
[CANCER RESEARCH 45, 3768-3773, August 1985]

Effects of Structural Modifications of Antitumor Antibiotics (Luzopeptins) on
the Interactions with Deoxyribonucleic Acid1

Cheng-Hsiung Huang2 and Stanley T. Crooke

Department ol Molecular Pharmacology, Smith Kline and French Laboratories, Philadelphia, Pennsylvania 19101

ABSTRACT

Luzopeptins consist of two identical, substituted quinolines
linked to a cyclic decadepsipeptide, with a 2-fold symmetry.

Luzopeptin A, with two acetylated sites in its peptide ring, is
active against several experimental animal tumor systems. Lu
zopeptin B (one acetylated site) is less active, and luzopeptin C
(no acetylation) is inactive. Our studies showed that all three
luzopeptins and a half-molecule of luzopeptin C exhibited similar

fluorescence (400 to 700 nm, with a peak at 490 to 496 nm)
with an excitation spectrum in the 200 to 450 nm range (with a
peak at 250 to 252, 337, and 385 nm). The half-molecule had

the strongest fluorescence, followed in order by luzopeptins A,
B, and C. DNA binding quenched both fluorescence and absorp
tion of luzopeptins. Studies of the DNA-induced fluorescence
and absorption quenching and the drug-induced viscosity and

gel electrophoretic mobility changes of DMA suggested that
luzopeptin C was slightly more effective than luzopeptins B and
A in both the bifunctional DMA intercalation and the drug-induced
DNA-DNA intermolecular cross-linking. Thus, the lack of antitu-

mor activity of luzopeptin C is not the result of the lack of
interactions with DNA. The half-molecule of luzopeptin C (quin-

oline with a pentapeptide) and smaller fragments (quinoline alone
or with one to four peptide residues) did not react with DNA.
Thus, the planar quinoline chromophore alone is unable to inter
calate with DNA. The peptidic cyclic structure of luzopeptins is
essential for the bifunctional intercalation of the twin chromo-

phores, probably by providing proper conformational orientations
of the chromophores.

INTRODUCTION

Luzopeptins (formerly, BBM-928s) are a family of new antitu-
mor antibiotics (1-8). The structure of luzopeptins (Chart 1)
contains 2 substituted quinoline chromophores linked with a
cyclic decadepsipeptide in a 2-fold symmetrical manner. Struc
turally, luzopeptins are very similar to echinomycin (9). In the
luzopeptin A molecule, the hydroxyl groups of both tetrahydro-

pyridazine moieties of the peptide ring are acetylated, whereas
only one of the 2 tetrahydropyridazines is acetylated in luzopeptin
B, and none is acetylated in luzopeptin C. Chart 1 also shows
that Fragment VIII is a hydrolytic half-molecule of luzopeptin C,
with 2 hydrolytic sites located between serine and hydroxy-/V-

methylvaline residues.
Studies of antitumor activities against several experimental

animal tumor systems (6, 7) indicated that luzopeptin A is very
active, with a potency 100- to 300-fold higher than that of
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mitomycin and either 3-fold (6) or equivalent to (7) that of echi

nomycin. We have shown previously (2) that luzopeptin A is a
strong bifunctional DNA intercalator; both quinoline chromo
phores are capable of intercalation with DNA base pairs. Using
gel electrophoretic analysis of drug-treated endonuclease restric

tion fragments of PM2 phage DNA, we have shown (4) that
luzopeptin A induced DNA-DNA intermolecular cross-linkings,

probably as a result of the intercalation of the 2 quinoline chro
mophores of one drug molecule into 2 separate DNA molecules.

In the same experimental tumor models, luzopeptin B is ap
proximately 3-fold less active than is luzopeptin A, whereas

luzopeptin C is virtually inactive (6). This remarkable difference
in antitumor activity resulting from the different degree of acety
lation of the non-chromophore peptide ring portion provides a

system for studying essential factors involved in the antitumor
activity of luzopeptins. As the first step to understand the molec
ular basis of the functional differences, we have characterized
and compared the interactions of these luzopeptin analogues
with DNA. To further assess the importance of the cyclic struc
ture and the peptide residues to the drug-DNA interactions, we

have also studied the interaction of DNA with Fragment VIII (a
half-molecule of luzopeptin C) and with smaller molecular frag

ments consisting of one substituted quinoline linked to 0 to 4
amino acid residues.

