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SUMMARY
The sequence specificity of DNA-binding by monoaza- and
diaza-anthracenedione analogues of mitoxantrone (MX) has
been investigated by DNase I footprinting and spectroscopic

techniques. More than 1 00 sites cut by the enzyme were Se-
quenced on three pBR 322 and simian virus 40 DNA restriction
fragments. Different inhibition and stimulation effects were ob-
served as a function of the structural properties of each drug. A
gradual change was found from MX to monoaza derivatives
and from these to diaza derivatives, corresponding to a broader
distribution of drug-inhibited regions. In addition to almost all
sites found with MX (38 of 44), 29 new inhibition sites were
observed using the diaza compound BBR 2894. The sequence
analyses in terms of base doublets or triplets confirm the pref-

erence of MX for alternating pyrimidine-purine sites, the most
significant triplet sequences being (5’ to 3’) CTA, GCA, TAC,
ACT, CAC and hA. In addition to MX sites, BBR 2894 seemed
to bind efficiently to pyrimidine-pyrimidine-pyrimidine or pu-
rine-pyrimidine-pyrimidine triplets containing CT or TC motifs.
Differential cleavage plots essentially confirmed the above re-
suIts. Spectrophotometric and chiroptical studies showed a
decreased DNA-binding affinity and a modified geometry of
intercalation when nitrogen replaces carbon in the anthraqui-
none ring. These results can be useful for understanding the
substantially different biological responses exhibited by aza-
substituted anthracenediones when compared with their non-
substituted, pharmacologically relevant congeners.

In human cancer therapy, MX is probably the most effec-

tive compound among synthetic anthraquinone derivatives

related to anthracycline antibiotics (1). Because of its wide-
spectrum anticancer activity, MX is currently used in the
treatment ofnumerous malignancies, such as leukemia, lym-

phomas, and ovarian and breast cancer (2).
The drug has a planar ring system that is able to interca-

late into DNA and two positively changed side chains that

strengthen the affinity for nucleic acids (3). These facts are

believed to be related to the drug’s mode of action and toxic-
ity, because NIX-induced cell death is invariably accompanied

by DNA fragmentation. The latter can be accounted for by at
least two main mechanisms: one, which is associated with

protein, involves trapping of a protein (topoisomerase II)-
DNA cleavable intermediate (4-6), whereas the other, a
non-protein-associated mechanism, is related to redox cy-
cling of the anthracenedione moiety, which produces damag-

ing free-radical species (7, 8). In both cases, the distribution

of damage along the DNA chain is not random but obeys well
defined specificity criteria that are related to drug structure

(9-12).
MX has been widely investigated in terms of specificity for

This work has been carried out with the financial support of Associazione
Italiana per Ia Ricerca sul Cancro.

DNA with the use of spectroscopic and footprinting tech-

niques as well as theoretical calculations (3, 13-18). Al-

though not all reports agree, MX seems to prefer intercala-

tion at 5’-pyrimidine-purine-3’ steps. An additional element

of discrimination seems to be located at the base preceding

the pyrimidine, so that the drug recognizes triplets rather
than pairs of bases, the most effective consensus sequences

being (A/T)CA and (A/T)CG (15). A similar three-base recog-

nition motif has been proposed for anthracyclines on both

theoretical and experimental bases (19-2 1).

A large number of MX derivatives intended as more effec-

tive anticancer agents have been investigated during the last

few years (22, 23). Although most of the modifications were

located in the side chains, more recently, changes have been

introduced into the anthracenedione moiety, too. In particu-

lar, the carbon-to-nitrogen isostenic substitution has received
increasing attention and has led to the development of the

aza-anthraquinone family, which exhibited a spectrum of

biological activity distinct from that of MX (24-28). In fact,

protein-associated DNA damage is dramatically decreased,

whereas free-radical damage still seems to occur to a consid-

enable extent (29, 30).

Differences in selective targeting of aza-anthraquinones

onto DNA might play a major role among factors responsible

for the distinct pharmacological behavior shown by otherwise

ABBREVIATIONS: MX, mitoxantrone; SV4O, simian virus 40.
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Fig. 1. Molecular structure of the test anthracenedione derivatives.

very similar compounds. An evaluation of sequence-specific

binding of the new drugs to the nucleic acid represents,

therefore, an essential step toward gaining a deeper insight

into structure-activity relationships. We will present here an

investigation on the DNA sequence preference of mono- and

diaza-anthracenediones (Fig. 1), along with MX, using both

spectroscopic and DNase I footpninting techniques.

