 1.0) 0.40+ 0.20 2.07£0.29
aMeasured in 50 mM NaCl, pH 7, at givep total ligand per nucleotide.Measured in 50 mM Tris buffer solution, 1 mM EDTA, pH 7.8, at
20°C.
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Ficure 4: Titration curves of CT DNA with TPL-I. Absorbance

is plotted as a function of increasing total concentratmnef the
ligand at the selected wavelengths of 520, 560, 600, and 630 nm.
Titrations were made at three initial DNA concentrationd) 10.4

uM; (O) 21.3uM; and (0) 51.3uM in base pairs.

winding of the supercoiled DNA duplex is accompanied by

minima into true drug to nucleotide binding ratios. Since at
the critical input ratio, I(),, the binding affinity to supercoiled
DNA is equal to that of open circular (or linear) DNRY)

and the binding of TPL-I to natural DNA shows no distinct
dependence on DNA base composition, at least in the range
of medium GC content (Table 1), the binding data obtained
on linear CT DNA (Figure 5) may be used as a good
approximation to calculate. for pBR322 DNA (53 mol %

removal and subsequent reversal of supercoils, which on itsgC). The straight line drawn in Figure 5 represents the linear

part produces the responsess seen in Figure 6A. The
curve minimum represents a kind of titration end point at
which the accumulated drug-induced unwinding of the DNA
duplex just compensates the initial linking number deficit,
ALK, of the supercoiled DNA, and, therefore, corresponds
to a supercoil-free state of DNA. In comparison with the
effect of the classical intercalating drug ethidium (used here
as a reference) on the sedimentation coefficient of the sam
DNA (Figure 6A, curve 1), curve 2 is shifted to higher drug
to nucleotide input ratios and exhibits a more asymmetric

e

equation for the balance of the total TPL-I concentratmn,
(22, 30, written in the form

r=r 1q
=r,— -
Cor

1)

wherer is the drug to nucleotide binding ratin,is the total
drug to nucleotide input ratia; is the concentration of free
drug, andc, the total nucleotide concentration. According
to eq 1, the straight line has the intercepts r; for ¢ = 0
and ¢ = ¢ for r = 0O; the valuesr; ¢;) used in Figure 5

shape. The experimental data in the vicinity of the CUIVe yefject the conditions existing at the minimum of curve 2 in
minima were fitted by third-order polynomes to take this Figure 6A. The ordinate of the point of intersection of the
asymmetry into account. The corresponding third-order pinding isotherm with this straight line (Figure 5) yields the
equations were differentiated, and the derivatives were setdesired critical drug to nucleotide binding ratig, for TPL-I
equal to zero in order to obtain, by solving the resulting (Table 2). Analogously, a recently published DNA binding
quadratic equations, the coordinates of the curve minima.isotherm for ethidiumZ2) was used to obtain the value
By this procedure we arrived at the critical drug to nucleo- valid for the minimum of curve 1 (Figure 6A).
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Ficure 6: Effect of TPL-I (A, curve 2), TPL-II (B), and TPL (C) on the sedimentation behavior of supercoiled plasmid DNA from pBR322.
The corresponding curve of ethidium bromide is shown for comparison (A, curve 1). DNA preparations used in A only were identical (cf.

text). Buffer, 50 mM Tris HCI, 1 mM EDTA, pH 7.8 (A, C) plus 25 vol % DMSO (B, cf. text). Arrows in B indicate input ratios at

which partial precipitation of TPL-Il was observed.

Table 2: Critical Input Ratiorg);, Critical Binding Ratior., and
DNA Unwinding Angles¢ of Ethidium and TPL-I

drug o) re ¢ (deg)
ethidium 0.0381 0.0364 26
TPL-I 0.0673 0.0527 18

aCf. the compilation of¢p values in Table VIII of Bauer 32).
b Calculated with the assumptian= 1 (see eq 2 and text).