MATERIALS AND METHODS

Materials. Luzopeptins A, B, and C; Fragment VIII; and all smaller
molecular fragments of luzopeptin were obtained from Bristol Laborato
ries, Syracuse, NY. Covalently closed, superhelical DNA of PM2 phage
(form I > 85%) was isolated as described (10). Restriction endonuclease
H/nc/lll was from Boehringer/Mannheim, Indianapolis, IN. Tris, EDTA,
ethidium bromide, and calf thymus DNA (type I) were from Sigma
Chemical Co., St. Louis, MO. Agarose-ME was from Miles Laboratories,

Elkhart, IN.
Fluorescence Studies. Fluorescence studies were performed with an

Amico SPF-500 ratio spectrofluorometer equipped with an X-Y recorder.
For the DNA-binding studies, samples (1 ml) containing 10 mn/iTris-HCI

(pH 8.4) and 6.9 UM luzopeptin A, B, or C; 13.8 MM Fragment VIII; or
13.8 ÃŸMsmaller molecular fragments were titrated with a concentrated
DNA solution (3.05 HIM) and the fluorescence changes were measured
with an excitation at 340 nm. The fluorescence was measured 6 min
after each addition of DNA to ensure the completeness of the time-

dependent fluorescence changes of luzopeptins. Uncorrected fluores
cence was reported.

Absorption Spectrum Measurement. Absorption spectra of luzopep
tins were measured with a Hitachi Model 110 spectrophotometer. The
spectra were measured in 10 mw Tris-HCI, pH 8.4. Spectra below 300

nm were not taken due to the interference from the trace amount of
dimethyl sulfoxide used to dissolve the drugs.

Viscometric Studies. The viscometric studies were described previ
ously (2). In these studies, the viscometric measurements of the super-
helical PM2 DNA (75 to 150 ^g/ml) were performed in 1-ml samples
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containing 10 mw Tris-HCI (pH 8.4), 75 mw NaCI, and increasing amounts
of drugs at 25Â°C, with a type 75 Cannon-Ubbelohde semimicro dilution

viscometer. Temperature was regulated with a Cannon constant water
bath for the viscometry (Cannon Instrument Co., College Station, PA).
The flow time was recorded with a Wescan Model 221 automatic
viscosity timer (Wescan Instruments, Inc., Santa Clara, CA). The flow
time readings were measured 6 min after each addition of DNA and were
repeated at least 3 times, and the variations among repeats were usually
<0.1 s. The details for the quantitative analysis of the viscometric data
have been described (2).

Preparation of HindiÂ» Endonuclease-restricted PM2 DNA Frag

ments. The PM2 phage Form I DNA was incubated with restriction
endonucleaseH/ndlll (2 to 5 units/Mg DNA) in a buffer solution containing
10 mM Tris-HCI, 50 HIM NaCI, 10 mM MgCI2, and 14 HIM dithiothreitol,
pH 7.6. After incubation at 37Â°Cfor 4 to 10 h, the DNA fragments were

precipitated by the addition of 2 volumes of cold ethanol.
Treatment of DNA Restriction Fragments with Drugs. The restriction

DNA fragments were treated with luzopeptins in a buffer solution con
taining 10 mM Tris-HCI (pH 8.4) at 37Â°C for 30 min. The treated DNA

mixture was then mixed with an equal volume of a dye/EDTA mixture
containing 56% glycerol (v/v), 50 mw EDTA, and 0.05% bromophenol
blue (w/v). Aliquots of these mixtures were applied to agarose gel (below)

for analysis.
Agarose Gel Electrophoresis. The gel electrophoresis procedure is

similar to that described previously (4,11,12). Aliquots of dye-containing

DNA mixtures (0.8 to 1.4 Â¿igDNA) were layered onto a 1.0% agarose
slab gel and electrophoresed in a horizontal slab gel apparatus for 8 to
9 h. After electrophoresis, gels were stained with ethidium bromide,
placed on an UV plate, and photographed.