Experimental Procedures

Materials. BBR 2778 [6,9-bis{(2-aminoethyl)aminolbenzolg]iso-

quinoline-5,10-dione�, BBR 2378 [6,9-bis[(2-dimethylaminoethyl)-
amino]benzo[g]isoquinoline-5,10-dione], BBR 2868 [6,9-bis[(2-

aminoethyl)amino]benzo[g]isoquinoline-5, 10-dione-2-oxide], BBR

2867 �6,9-bis[(2-dimethy1aminoethyl)amino1benzo[glisoquinoline-

5,10-dione-2-oxidel, BBR 2894 {6,9-bis[(2-aminoethyl)aminolbenzo-

[g]phtalazine-5,10-dionel, and MX were synthesized according to

Krapcho et al. (25, 26). Stock solutions (2 mM) were prepared in water

and stored at -20#{176}.These solutions were diluted to the appropriate

concentration in the working buffer immediately before use.

DNase I, poly(dA-dT) and poly(dG-dC) were purchased from

Sigma (St. Louis, MO) and used without further purification. pBR

322 and SV4O DNAS were purchased from Boehringer Mannheim

(Mannheim, Germany).

DNA fragments. Three 5-end-labeled DNA fragments were
used: an AccI-EcoRI fragment of pBR 322 DNA labeled at the AccI

site, a TaqI-EcoRI and a BamHI-AccI fragment ofSV4O DNA labeled

at the TaqI and BamHI sites, respectively.

The DNA labeling procedure was essentially as previously de-
scribed (10). Briefly, the DNA was first linearized with the appro-

priate restriction enzyme under the conditions recommended by the

supplier. DNA was dephosphorylated with calf alkaline phosphatase

(Boehringer Mannheim) and then labeled with [y-32PIATP and T4
polynucleotide kinase. After phenol-chloroform extraction and etha-

nol precipitation, DNA was digested with the second restriction

enzyme. The uniquely 5-end-labeled DNA fragments were then
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separated by 1% agarose gel electrophoresis and electroelution. The

fragments used allowed us to examine drug-DNA interaction from

nucleotide -2520 to -2410 and from 4750 to 4855 in SV4O and from

nucleotide 2250 to 2370 in pBR 322.

DNase I footprinting. 20,000 cpm of 5-labeled DNA was mixed

with unlabeled DNA (final concentration, 20 j.tr�I) and scalar concen-
trations ofthe test drugs in DNase I buffer (40 mM TrisHCl, pH 7.9,

10 mM NaCl, 6 mM MgCl2, and 0.1 m�t) CaC12. The mixture was

incubated for 30 mm at 30#{176}and then cooled to 4#{176}.At this tempera-

ture, DNase I was added (0.5 units in a final volume of 20 jJ). The

reaction was stopped at different times by cooling in ice and adding

10 jtl of6O mM EDTA and 60 M1 ofstop mixture (10 mM TrisHCl, pH

8.0, 0.1 mM EDTA, 450 mr�i NaOAc, 2 �xg/pJ salmon sperm, 5 �xg4tl

yeast tRNA). After ethanol precipitation, the fragments were

washed, dried, suspended in sequencing loading buffer (80C% form-

amide, 10 mM NaOH, 1 mr�i EDTA, 0.1r% xylene cyanol, 0.1�% brom-

phenol blue), heated for 2 mm at 90#{176},chilled in ice and loaded onto

8% denaturing polyacrylamide gel ( 19: 1 ) in Tris/borate/EDTA buffer

(89 mM Tris base, 89 mM boric acid, 2 m�I Na2EDTA). Gels were

transferred to Whatman 3MM paper (Whatman, Maidstone, UK),

dried under vacuum at 80#{176},and autoradiographed (Amersham Hy-
perfilm MP; Amersham, Arlington Heights, IL) at -70#{176} with an

intensifying screen ( 14). Autoradiographs were scanned on a Shi-

madzu dual wavelength chromato scanner CS-9930 and data re-

corded on a Shimadzu DR-2 apparatus (both from Shimadzu Europe

GMBH, Duisburg, Germany).
For each phosphodiester bond, the fractional cleavage in presence

or absence ofthe drugs was calculated as (area under the peak )/( total

area). Comparison was carried out on lanes in which digestion was

similar and not too extended to reduce the incidence of multiple cuts

in any one strand. Data were reported as lln(/,)-ln(/J1 were f,� is the

fractional cleavage at any bond in the presence of the drug and /. is

the fractional cleavage of the same bond in the control, so that

positive values indicate enhanced cleavage whereas negative values

represent ligand protected sites. Graphical representations were

obtained plotting the average of[ln(f,,)-ln(f)l at any bond with those

of its two nearest neighbors (31).