In contrast to TPL-I, TPL-Il has no significant effect on
the sedimentation properties of supercoiled DNA (Figure
6B). This extremely less water soluble drug was solved in
pure DMSO and stepwise added to a buffered pBR322
solution containing 20 vol % of DMSO, with the result that
the DMSO content of the DNA solution increased from 20
to about 25 vol % during the titration procedure. The
sedimentation coefficients were corrected for the DMSO-
induced change in the viscosity and density of the buffer
solution but not for a possible change in the partial specific
volume of DNA. It seems conceivable that part of the water
forming the immobilized hydration shell of the DNA
molecule is substituted by DMSO which has a higher density
compared to that of water, thus leading to a somewhat lowe
partial specific volume of the DNA. This would explain

influence of TPL, TPL-I, and TPL-Il on the reaction of
prokaryotic and eukaryotic topoisomerases using plasmid
DNA and selected fragments containing defined recognition
sites of the enzymes. Results for DNA gyrase fr@n
nourseiare shown in Figure 7 and Table 3. It is obvious
that TPL-I significantly affects the supercoiling and the
cleavage reaction of gyrase, as indicated by the inhibition
curves below 1Q«M ligand concentration. In contrast to
that TPL-Il causes only a very weak effect; inhibitory con-
centrations are higher than 1M, which means this ligand

is practically inactive (Figure 7). In Table 3 the effects of
all three 2-azaanthraquinones on the supercoiling and cleav-
age reaction are compared including their influence on the
enzyme binding to DNA, measured in the gel retardation
assay. Both the I and IGg values demonstrate that TPL-I

is a potent gyrase inhibitor while both TPL and TPL-II are
inactive compounds. It also indicated that the gyreB3BIA
interaction is very little affected by TPL-I (Table 3; 4
~150 uM), suggesting that the enzyme may interact with
the substrate ligand complex but that the cleavage reaction

ris inhibited. As shown in Table 3, TPL-I likewise inhibits

the relaxation activity of mammalian topoisomerases | and

the small increase of the sedimentation coefficient seen in !l indicated by low 1Go values, while TPL and TPL-Il cause

Figure 6B. Indeed, during titration of naked pGRB1 plasmid
with DMSO we have observed a similar small increase in
S0 of DNA (results not shown). On the other side, this

explanation rules out any influence of TPL-Il on thevalue

of pBR322, meaning that Figure 6B provides no argument
for significant binding of TPL-Il to DNA. Figure 6C

only a very weak or no inhibitory effect. To get information
for the drug effects on distinct cleavage sites of topo-
isomerases we used a restriction fragment from the plasmid
pPUCNC15 containing strong cleavage sites located in dif-
ferent sequence regions. The results shown in Figure 8
demonstrate that the two cleavage sites of topoisomerase |

demonstrates that TPL likewise leaves the sedimentationare affected differently by increasing TPL-I concentration.

coefficient of supercoiled DNA unaffected.

Effects of 2-Azaanthraquinone Deatives on DNA
Topoisomerases

Site 1 becomes inhibited atdM and is totally blocked from

the enzyme-mediated cleavage at drug concentrations higher
than 5uM (Figure 8, arrow 1). In contrast to that, site 2 is
nearly unaffected by the drug and shows a slight weakening

To determine whether the three 2-azaanthraquinones affecof the cleavage activity at 5M TPL-I, suggesting only

the activity of topoisomerases in vitro, we investigated the

that the inhibitory potency of this drug for a single site
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Ficure 7: Influence of TPL-I and TPL-ll on gyrase activity
measured by supercoiling assay with pBR322 DNA and the
cleavage reaction using a 162 bp fragment from pBR322 containing
a single gyrase site) Supercoiling/TPL-I; @) cleavage/TPL-I;

Ficure 8: Influence of TPL-I on the cleavage sites of topoisom-
erase Il located in a DNA fragment from pUCNC15. The gel
electrophoretic analysis is shown for the sequence containing two

(0) supercoiling/TPL-II: ) cleavage/TPL II. The gyrase cleavage prominent recognition sites of the enzyme, cleavage sites 1 and 2.