RESULTS

DNA Binding of Luzopeptins Studied by Fluorescence
Changes. All luzopeptins tested show fluorescence which origi
nates from the quinoline chromophores. Chart 2 shows the
emission (excitation at 340 nm) and excitation spectra (emission
at 500 nm) of luzopeptin A in 10 mw Tris-HCI buffer (pH 8.4)

before and after the addition of calf thymus DNA. The emission
spectrum of the untreated luzopeptin A (Chart 2, Curve a) shows
a broad peak at 496 nm. The excitation spectrum (Chart 2, Curve

c) shows 3 peaks (250, 337, and 385 nm). The addition of DNA
(DNA/drug concentration ratio, 3.6) results in a marked quench
ing of the intensity, a peak shift to a longer wavelength (532 to
535 nm), and only one broad excitation peak (350 nm) above
300 nm (Chart 2, Curves b and d).

The emission and excitation spectra of luzopeptins B and C
and chromophore-bearing molecular fragments (not shown) mea

sured under the same conditions were similar, but not identical,
to those of luzopeptin A, with fluorescence peaks at 490 to 496
nm and excitation peaks at 250 to 252, 337, and 385 nm. The
emission intensity at 500 nm of luzopeptins B and C is only
approximately two-thirds and one-half that of luzopeptin A, re

spectively.
Chart 3 shows the effects of increasing concentrations of DNA

on the fluorescence intensities of luzopeptins A, B, and C at 500
nm. The fluorescence of all 3 drugs was markedly quenched,
suggesting significant interactions. All drugs showed a maximal
quenching at a DNA/drug concentraton ratio of 5 to 6, leaving a
residual fluorescence of 13 to 16%. The residual emission spec
tra of these drugs were very similar (data not shown).

The DNA-binding parameters for luzopeptins A, B, and C were

analyzed with the Scatchard equation (12)

rb/c = Kn- Krâ€ž

where rb is the number of drug molecules bound per DNA
nucleotide phosphate, c is the free drug concentration, K is the
apparent affinity constant, and n is the number of drug binding
sites per nucleotide phosphate. A plot of rb/c versus rb (Chart 4)
gave K values of 5.49 x 107 w~1 for luzopeptin A, 7.73 x 107
M"1 for luzopeptin B, and 9.85 x 107 w~1for luzopeptin C, when

low drug/DNA ratios (<0.12) were considered. The 1/n values
were 8.34 for luzopeptin A, 9.10 for luzopeptin B, and 10.00 for
luzopeptin C. These suggest that, for each analogue, approxi
mately one molecule of drug was bound per 4 to 5 DNA base
pairs. These assays were performed at a relatively low ionic
strength (10 mw Tris-HCI) to allow potential ionic interactions.

Thus, all 3 analogues show a strong DNA binding.
Although the Scatchard analyses for the analogues displayed

1. LUZOPEPTINS (BBM-828.)

H H n H S H H, *â€¢(**Â»,
â€”Nâ€”Câ€”Câ€”Nâ€”Câ€”Câ€”Nâ€”Câ€”Câ€”Nâ€”Câ€”C

Chart 1. Structure of luzopeptins A, B, and
C and Fragment VIII.
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300 600400 500

Wavelength (nm)
Chart 2. Emission spectra (Curves a and Â£>)and excitation spectra (Curves c

and d) of luzopeptin A. Spectra were measured in 10 mw Tris-HCI buffer (pH 8.4)
containing 6.7 JIMluzopeptin A. Curvesa and c, untreated luzopeptin A; Curvesb
and d, DNA-treated luzopeptin A ([DNA]/[drug] = 3.6). Emission spectra were
taken with excitation at 340 nm, and excitation spectra were taken with emission
at 500 nm. Calf thymus DNA was used.