DNA binding. The DNA binding properties of test compounds

were investigated spectrophotometrically on a Perkin Elmer Lamba

5 Spectrophotometer (Norwalk, CT) in the drug absorption range.
Titrations were carried out in EDTAJTris/NaCl buffer ( 10 mM Tris, 1

mM EDTA, NaCl to the desired ionic strength, pH 7.0). In the ionic

strength range 0.1-0.25 M, the presence ofan isosbestic point during

titration with DNA allowed an evaluation ofthe fractions offree and

bound ligand. To avoid large systematic inaccuracies caused by to

experimental errors in extinction coefficients, the range of analyzed

bound drug fractions was 0.15-0.85. Data were evaluated according

to the McGhee and Von Hippel method (32), which yields the intrin-

sic binding constant, K, , and the exclusion parameter, ii.

Chiroptical Studies

Circular and linear dichroism spectra were recorded on a Jasco

500A Spectropolarimeter interfaced with a Jasco 501N data proces-

sor (both from Jasco, Tokyo, Japan). Experimental data were ana-

lyzed on a Compaq MT 4/66 Personal Computer. Quartz cells that

had 10-mm path-lengths were used, and 4-8 scans were accumu-

lated for each measurement. Linear dichroism spectra were recorded
on the same spectropolarimeter equipped with a cylindrical cell with

1-mm optical path-length. Orientation of DNA was achieved by ro-

tating the inner cell wall at 900 rpm.

DNase I Footprinting

Results

DNase I footprinting experiments (33) were performed on

three DNA restriction fragments from pBR 322 and SV4O in

the presence or absence ofthe test drugs. As in the case of MX
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(14), enzyme digestion at 37#{176}showed no clear drug-induced

modification of the cutting pattern. On the contrary, at 4#{176}

(Fig. 2), drugs interfere efficiently with DNase I cleavage,

generating a footprinting pattern that is clearly distinctive

when comparing the aza derivatives with the parent anthra-
quinone MX. Characteristic features of the footprinting pat-

tern are designated in Fig. 2 (arrows). In fact, positions
-2475 and -2496 in Fig. 2A represent strong stimulation

sites for MX but not for the aza analogues, whereas around

positions -2426 and -2442, aza compounds modify DNase I

cleavage to a much larger extent than does MX. Further
examples of clear-cut differences between MX and the other
derivatives are indicated in Fig. 2B.

The effects of drug concentration and time of incubation

upon cleavage were also evaluated. In general, to induce a

significant modification of the DNase I cleavage pattern, a

higher concentration of aza-anthraquinone derivatives was

A

required in comparison with MX. This may be because of a

reduced affinity of the new compounds for the DNA target.

Increasing the incubation time leads to a loss of the protec-

tion/enhancement pattern, which is probably connected to

the reversible nature of the drug-DNA binding process (34).

This is particularly evident with the monoaza derivatives; a

5-mm incubation is enough to lose the footpninting informa-

tion (compare the appropriate lanes a and b in Fig. 2B).

