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ABSTRACT

The interactions of the two antitumor protein antibiotics,
neocarzinostatin (NCS) and bleomycin (BLM), were studied on
subcellular and cellular levels.

BLM and NCS were found to remove thymine from double
stranded DNA. Combination experiments using BLM and NCS
together in an assay with isolated DNA revealed an additive
effect in splitting. Under limiting concentration conditions, BLM
and NCS induce alkali-labile sites in DNA without a subsequent
cleavage of the chain. After transfer of BLM- or NCS-treated
DNA into an alkaline solution, strand scissions occur. Combi
nation of BLM and NCS results in an additive DNA-cleaving
effect, which indicates that the splitting reactions initiated by
BLM or NCS are not influenced ifthe two antibiotics are applied
in combination.

The DNA polymerase f.@is inhibited by BLM (at higher con
centrations) and by NCS in a competitive way with respect to
DNA. The inhibition constant of BLM and NCS in a combination
experiment was found to be the result of the sum of the
inhibition constants of BLM and NCS.

Using L51 78Y mouse lymphoma cells, it was found that cells
incubated with both BLM and NCS show â€˜â€˜unbalancedgrowth.â€•
The dose-response curves from BLM and NCS have identical
slopes; they are characteristic for compounds which selectively
inhibit DNA synthesis. By use of isobolograms, it could also be
clearly shown that BLM and NCS interact additively.

INTRODUCTION

In the last 20 years, a series of proteins with molecular
weights in the range of between 1,500 and 12,000 have been
isolated from Streptomyces strains. They all produce single
strand breaks in DNA in vitro as well as in DNA in intact cell
systems. Two of them are found to be effective in the treatment
of specific kinds of tumors in humans: BLM's3 isolated from
Streptomyces verticillus (38), and NCS, isolated from Strepto
myces carzinostaticus (12). The BLM's are a family of basic
glycopeptides with a molecular weight of approximately 1500
(37), and NCS is an acidic single-chain protein with a molecular
weight of 10,700 (20). While the molecular structures of the 2
antibiotics differ markedly, their modes of action seem to be
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very similar. Like BLM (Ref. 25; for review, see Ref. 27), NCS
(Ref. 11; for review, see Ref. 10) in vitro cleaves DNA prefer
entially at positions of thymine and adenine. A 2-step mecha
nism that involves base removal under formation of alkali-labile
sites (26) and subsequent cleavage of phosphodiester bonds
via fl-elimination could account for the DNA strand scission. In
eukaryotic cell systems, BLM (24) and NCS (2) appear to affect
cell proliferation by inhibiting DNA synthesis. Due to a series of
experiments (8), it is well established that BLM also causes
strand breaks directly in vivo; concerning NCS, a similar direct
influence on DNA is strongly suggested (14).

This paper will present an analysis of the interaction of BLM
with NCS both in isolated systems (influence on DNA strand
scission and on DNA polymerase /9) and in intact L5178Y
mouse lymphoma cells to ascertain whether or not the 2
compounds are inhibiting identical steps in the synthesis of
DNA. The results could also have consequences on the chem
otherapeutical application of BLM and NCS in combination.

MATERIALS AND METHODS

Compounds, [14C]DNA(from Escherichia co/i) labeled with
[methyl-'4C]thymine (specific activity, 46 @tCi/mg)and [3H]-
dATP (specific activity, 21 Ci/mmol) were obtained from The
Radiochemical Centre, Amersham, England; bovine serum al
bumin, dATP, dGTP, dCTP, and dTTP were obtained from
Boehninger-Mannheim, Mannheim-Tutzing, Germany; polyeth
yleneimine-cellulose plastic sheets were obtained from Ma
chary and Nagel, DÃ¼ren,Germany; aquasol was purchased
from New England Nuclear, Boston, Mass.; nitrocellulose filters
(type BA 85) were purchased from Schleicher and SchUll,
Dassel, Germany.