4 8
[DNA]/[Drug]

12

Charts. Quenching of fluorescence of luzopeptins A (â€¢),B (A), and C (x)
induced by increasingconcentrations of calf thymus DNA. Fluorescenceat 500 nm
(excitation at 340 nm) was measured in 10 ITIMTris-HCIbuffer (pH 8.4) with 6.7 ^M
drug.

a slight curvature at higher drug/nucleotide ratios, suggesting
perhaps cooperativity or more than one class of binding sites,
we have chosen to compare the high-affinity binding sites only

(13). Treatment of the data according to methods developed by
McGhee and von Hippie (14) and others (16) would allow a more
definitive analysis of the characteristics of the low-affinity sites
and potential interactions between sites. However, the high-

affinity sites are likely to be the biologically important sites, and
the activities of the analogues against DNA and RNA polymer-
ases appeared to correlate with the high-affinity binding con-

2.0

X
JÂ»
O

1.0

0.05 0.10 0.15

Chart 4. Scatchard analysis of the DNA-mduced fluorescence quenching of
luzopeptins A (â€¢),B (A), and C (x), as shown in Chart 3. rD.the number of drug
moleculesbound per DNA nucleotide phosphate, c, free drug concentration.
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Chart 5. Viscometric titrations of the effects of luzopeptin A (A), luzopeptin B
(fl), and luzopeptin C (C), on PM2 DNA in 10 mm Tris-HCI (pH 8.4) and 75 mw
NaCI.Viscosity expressed by relative flow time (s) was plotted against increasing
r values (total drug/DNA concentration ratios). DNA concentration was 151.5
ml.

slants.3 Previous studies have shown that, although the optimal

pH for luzopeptin-DNA interaction is 8.4, the effects are similar

at pH 7 (2, 3). Also, additional studies at higher ionic strength
demonstrated that ionic interactions contributed little binding;
thus, it is unlikely that the data derive from ionic versus interca
lation interactions.

Viscometric Studies on DNA Intercalation of Luzopeptins.
The intercalation of increasing concentrations of an intercalator
with DNA induces an increase, followed by a decrease in the
viscosity of circular, covalently closed, negatively superhelical
DNA. This results from the intercalation-induced unwinding (re

ducing) of the negative superhelical turns, followed by the for
mation of positive turns upon further unwinding. Chart 5 shows
that luzopeptins A, B, and C induced such changes in the
viscosity of bacteriophage PM2 DNA. As reported previously (2),

* C-H. Huang and S. T. Crooke. Effects of structural modificationsof antitumor
antibiotics luzopeptins on the cell growth and macromolecule biosynthesis, sub
mitted for publication.
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luzopeptin A (Chart 5A) is a bifunotional Â¡ntercalator with an
unwinding angle (d) of 43Â°C, as a result of the intercalation of

both quinoline chromophores. Luzopeptin B (Chart 58) and
luzopeptin C (Chart 5C) induced similar types of viscosity
changes at a concentration very similar to that of luzopeptin A.
For the same PM2 DNA, 6.rc is constant for all intercalates. rc
is the critical drug:DNA concentration ratio at which a drug
completely relaxes (removes) the DNA superhelical turns. The rc
values obtained from Chart 5 are 0.049 for luzopeptin A, 0.048
for luzopeptin B, and 0.046 for luzopeptin C. On the basis of an
unwinding angle of 43Â°C previously obtained for luzopeptin A
(2), we have obtained unwinding angles of 43.9Â°Cfor luzopeptin
B and 45.7Â°C for luzopeptin C. Thus, all 3 luzopeptins are

effective bifunctional DNA intercalates, with similar unwinding
angles.