The DNase I cleavage patterns presented in Fig. 2 allow an

evaluation of template sites at which cleavage is inhibited or

enhanced. Indeed, a modulation in the response is observed

as a function of drug structure; MX and the diaza derivative

are the most divergent, and all monoaza derivatives exhibit

an intermediate behavior. Moreover, compounds that have

the same ring system exhibit almost identical cleavage pat-

terns, regardless of the side-chain structure. Hence, MX and

BBR 2894 were chosen as the key representatives of two

B
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Fig. 2. Autoradiographs of DNase I footprinting of the test anthracenediones on restriction fragments that were 5-end labeled with [y-32P]ATP.
The products of DNase I digestion (2.5 units/mI) carried on at 4#{176}were resolved on a 8% polyacrylamide gel containing 7 M urea. Lane C, labeled
DNA incubated without drugs or enzyme; lanes DNase I, products of enzyme digestion in the absence of drugs; lane A+G, Maxam-Gilbert purine
markers used for reference. Arrows, characteristic features of the footprinting pattern. A, SV4O (BamHl-Accl restriction fragment). The concen-
tration of BBR derivatives is 10 ,.tM and the incubation time is 1 mm. The concentrations of MX are: lane a, 10 �tM, 1-mm incubation time; lane b,
1 �tM, 1-mm incubation time; lanes c, d and e, 5 �M, 5-mm, 1 -mm, and 1 0-sec incubation times, respectively. Lanes a, b, and c, incubation times
for DNase I alone, 5 mm, 1 mm, and 10 sec, respectively. B, SV 40 (Taql-EcoRl restriction fragment). Drug concentration is 10 �M for aza derivatives

and 5 �tM for MX. Lanes a and b, 1 - and 5-mm incubation times, respectively.
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TABLE 1

Modification of DNase I cutting induced by mitoxantrone and
BBR 2894 on SV4O and pBR 322 fragments
Data are analyzed in terms of base doublets.

Sequence
(5__*3) N� DNase ,b

MX

IC S�’

BBR 28

l�

94

S’

A A 16 3 1 1 1 1
T T 26 9 2 1 8 0
A C 20 10 6 3 3 8
G T 16 6 5 1 4 2
A G 23 12 4 5 6 3
C T 23 13 7 4 12 2
A T 25 14 4 3 7 4
T A 20 3 3 2 2 2
T C 16 11 1 3 10 3
G A 13 1 0 0 0 1
T G 19 10 4 1 8 0
C A 35 5 1 2 1 0
C C 23 1 0 2 0 9
GG 9 1 0 0 0 2
CG 8 5 2 0 4 0
G C 22 4 4 1 2 5

a number of selected sequences in examined DNA fragments.
b number of selected sequences cut by DNase I.
C sites of drug inhibition of DNase I cutting.
d sites of drug stimulation of DNase I cutting.

different specificity patterns. A comparison of their effects on

DNase I cutting is given in Table 1, where drug-induced

inhibition or stimulation is reported for each base-pair an-

rangement.
We were able to analyze 323 base pairs and to identify 108

sites cleaved by DNase I alone. In the presence of MX, 44

sites are inhibited and 29 are enhanced to different extents,

whereas the diaza derivative inhibited 68 sites and stimu-

lated 42.
Hence, BBR 2894 exhibits a larger number of inhibition

and stimulation sites, which points to the recognition of a
larger variety of base arrangements. Interestingly, almost

90% (38 of 44) of all sequences that are protected by MX are
also protected by BBR 2894. Therefore, the vast majority of

MX binding sites are shared by the diaza derivative. In

addition, the diaza derivative shows 30 new protection sites.

Two-base analysis. Table 1 seems to indicate that, in our
DNA fragments, not all base doublets are cut by DNase I

with the same efficiency. In particular, such sequences as

CC, GG, GA, AA, and TA are poorly recognized by the en-
zyme. Hence, a modulation in the cutting frequencies in-

duced by the drug at these sites cannot be safely analyzed.

However, even from the simple two-base analysis, it is evi-

dent that the two drugs exhibit modified preferences. If an-
thraquinone inhibition effects are considered indicative of

drug location along the DNA chain, it can be inferred that

MX prefers alternating sites such as AC, GT, TG, GC, CG,

whereas BBR 2894, in addition to alternating CA and CG,

can be located at pyrimidine-pyrimidine sites such as TT, CT
and TC, most ofwhich are not recognized by the parent drug.

Triplet analysis. Because the location of the bound drug

may not always coincide with the enzyme cutting site and the

template occupancy by MX (and possibly BBR 2894) may

span as many as 3 base pains (3), a statistical examination

has been extended to flanking bases as well. Considering 2

bases 5’ and two bases 3’ of the cutting site seems to be

sufficient to give an overall consistent picture of the sequence

TABLE 2

Modification of DNase I cutting induced by mitoxantrone and
BBR 2894 on SV4O and pBR 322 fragments
Data are analyzed in terms of base triplets DNase I cuts occur between the bases
in capital letters.

Sequence

(5’-..43’)

ONase �?