NCS (clinical grade; Lot 730859) was obtained from Kayaku
Antibiotics Research Co., Tokyo, Japan; BLM (55 to 70%, A2;
25 to 32%, B2; <7%, A'2; and <1 % B4) and herring sperm
DNA, isolated according to the method of Zahn et a!. (40), were
from H. Mack, Illertissen, Germany.

Thymine Release from DNA. The reactionmixturecontained
in a total volume of 100 s1;10 @gnative [14C]DNA(from E. coil),
10 mM 2-mercaptoethanol, 40 mM Tnis-HCI (pH 7.8), 60 mti
KCI, 6 mMMgCI2,bovine serum albumin (2 mg/mI), and various
concentrations of NCS or BLM. The mixture was incubated at
37Â°for 0 to 60 mm. The reaction was terminated by addition
of cold perchloric acid (31). After neutralization with potassium
hydroxide, the supernatant was used for determination of the
radioactivity in aquasol as well as for determination of the
nature of the acid-soluble radiolabeled product. The acid-sol
uble product was identified by thin-layer chromatography on
polyethyleneimine-cellulose sheets according to Takeshita et
al. (36); by this procedure, the product could be identified as
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thymine with a specific radioactivity of 46 mCi/mmol.
Determination of Alkali-labile Damage of BLM-treated

DNA. The assay is a modification (26) of a method described
by Geiduschek et al. (9). The reaction mixture contained in a
volume of 500 isl: 1.5 @g[14C]DNAfrom E. coii, 40 mMTnis-HCI
(pH 7.8), 10 mM 2-mencaptoethanol, 60 mM KCI, 6 m@iMgCI2,
bovine serum albumin (2 mg/mI), and, as indicated, NCS or
BLM. The reaction mixture was incubated at 37Â°for 30 mm.
The reaction was terminated by addition of 50% formamide;
subsequently, the mixture was treated with 1 NKOH (2 hr; 37Â°)
and then neutralized with ice-cold 0.5 M HCIO4.Then the large
polynucleotide chains were obtained by filtration through nitno
cellulose filters (9). The radioactivity retained by the filters was
determined (29).

DNA Polymerase 1@.This enzyme was isolated from L51 78Y
cells as described by Chang and Bollum (3); the phosphocel
lulose fraction with a specific activity of 210 nmol of nucleotide
incorporated per hr per mg protein was taken. The enzyme
was assayed essentially as described (23) by using activated
DNA, [3H}-labeled dATP, and 10 mM 2-mercaptoethanol.

For the kinetic experiments to determine the Km,concentra
tions of DNA in the range between 25 and 150 pg/mI were
added to the assays. The K for BLM or NCS were calculated
according to the method of Lineweaver and Burk (17).

The evidence of whether 2 K (in case of a competitive
inhibition) are connected additively was given following the
equation originally described by Dixon and Webb (6) and
modified by us:

S

V

V,,,@, S ii i2 ii+21 +â€”+â€”+â€”+-â€”â€”â€”
Km K,, K.2 K1 + 2

where 5 is the substrate concentration (in our case, DNA), Km
is the Michaelis constant of the normal, not inhibited reaction,
ii is the inhibitor concentration of Compound 1 , i2 is the inhibitor

concentration of Compound 2, K,1 is the inhibitor constant of
Compound 1, K.,2is the inhibitor constant of Compound 2, v is
the reaction velocity at the substrate concentration s, Vma,15
the maximum velocity, i1+ 2 is the sum of the inhibitor concen
tration of Compounds 1 and 2, and K1,@ + 2 is the combined
inhibitor constant of the 2 compounds in case of an additive
relation of K,1 and K,1.

The K@(apparent Kmin the presence of the inhibitor) for 2
inhibitors added together to the enzyme assay was calculated
as follows:

K@= ________
Vmaxâ€S̃

â€”S
V1

where v@is the reaction velocity in the presence of the 2
inhibitors; for the other symbols, see above.

Cell Culture. L5178Y mouse lymphoma cells were main
tamed in suspension culture as described previously (28). The
EDsowas estimated by logit regression (1 5). The slope of the
dose-response curve at the EDsowas calculated (15). The data
from the combination experiments of BLM and NCS were
evaluated by use of the isobologram procedure (7). The viability
of the cells is expressed by the ratio (in percentage) of the
plating efficiency of the treated cells to the plating efficiency of
the controls.