; ; ; ; ; anes 2-7: 50, 10, 5, 1, 0.1, 0.0&M TPL-I; lane 1, without
ﬁlz;i m’tShS's:(\]/l?éilcr;eéghgl\al\?r:lg%lgsvs.e pairs upstream and downstrea igand; lane 8, G ladder; lane 9, & A ladder. For conditions see

. Experimental Procedures.

ACGCGAGGCTGGATGGCCTTCCCCATTATGAT ' ' ) ) j
100 | ]
TGCGCTCCGACCTACCGGAAGGGGTAATACTA _
T X
c 95l —
2
Table 3: Effect of 2-Azaanthraquinone Derivatives on the Activity § 0
of Topoisomerasés 2 %0 ]
gyrase g a5 |
Topo | Topo Il DNA L;
relaxation relaxation supercoiling cleavageinding % 8ol 1
Iigand |O§o |C90 |C50 |C90 |C50 |Cgo |C50 |Cgo |C50 |C90 E
TPL 50 80 150 300 320 nfd.n.d. nd. 650 400 75
TPL-I 3 9 39 1.3 3 3 10 150 n.d. L ) ) ) ) )
TPL-Il 200 ~400 ~400 n.d. 600 n.d. n.d. nd. nd. n.d. 0 20 40 50 80 100
a]Csp and 1Go mean 50% and 90% inhibition concentration of the UM TPL-I

ligand in uM, respectively. Topoisomerases | and Il were from calf
thymu_s, gyrase was fro@. nourseiand assays are as _described under tonoisomerase | and topoisomerase |l complex with the DNA
E};ﬂ%ggﬁmél Proceduresn.d., not detectable, which means no frzfgment NC14. The amgunt of radioactive DFIJ\IA retained on the
filters in the absence of TPL-I was taken as 1004&). Topo [; (@)

depends on the sequences around this site. Very similartoIOO N i i
results were obtained in experiments with mammalian Gel retardation experiments also showed no pronounced
topoisomerase Il in the presence of VM 26 using the same displacement of the enzymes by TPL-I from their DNA
restriction fragment (data not shown). complexes (data not shown).

Filter retention assay has been u_sed to investigate WhetherDISCUSSION
TPL-I can compete with mammalian topoisomerases and
displace the enzymes from thecaRI—Puull fragment. Modified compounds of the anthracene-9,10-dione struc-
Using the 5-end-labeled fragment in the presence of mam- ture with a 2-aza-ring comparable to mitoxantrone were
malian topoisomerase | and Il the enzynigNA complexes shown to possess antitumor activity, but their affinity to
are trapped on the filter while the free fragment passes nucleic acids is less characterizé&). ( The results presented
through it. The amount of radioactive DNA retained on the here demonstrate the binding to DNA of a 2-azaan-
filter by bound enzymes (100% in Figure 9) decreased to thraquinone related to tolypocladin (TPL) hitherto not
about 75% and 80%, respectively, after preincubation of the reported. The analogue of TPL bearing a (dimethylamino)-
fragment with increasing drug concentration. These dataethylamino side chain (TPL-I) was shown to bind only by
reflect that the affinity of both mammalian topoisomerases intercalation with a high preference to alternating purine
to this DNA fragment is diminished by TPL-I only partially.  pyrimidine sequences in duplex DNA as judged from CD