MX

lb 5C

BBR

b

2894

5C

yVYn 26 8 8 23 15
nRRr 11 3 4 6 6
rYYn 8 2 2 7 0
nRRy 6 2 2 1 1
nYYy 16 4 6 14 15

rRRn 4 1 1 2 2
nYYr 18 6 4 16 0
yRRn 13 4 5 5 5
yYRn 12 7 1 9 2
nYRr 10 3 3 5 2
rYRn 11 3 4 6 0
nYRy 13 7 2 10 0
yRYn 28 15 4 12 18
nRYr 26 16 5 11 10
rRYn 6 4 4 4 1
nRYy 8 3 3 5 9

a number of selected sequences cut by DNase I
b sites of drug inhibition of DNase I cutting
C sites of drug stimulation of DNase I cutting

preferences exhibited by the test drugs (Table 2). In fact,

extending the examination to a larger number of flanking

bases did not alter the specificity outcome to an appreciable

extent (not shown).
The data are presented here in terms of purine (R) and

pyrimidine (Y) triplet combinations. The marked difference

in drug distribution emerging from Table 1 is still evident. In

agreement with previous results (14-16), MX clearly recog-

nizes alternating sequences. From the present analysis it is

particularly effective with 5’-yRY-3’ (and the complementary

5’-RYr-3’), 5’-Y�Ry-3’ and 5’-yYR-3’ (DNase I cuts occur be-
tween the bases in capital letters). Also, BBR 2894 seems to

be effective on alternating sites; in this case, however, the

most effective recognition occurs at sequences 5’-YRy-3’ (and

the complementary 5’-nYR-3’) and 5’-yYR-3’. Moreover, the

diaza derivative is able to interfere efficiently with 5’-yYY-3’,

5’-nYY-3’ and 5’-YYr-3’ triplets.

The efficiency in DNase I cleavage inhibition by the test

drugs, considering individual base triplets (together with

their complementary counterparts), is reported in Fig. 3.

Because of the low occurrence of some of the sequences, only

significant data are presented. These account for 24 of 32

possible triplet pairs.

The frequency of DNase I inhibition of MX suggests CTA,

GCA, ACT, TAC, CAC and TTA (along with their complemen-

tary triplets) as the most significant. On the other hand, such

sequences as ATC, TCA, TCC, and CTC (in general, TC-

containing triplets) are very poorly affected, which should

correspond accordingly to low affinity targets for MX. We fail

to find (AJT)CA preferences (7 inhibitions of 20 sites) and

cannot get reliable information about the under-represented

(A!F)CG.

In the case of BBR 2894, there is a general increase of the

frequency of inhibition and 13 sequences of 24 experience

more than 75% protection of DNase I sites. This confirms the

increase in the number of accepted triplets, which come-

sponds to less stringent requirements for drug binding to
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Fig. 3. Sequence specificity of DNase I cleavage inhibition induced by
MX and BBR 2894. Bottom, contribution of “non-MX sites” (U) to total
inhibition (a). DNase I cutting occurs either between the first and the
second base or between the second and third base.

DNA. As mentioned before, 38 of 68 BBR 2894 sites are in

common with MX and share the same specificity require-

ments. The contribution to total inhibition arising from the

remaining 30 “non-MX” sites is presented in Fig. 3 (black
bars). The most relevant effects are at the level of YYY

triplets, in particular YCT or CTY, and RYY triplets, the

most distinctive being GTC, which is never found in the

“MX-like” sites. On the other hand, low affinity sequences are

characterized by two adenines located in the first and third

positions.

Differential cleavage patterns. Representative differ-

ential cleavage patterns obtained from densitometric analy-

sis are reported in Fig. 4. A comparison between BBR 2894

and MX shows that, on the average, the two drugs are char-

acterized by a similar distribution of footprints along the

DNA chain. The main difference is represented by a frequent

1 on 2 base-pair shift of the maximum stimulation or inhibi-

tion effect. Again, all MX suppression footprints are common

to BBR 2894, which is further characterized by a number of

new inhibition sites that occur in pyrimidine-rich regions.

These facts confirm the data presented above.

Almost every protected sequence is associated with some

enhancement of the cutting at nearby sites. As proposed in

the literature, this is possibly attributable to both a mass

action effect and a local deformation of DNA structure upon

drug binding, which renders accessible sites more susceptible

to enzyme cutting (35). Drug-enzyme and ternary drug-en-

zyme-DNA interactions could also play a role in increasing

cutting efficiency.