DNA-DNA Intermolecular Cross-Linking by Luzopeptins.
Luzopeptin A was shown previously (4) to induce DNA-DNA
intermolecular cross-linking, resulting from the intercalation of

the 2 quinoline chromophores of a luzopeptin A molecule with 2
separate DNA molecules. This can be demonstrated by treating
Hind\\\ endonuclease-restricted PM2 DNA fragments with luzo
peptin A and analyzing the cross-linked products by agarose gel

electrophoresis, as shown in Fig. 1. In this gel, only 3 large
restriction fragments of PM2 DNA were observed (Fig. 1, Lane
a). After treatment with increasing concentrations of luzopeptin
A (Fig. 1, Lanes b and c) and luzopeptin C (Lanes d to g), many
new DNA bands were formed, indicating the formation of DNA-
DNA intermolecular cross-linkings, as previously reported for

luzopeptin A. However, the concentration of luzopeptin C re
quired to produce effects comparable to those induced by luzo
peptin A was 5- to 10-fold less. Thus, luzopeptin C is more
effective than luzopeptin A in inducing DNA-DNA cross-linkings.

Luzopeptin B is equal to or slightly more effective than luzopeptin
A (not shown) in these assays.

Lack of Interaction of Luzopeptin Fragments with DNA. To
study the structural factors involved in the interaction of luzo
peptins with DNA, especially the intercalation of the quinoline
chromophore, we have studied the interaction of several molec
ular fragments of luzopeptin C with either calf thymus or PM2
phage DNA. The tested fragments included Fragment VIII (Chart
1) and fragments with 0 (Fragment V), 1 (Fragment XII), and 4
(Fragment XI) peptide residues linked to a quinoline chromo
phore. Fragment VIII is the half-molecule of luzopeptin C, with 5

peptide residues linked to a quinoline.
As shown in Chart 6A, Fragment VIII is strongly fluorescent

with an intensity per quinoline chromophore (Chart 6A, Curve 1)
almost twice that of luzopeptin C (Chart QA, Curve 3). Addition
of DNA did not affect the fluorescence spectrum of Fragment
VIII. Similarly, addition of DNA to Fragment V (Chart 6ÃŸ)induced
no fluorescence change. Fragment V has a strong fluorescence
(per chromophore) which is about 4-fold that of Fragment VIII

(Chart 7). The other 2 luzopeptin fragments had fluorescence
spectra with an intensity between those of Fragments V and VIII
(not shown).

Similarly, Chart 8 shows that Fragment VIII failed to induce
any change in the viscosity of PM2 DNA. Fragment V also failed
to induce any viscosity changes (not shown). Neither Fragment
VIII nor Fragment V induced any DNA-DNA intermolecular cross-

linkings (not shown).

a b c d e f g

Fig. 1. Formation of luzopeptins A and C induced cross-linking bands of H/ndlll-
restricted PM2 DNA fragments. Lane a, untreated restriction fragments; Lanes b
and c, treated with luzopeptin A at drug/DNA concentration ratios of 0.05 and
0.15, respectively; Lanes d, e, f, and g, treated with luzopeptin C at ratios of 0.01.
0.03, and 0.05, respectively. Restriction DNA fragments were treated with drugs
for 30 min at 37Â°Cin 10 mM Tris-HCI, pH 8.4.

DISCUSSION

Luzopeptins A, B, and C differ in the degree of acetylation on
the 2 tetrahydropyridazine moieties located within the decadep-

sipeptide ring (Chart 1). However, tests of antitumor activities on
several experimental animal tumor systems (6, 7) and cultured
tumor cell systems3 clearly indicated that, while luzopeptin A is

very active and luzopeptin B is less active, luzopeptin C is
virtually inactive. It is thus important to examine the chemical
and biological factors which contribute to these differences.
Thus, we have characterized and compared the interactions of
these analogues with DNA. These results would then be related
to those of the effects of luzopeptin analogues on the biosyn
thesis of macromolecules.