Ficure 9: Influence of TPL-l on the filter binding of the
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and sedimentation measurements (Figures 3 and 6). Inthis interpretation cleavage sites of mammalian topo-
contrast, almost no comparable binding to DNA has been isomerase | located in discrete regions are influenced by
found for the parent compounds TPL and TPL-Il. TPL-I TPL-I differently in a sequence-dependent manner. As
only exhibited a significant increase in tfig value (Table shown in Figure 8, TPL-Il inhibits site 1 of topoisomerase |,
1) in agreement with the highest binding constant observedlocated near the alternating puringyrimidine sequences that
for alternating purine-pyrimidine duplex DNA such as poly-  represent potential intercalative binding regions of this ligand
(dA-dT)-poly(dA-dT) with K, value of ~ 6.2 x 10° M~* and hence it disturbs cleavage reaction. Different from this
(Table 1). Therefore the intercalative binding of the FPL  cleavage, site 2 is not influenced under comparable condi-
chromophore requires a lengthened and positively chargedtions, which we can ascribe to the AT-containing homo-
side chain, which is guiding the ligand to the DNA duplex oligonucleotide sequencéf) flanking this site.
structure. The data collected in Table 2 show thatrthe Since the affinity of TPL-l to poly(dAjpoly(dT) is
values for ethidium and TPL-I differ considerably from each significantly lower than to the alternating purinpyrimidine
other. This observation may be discussed on the basis ofstructure the enzyme can release the weakly bound ligand
the eq 2 81) from DNA. Thus, the inhibitory potency of TPL-I on topo-

isomerase activity we may correlate to the preferred inter-

(2) calative binding of this ligand in alternating puriapyrimi-

dine sequences as underlined by our biophysical results.
wherea’ anda are the respective fractions of the reference  To summarize, this investigation demonstrated the sequence-
drug ethidium and of TPL-l which are bound in such a way preferred binding of TPL-l which occurs by means of
as to induce unwinding of the DNA duplex ard and ¢ intercalation and suggests the usefulness of this type of ligand
are the unwinding angles per bound ethidium and TPL-I as a potential inhibitor of topoisomerase in vitro. A struc-
molecule, respectively. The consensus value for the unwind-ture—activity relationship with respect to the DNA binding
ing angle of ethidium amounts ¢ = 26° (32). Under our ability and anti-topoisomerase activity is clearly indicated
experimental conditions, indications to another binding mode by the results. Studies with these types of drugs bearing
of ethidium differing from intercalation were spectroscopi- new side chains of different structure may be useful in pro-

org = a'rg’

cally not detectable2Q); the free EB concentrations of about
1 x 1077 mol/L prevailing at the minimum of curve 1 (Figure
6A) are too low for a significant outside binding of ethidium.
Therefore,a’ should be 1. With the assumption that the
unwinding of DNA by TPL-l is likewise due to a single mode
of interaction of the drug with DNA (i.eq = 1), we arrive
at a value of about I8for the DNA unwinding angle of
TPL-I (Table 2), which is comparable to that known for
nogalamycin or proflavine3d). TPL-I intercalation pref-
erentially occurs most probably in alternating purine
pyrimidine sequences, as evidenced by the higher affinity
of TPL-I for poly(dA-dT)-poly(dA-dT) and poly(dG-dG)
poly(dG-dC) than for poly(dApoly(dT) (Figures 2 and 3).
The structure-dependent DNA binding ability of TPL-I,
TPL, and TPL-Il is clearly reflected in their potency to inhibit
the activity of topoisomerases. While TPL and TPL-Il are
nearly ineffective, TPL-I affects all three types of topo-
isomerases investigated. DNA supercoiling mediated by
DNA gyrase and the relaxation reaction of mammalian
topoisomerases | and Il were efficiently inhibited by TPL-I
as indicated by the I§ and Gy values (Table 3). These
values may represent the overall effect on different recogni-
tion sites of topoisomerases contained in pPBR322 DNA. To
obtain more insight into the enzyme-mediated reaction at
the molecular level, fragments with distinct cleavage sites

of known sequence (see legend of Figure 8) were used as

substrates. Obviously, binding of gyrase to the 162 bp
fragment containing a single cleavage site is not essentially
influenced by TPL-l whereas the cleavage reaction on a
single site is clearly inhibited by this ligand (Figure 7 and
Table 3). It appeared that gyrase can bind to the preformed
DNA—TPL-I complex, but the enzyme is prevented from
cleaving the DNA fragment. This may be explained by
interaction of TPL-I with several short alternating purine
pyrimidine sequences surrounding the cleavage region, which
in turn affects the double-strand breakage but not the affinity
of the enzyme to the 162 bp fragment. In agreement with

viding new drug combinations.
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