Protein was determined according to the method of Lowry et
al. (18). Herring sperm was activated by the method of Aposh
ian and Kornberg (1).

RESULTS

DNA Strand Breaks. In earlier experiments, it was clearly
shown that both BLM (30) and NCS (32) cause DNA strand
scission. To study in a comparative way the mechanism for the
degradation of DNA by the 2 antibiotics, criteria have to be
chosen which are more characteristic for BLM and NCS than
for other compounds with the ability to induce breakages of
DNA. Therefore, we determined both the amount of thymine
release caused by the drug and the formation of alkali-labile
sites after incubation with NCS or BLM alone or in combination.

For the experiment, [â€˜4CJ-IabeledE. coli DNA was used which
was labeled at the methyl position of the thymine moiety. Under
the incubation conditions and the drug concentration indicated
in the legend to Chart 1, only thymmnecould be identified after
incubation of the DNA with BLM, NCS, or BLM plus NCS; no
free TMP or thymidine could be traced. The release of thymine
caused by the antibiotics is linear with time at least up to 2 hr
(Chart 1) after incubation of 10 @tgDNA with either 20 j@gNCS
pen ml (1.9 ELM)or 5 @gBLM per ml (3.3 SM); only during the
first 10 to 15 mm is a small lag phase observed. After combi
nation of NCS with BLM, an experimentally evaluated kinetic
curve is obtained which is almost identical with the one which
would result by arithmetic addition of the 2 straight lines
deriving from the experiments with either compound alone
(Chart 1).

In a second set of experiments, it was determined whether
the number of alkali-labile sites, induced in DNA by BLM, is
increased if this compound is used in combination with NCS.
The relative number of alkali-labile sites in the DNA was deter
mined by the nitrocellulose filter technique (see â€˜â€˜Materialsand
Methods' â€˜).After incubation of native DNA with the antibiotics,
the DNA was denatured by incubation in 50% fonmamide.
During this procedure, no alkali-labile sites in the DNA chain
are damaged (26). In control experiments, it has been estab
lished (data not shown) that under the incubation conditions
described in the legend to Chart 2, no reduction of the amount
of radioactivity retained by the filters was observed if the
[14C]DNAwas incubated with up to 10 ,sgBLM per ml or 50 @g
NCS per ml. However, single-stranded DNA, which has been
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Chart 1. Time course of action of NCS or BLM on DNA degradation. The DNA
was incubated either with 20 j@gNCS per ml (â€¢)or 5 jig BLM per ml (0) alone or
in combination (x) for various lengths of time (as indicated). The thymine release
was determined as described in â€˜â€˜Materialsand Methods.â€•
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No preincubation (complete system)
Containing 25 j@gBLM/ml
Containing 70 @sgNCS/mI
Containing 25 @igBLM/mI plus 70 @sgNCS/ml48

53
74DNA

template preincubated in the presence of mercap
toethanol with

25@tgBLM/mI
70 j@gNCS/ml
25 @igBLM/ml plus 70 j@gNCS/ml67

74
93DNA

polymerase preincubated in the presence of mar
captoethanol with

25 @igBLM/ml
70j@gNC5/ml
25 j@gBLM/ml plus 70 g@gNCS/mI39

47
62

w. E. G. Muller et al.

the DNA polymerase with the antibiotic does not enhance the
inhibition.