Thermodynamics and Stereochemistry of DNA-Binding

Spectrophotometric titrations. To evaluate the ther-

modynamic and stereochemical effects of the carbon-to-nitro-

gen isosteric substitution on drug binding to DNA, the inter-

action between MX and BBR 2894 with DNA of known

sequence was investigated using spectrophotometric tech-

niques. In particular, the alternating polynucleotides

poly(dA-dT) and poly(dG-dC) were examined. The results are

reported in Table 3. Our data for MX are in very good agree-

ment with literature reports of similar experimental condi-

tions and confirm the drug preference for GC sites over AT

sites (3). BBR 2894 binds to DNA with an affinity of at least

1 order of magnitude lower than that of MX at physiological

conditions. This is consistent with the remarkably higher

aza-anthraquinone concentration required to yield good foot-

printing data (Fig. 2). Like MX, BBR 2894 binds preferen-

tially to GC sequences, albeit with a lower specificity (KGC/

KAT 2 for BBR 2894 and 4 for MX).

Chiroptical studies. DNA unwinding and linear dichno-

ism experiments indicate that monoaza- and diaza-BBR de-

rivatives are intercalating agents (30, 36). Induced circular

dichnoism is observed for the test compounds in the visible

region in the presence of poly(dG-dC) and of poly(d.A-dT)

(Table 3). For BBR 2894, induced rotational strength is neg-

ative using both polynucleotides, whereas for MX it is posi-

tive and more intense. Hence, BBR 2894 and MX exhibit a

substantially different orientation of the planar chromophore

in the drug-DNA intercalation complex (37-39).

Discussion

The carbon-to-nitrogen isostenic substitution causes impor-

tant changes in the recognition of DNA sequences by the

anthracenedione derivatives. Not only is the strength of bind-

ing substantially altered but also the drug location along the

nucleic acid is remarkably rearranged. The presence of two

hydroxyl groups at positions 1 and 4 of the planar moiety in

MX could also contribute to different sequence specificity, as
recently reported (40). However, DNase I footprinting exper-

iments with either MX or its 1,4-dehydroxyl congener, amet-

antrone, gave almost superimposable DNA cleavage patterns

(not shown), which suggests that a minor role (if any) is

played by -OH substitution in this context. This is in keep-

ing with identical sequence preferences exhibited by MX and

ametantrone in stimulating topoisomenase Il-mediated DNA

cleavage (41).

The DNase I footprinting experiments with MX confirm in

part previous literature data, which indicated that 5’-pyrim-
idine-purine-3’ was a general binding preference (14, 16).

However, we fail to find 5’-(A/T)CA and 5’-(A/T)CG as the

principal consensus sequences, as suggested by a careful
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Fig. 4. Differential cleavage plots comparing the suscep-
tibility to cutting by DNase I in the presence of 5 �tM MX
(solid line) or 10 �M BBR 2894 (dotted line). Negative
values correspond to ligand-protected sites, positive val-
ues to enhanced cleavage. A, SV4O (BamHl-Accl restric-
tion fragment). B, SV4O (Taql-EcoRl restriction fragment).
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TABLE 3

Effects of DNA sequence upon DNA-binding affinity and chiroptical properties in O.15M EDTA/Tris/NaCI buffer, pH 7.0, 25#{176}

DNA sequence

MX BBR 2894

DNA-binding affinity
Induced circular dichroisma

(molar ellipticity)
DNA-binding affinity

nd uced circular dichroisma
(molar ellipticity)

K,x 1O5M_lb k;x lfJ5M15

poly (dA-dT) 10.8 ± 1.1 +5,500 0.95 ± 0.4 -1,700

poly (dG-dC) 39.8 ± 2.6 +7,500 2.1 ± 0.5 -3,500
a In the drug absorption region.
b Intrinsic binding constant.

sequence analysis examining MX-induced transcriptional in-
hibition on the 497 base-pair fragment that contains the UV5

promoter (15). (APF)CG-containing triplets were found to be

cut only twice by DNase I in our experiments. In both in-
stances, cutting was inhibited by MX. Hence, they could

represent effective binding sites for the anthraquinone, al-

though the number of observations is too small to draw any
statistically relevant conclusion. Instead, the (AJT)CA triplet,

cut significantly (20 times) by DNase I in the examined DNA
fragments, is inhibited in 7 instances (35%) only. This seems

to be an indication of poor rather than efficient recognition,

especially when the above data is compared with the figures

obtained for other sequences. On the other hand, triplets
favored on the basis of the present footprinting analysis are

found in six of the 14 sites of blocked transcripts induced by
MX. Thus, a reasonably consistent picture of MX sequence
preferences emerges from the comparison of data obtained

using different experimental techniques and test conditions,

which points to the reliability of the analytical methods de-
scribed above.