Our results show that luzopeptin C intercalates with DNA at
least as extensively as do luzopeptins A and B. This is demon
strated by the observation that luzopeptin C, like luzopeptins A
and B, displayed (a) an extensive DNA-induced fluorescence
quenching and a DNA-induced reduction of absorption above
300 nm, (b) DNA viscosity changes indicating an effective bi
functional intercalation, and (c) extensive DNA-DNA intermolec-
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Charte. Fluorescence spectra of untreated luzopeptin C (Curve 3, A), DNA-
treated luzopeptin C (Curve 4, A), untreated Fragment VIII (Curve 7, A), DNA-
treated Fragment VIII (Curve 2, A), untreated Fragment V ( , ÃŸ),and treated
Fragment V ( , B). Fluorescence spectra were measured with excitation at
340 nm in 10 mu Tris-HCI (pH 8.4) containing 6.9 /IM luzopeptin C or 13.8 >M
Fragment VIII and Fragment V.
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Chart 7. Effects of the addition of DNA on the absorption spectra of luzopeptin
C (A) and Fragment VIII (B). The spectra were measured in 10 mM Tris-HCI (pH
8.4) containing 6.7 *<Mluzopeptin C andi 3.4 MMFragment Vili. A, |DNA|/|luzopeptin
C] = 0 ( ), 5.9 ( ), and 10.8 ( ); B, [DNA]/[Fragment VIII] = 0 ( )
and 21.6 ( ).

ular cross-linkings. Thus, the lack of antitumor activity of luzo

peptin C is apparently not due to a lack of direct interactions
with isolated DNA. In fact, our data suggest that luzopeptin C
binds to DNA slightly more effectively than do luzopeptins A and
B. Thus, the acetylation of tetrahydropyridazines in the polypep-

tide ring either has no effect on or slightly reduces the binding of
the compounds to DNA.

Furthermore, studies presented here suggest that, in the
luzopeptin molecule, the cyclic decadepsipeptide ring is essential
for the effective intercalation of the aromatic quinoline chromo-

phores into DNA base pairs. Neither the quinoline chromophore
itself (Fragment V) nor compounds with one quinoline connected
to 1 to 5 peptide residues (Fragments V, XII, XI, and VIII)
interacted with DNA. Fragment VIII is the half-molecule of luzo

peptin C. All of these molecular fragments of luzopeptins failed

1.4

I 1.2

IÂ«S'S
te

1.0

O 0.03 0.06 0.09

[Dnig]/[DNA]
Chart 8. Viscometric titrations of the effects of luzopeptin A (O) and Fragment

VIII (â€¢)on PM2 DNA in 10 mw Tris-HCI (pH 8.4), 75 mM NaCI, and PM2 DNA
(152.2iig/ml).

to (a) show DNA-induced fluorescence and absorption changes,

(b) induce viscosity changes of superhelical DNA, and (c) pro
duce DNA-DNA intermolecular cross-linkings. The failure of these

linear quinoline compounds to react with DNA is in contrast with
several antimalarial quinoline compounds (17).

In common with many other cyclic antibiotics, the peptide ring
structure of luzopeptins assumes a relatively rigid structure. The
rigid peptide ring of luzopeptin may specify certain spatial ori
entations of the quinoline chromophore which facilitate the inter
calation with DNA. X-ray studies of luzopeptin A crystals have

been performed (1). Despite some asymmetrical carbons in the
polypeptide ring, the 2 quinoline chromophores have been sug
gested to be in a c/s configuration with respect to the peptidic
ring. If the solution conformation is similar to that of the crystals,
the c/s configuration would probably favor bifunctional interca
lation. The ring structure also renders luzopeptins more resistant
to protease digestion in biological systems, a property not unu
sual to many cyclic polypeptides (18). We have found that
luzopeptin A was resistant to protease K digestion (4).

A comparison of the fluorescence spectra (at pH 8.4) of
luzopeptins and the molecular fragments of luzopeptin C (based
on per chromophore) suggests that the substituted quinoline
chromophore without polypeptide residues exhibits extensive
fluorescence, which is quenched to an extent depending on the
length of the linear polypeptide residue. The cyclization of peptide
as in luzopeptin C further quenched the fluorescence. The ace
tylation of the luzopeptins partially restores the fluorescence
intensity.

Since luzopeptin C interacts with DNA in a manner similar to
that of luzopeptins A and B, the factors contributing to the
differences in the antitumor activity are not due to differences in
direct interactions with DNA. Our studies3 suggest that the

differences in the cytotoxicity and antitumor activities may be
due to changes in the capacity of the luzopeptins to traverse the
cell membrane.
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