Cell Growth. From previousexperiments,the ED50concen
tration for BLM in the L5178Y cell system is known to be 1.4
Â± 0.1 pg/mI. Under identical culture conditions (incubation
period, 72 hr), NCS inhibits cell growth with an EDsoof 0.47
Â±0.04 @zg/mI.The viability of cells is not changed significantly
when treated 72 hr with twice the ED50of NCS. At concentra
tions higher than 3 x ED50,the viability of the cells drops to
55%. After incubation of the cells with the EDsoof NCS, the
cell volume increases from 1250 Â±150 cu @mto 1570 Â±200
cu @sm(= 26%). The cytostatic activity of NCS was tested in
combination with BLM. A series of dose-response experiments
with varying NCS concentrations and changing BLM concen
trations were performed, and the results were plotted on an

1 ml
DNA mg

Chart 3. Competitive inhibition of DNA polymerase fi by NCS and BLM.
Lineweaver-Burk (17) plot. The experiments were performed in the absence of
the antibiotics (0â€”.â€”0)or in the presence of 25 j@gBLM per ml (0), 70 @sgNCS
per ml (â€¢),or 25 j@gBLM per ml plus 70 @tgNCS per ml (x). K,,,(@A)(162 @g/ml);
K, (&M)(23.6 @sg/ml):K, (P4S)(47.6 @sg/mI),and K, (BIM+ N@S)(28.3 jzg/mI).

Table 1

Effect of preincubation of the DNA template and the DNA polymerase /1with
BLM and/or NCS on in vitro DNA synthesis

After preincubation (30 mm, 37Â°),the missing components required for DNA
polymerase activity ([3HIdATP,dGTP, dCTP, dTTP, MgCl2, 10 m@3-mercapto
ethanol, 2.5 jig of activated herring sperm DNA, and 2 @igof enzyme in a final
assay volume of 50 psI)ware added, and the complete system was incubated for
30 mm at 37Â°.The control without BLM or NCS gave an incorporation rate of
12.6 nmol/30 mm Each value is the average of 5 parallel samples.

% of inhibition of
DNA polymerase fi

activity

C,.)

b
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Chart 2. Analysis of degradation of DNA treated with BLM and/or NCS on
nitrocellulose filters. The native [â€˜C)DNAwas incubated in the presence of BLM
and/or NCS: afterwards, it was denatured by 50% formamide and treated with
alkali (see â€œMaterialsand Methods' â€˜).The relatively large polynucleotida chains
were collected on nitrocellulose filters; the radioactivity is given in dpm/assay.
Samples were incubated with different concentrations of NCS (â€¢)or BLM (0). In
the combination experiment, the samples were incubated with different concen
trations of BLM (as indicated on X axis below) and in the presence of 18 @gNCS
per ml (x). â€”â€”â€”,50% reduction of the radioactivity retained by the filters.

pretreated with either NCS or BLM, is cleaved after incubation
in alkali. This degradation of DNA could be followed by the
decreases in the amount of DNA retained by nitrocellulose
filters(Chart 2). A 50% reduction ofthe amount of DNA retained
is observed after incubation with 42 @gNCS per ml or with 5.3
;LgBLM per ml. In a combination experiment, the effect of NCS
in the presence of various concentrations of BLM was checked
(Chart 2). The experiments revealed that in the presence of 18
;zg NCS per ml, which corresponds to a fractional inhibitory
â€˜concentrationâ€•(7) of 0.45, a BLM concentration of 3.1 @sg/
ml is sufficient to reduce the extent of retention by 50%. This
means that the DNA is cleaved by BLM in combination with
NCS in a nearly additive way; the calculated value is 4.85 (=
5.3 â€”0.45).

DNA Polymerase /3. Under our incubationconditions,both
BLM and NCS inhibit the DNA polymerase fi in a competitive
way (Chart 3); the K, for BLM amounts to 23.6 Â±3.1 (S.D.)
@sg/ml,and that for NCS amounts to 47.6 Â±4.5 @tg/ml.BLM
and NCS applied in combination to the assays also inhibit the
DNA polymerase fi competitively; the K was determined to be
28.3 Â±3.4 @ig/ml(Chart 3). Under the assumption that the 2
inhibitors act in an additive way, a theoretical calculation of the
K (formulas are given under â€˜â€˜Materials and Methods'â€˜)re
vealed a value of 31 .4 @sg/mI.This means that in the isolated
DNA-polymenizing enzyme system, BLM and NCS affect the
polymerase activity competitively with respect to DNA and
additively with respect to the K of BLM and NCS.