An examination of most effective MX-binding sequences
reveals that the base flanking the pyrimidine-purine inter-

calating pair is almost invariably a pyrimidine. Taking for

granted that the planar portion of MX is inserted between

two alternating bases (3, 16), the third base in the triplet

should accommodate the hydroxyethylaminoethylamino side

chain, which is believed to play an important role in recog-
nizing the topoisomerase Il-DNA cleavable complex. Inter-

estingly, the sequence specificity for MX to induce topoisom-
erase Il-mediated DNA cleavage is a pyrimidine located

toward the 5’ end of the cutting site. Hence, recognition in

the drug-DNA-enzyme complex seems to relate well to nec-
ognition of DNA alone by MX.

The specificity of BBR 2894 for DNA is less pronounced,
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just as its binding affinity is lower. Interestingly, two sets of
preferred binding sites are observed. The first, accounting for

57% of total inhibition, overlaps that found for MX almost
perfectly. The second shows a new, unprecedented character-
istic of the aza-anthraquinones: the preference for 5’-YCT,
5’-CTY, and 5’-RTC regions. Taking into account these extra

sites will cause a more even distribution of the drug along

DNA (Figs. 3 and 4). Our results imply also the ability of the
drug to intercalate into DNA sequences that are not recog-

nized by MX, which requires a higher flexibility of drug

orientation into the base-pair pocket and, in any event, a
modified binding geometry with reference to the parent an-

thraquinone. Indeed, as shown in Table 3, the sign of induced
circular dichroism is reversed and the molar ellipticity is
considerably altered when comparing DNA-bound MX with

DNA-bound BBR 2894.
Similar observations apply to the monoaza-anthraquino-

nes (not shown). Indeed, they also exhibit the two sets of

DNA recognition sites, with the MX-like sites accounting for

70-85% ofthe total inhibition ofDNase I cleavage. They also
show a modified intercalation geometry and a reduced (in-

termediate) binding to DNA. The aza-anthraquinones lack

the OH groups at position 1,4 of the tricyclic ring system.

Along with a different stereochemistry of the intercalated

complex, that fact may account, at least in part, for the loss

of affinity for the nucleic acid. In addition, different contri-
butions from the side-chain groups (MX contains two extra
hydroxyls) may further affect thermodynamics of complex
formation.

Finally, it is worth trying to correlate DNA-binding prop-

erties ofthe test drugs and their biological responses. In fact,
DNA interaction is suggested to be a necessary component
for mediating aza-anthracenedione-induced cell death, al-

though it cannot fully account for differences in cytotoxic
potential (36, 42).

Indeed, although MX acts mainly via interference with the

topoisomerase Il-DNA cleavable complex, BBR 2894 is Un-
able to inhibit the enzyme but still preserves cytotoxic prop-

erties by generating a remarkable number (considerably

larger than MX) of non-protein-associated DNA breaks (30).
Loss of stimulation of topoisomerase II mediated DNA

cleavage cannot be attributed to lack of recognition of MX
sites by BBR 2894, because the footprinting data show that

this is not the case. Hence, the observed change in interca-

lation geometry must play a key role in impairing the appro-

priate drug-enzyme contacts. Indeed, proper interference
with the enzyme-DNA complex requires a precise positioning

of the drug pharmacophoric groups, so that a modified orien-
tation of side-chains in BBR 2894 binding versus MX will

markedly affect ternary complex formation. On the other
hand, the wider distribution ofBBR 2894 along DNA (and its

less negative reduction potential) will increase its chance of
damaging the nucleic acid via redox cycling and generation of
hydroxy radicals, which do not require a precise stereochem-

istry of drug binding unless the toxic agent is close enough to
its target. Here we witness a sort of compensation of two

different toxicity mechanisms, generated by apparently mi-

nor chemical modifications of the anthraquinone structure.
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