When the DNA template was preincubated with BLM and/or
NCS in the presence of 2-mercaptoethanol, the incorporation
rate of the precursors into DNA is lower compared to the one
determined in the experiments when the antibiotics were added
at the start of the incubation period (Table 1). Preincubation of

BLM concentration(aug/mI)

, .,I-II,@ I I I I 11111
05 10 50 100200
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isobolognam (Chart 4). Three examples of dose-response
curves for NCS alone and in combination with BLM are shown
in Chart 4A. The slope of the dose-response curve at the EDso
for NCS alone is nearly identical with the slopes calculated
from the curves of combination experiments with NCS and
BLM; the slopeswere between â€”1.34 and â€”1.38. The isobol
ogram derived from data obtained by BLM-NCS combination
studies is shown in Chart 4B; the points fall on a straight line
joining the points of the fractional concentrations of each
antibiotic alone. This finding indicates that BLM has only an
additive effect of inhibition if administered in combination with
NCS.

The experiments to determine the type of interaction between
BLM and NCS by use of the isobologramwere performed
under concentration conditions that produce only changes in
the growth rate of the cells with no cytocidal effects. Using
higher concentrations of the antibiotics (3 x EDsoand higher),
irreversible lethal effects were produced. As shown in Chart 5,
addition of 1 x ED@of either BLM or NCS causes a reduction
of the cell proliferation which follows a linear correlation. How
ever, if 2 x ED50of BLM in combination with 1 x ED50of NCS
or EDsoBLM with 2 x EDsoof NCS are added to the cultures,
a plateau is reached after 50 hr of incubation. As mentioned
above, NCS causes cytocidal effects at concentrations higher
than 3 X EDso;the same effect has been reported also for BLM
(24). Therefore, we have to assume that irreversible lethal
effects contribute to the production of the plateau after incu
bation with a total of 3 x EDsogiven in combination of 2 x
EDsoof NCS (onBLM) and 1 x EDsoof BLM (or NCS).

DISCUSSION

The results reported in this paper demonstrate thatthe action
of BLM in vitro as well as in vivo is increased by NCS in an
additive way. Thus, there is additive effect in thymine release
if thymidmne-labeledE. coli DNA is incubated in the presence
of 2-mercaptoethanol and BLM plus NCS. This finding is a
strong hint that the 2 antibiotics preferentially interact at iden
tical sites of the DNA.

After removal of a pyrimidine or punine base from the sugar

moiety by chemical agents, the resulting nonglycosylic deox
ynibose in the DNA is stable under neutral conditions and is
cleaved in alkali by fl-elimination resulting in 3'- and/or 5'-
phosphate termini (19). Strong evidence indicates that NCS as
well as BLM act in the same way (10, 27, 33). The present
study shows that under conditions of low BLM or NCS concen
trations, alkali-labile sites in the DNA are generated at pH 7.8
without subsequent cleavage at these sites. DNA strand scis
sions occur only after transfer of antibiotic-treated DNA to 1 N
KOH. Adding BLM and NCS together to an assay containing
DNA, a number of DNA strand scissions is determined. This
amount is the sum of the breaks generated by BLM and NCS
alone. Therefore, the chemical reactions initiated by BLM or
NCS that lead to the DNA strand scissions are not influenced
if the 2 antibiotics are applied in combination to isolated DNA.
Again, using strand scission as parameter, NCS and BLM act
in an additive way.

The mentioned data demonstrating the additive effect of BLM

4@
.0
E
C4,
C.)

Chart 5. Influence of NCS and BLM on the growth rate of L5178Y cells.
Controls, (â€¢).Incubation of the cells with the ED,,,of NCS (0.47 @g/ml),Â®; with
the ED,,@concentration of BLM (1.4 @ig/ml),ED); with twice ED@ of NCS in
combination with 1 x ED,@,of BLM (- - -4), and with the normal ED@of NCS
in combination with 2 times ED@of BLM (0). Each value comes from 10 parallel
assays; S.D. is less than 10%.

Incubation time

C
0

C

C
4,
U
C
0
U

4,
U

NCS (@ug/ml)

1@@N\,

0@0 I I@

NCS (fractional inhibitory conc.)
Chart 4. Effect of various BLM concentrations on the growth-inhibitory activity of NCS. A, dose-response curves for NCS alone (@)and in combination with 0.7

M9BLM per ml (0) or with 1.0 @*gBLM per ml (x). Each value comes from 10 parallel assays; S.D. is less than 10%. â€”- - -, ED,,, value; B, summary of the
interactions that result from the combination of NCS with BLM in terms of fractional inhibitory concentrations.
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and NCS with respect to thymine liberation and DNA strand
scission are not sufficient to conclude that there is also an
additive effect of the 2 antibiotics in the isolated DNA synthe
sizing system. It is already known that both BLM (39) and NCS
(1 3) inhibit DNA-dependent DNA polymerases. Data are lacking

which give evidence about a possible interrelation of BLM
modified DNA with NCS-modified DNA in DNA polymerase
system. At low concentrations, BLM inhibits DNA polymerases
in a noncompetitive way; this inhibition is caused by the aIde
hyde groups at unglycosylated sugar moieties in the DNA chain
(21). At higher BLM concentrations (larger than 15 @sg/ml),
most of the unglycosylated sugar moieties are cleaved4; thus,
a loss of the aldehyde groups in the BLM-modified DNA occurs.
Under these conditions, the DNA polymenase is inhibited in a
competitive way presumably by binding the enzyme molecules
at â€˜â€˜inactive'â€˜initiator sites (3'-phosphate termini) which are
generated by BLM (33). Concerning the effect of NCS in the
isolated DNA polymerase system, a competitive inhibitory ef
fect with respect to NCS-modified DNA is well established (13).
We have chosen for experiments described above the DNA
polymerase fi because this enzyme is associated with the DNA
repair of BLM-induced breaks (4), and we have performed the
assays under antibiotic concentrations which caused a fully
competitive inhibition of the enzyme activity as described (5).
The experiments revealed that DNA polymerase fi is also
competitively inhibited when BLM and NCS are added simul
taneously to the in vitro assay; from the K determined in the
combination experiment, it must be assumed that the inhibitory
effect of the 2 antibiotics is additive. These experiments were
performed by addition of the antibiotics directly to the polym
erase assays. In further studies, it could be shown that if BLM
and/or NCS were preincubated with DNA in the presence of 2-
mencaptoethanol and in the absence of the enzyme, the degree
of inhibition during the incubation period with the DNA polym
erase is higher. This suggests that under the assay conditions
used, both BLM and NCS inhibit DNA polymerase activity by
interaction with the DNA template. This conclusion is supported
by further studies, indicating that both BLM (35) and NCS (13)
bind tightly to DNA; the antibiotic-DNA complex remains stable
after gel filtration or sucrose density gradient centnifugation.
BLM does not form a complexwith the DNA polymerase(26);
after incubation of this antibiotic with the enzyme, the 2 com
ponents are separated by gel filtration. Using the same proce
dure, no binding of NCS to DNA is observed.5

Strong evidence that NCS and BLM affect the same sites in
the cell metabolism came from in vivo experiments with L5178Y
cells. First, during the incubation of the cells with either BLM
or NCS, an increase of the average cellular volume, â€˜â€˜unbal
anced growth, â€˜â€˜is observed, which indicates that the com
pounds primarily inhibit DNA synthesis (16). Second, a further
indication that NCS and BLM interfere with the same metabolic
site came from the determination of the slope of the dose
response curve at EDso;for NCS alone it amounts to â€”1.38,
for BLM alone, it amounts to â€”1.35 (22); and for BLM plus
NCS, it amounts to â€”1.34. The slopes of dose-response curves
of compounds which do not affect primarily DNA synthesis
differ strongly; e.g. , the value for tubencidin (which inhibits both
DNA and RNA synthesis) amounts to â€”1.04 (34). Third, NCS

4 W. E. G. MUller, to be published.

5 w. E. G. MUller, unpublished results.

and BLM affected L5178Y cells cytostatically and cytotoxically
at identical concentrations (based on the ED50).
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