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SUMMARY

The protein antitumor agent auromomycin releases chromatin from intact HeLa 5:3 nuclei
by introducing strand scissions in DNA linker regions. The ability of auromomycin to

solubiize nuclear chromatin was compared with the well-characterized action of micro-

coccal nuclease. Production of acid-soluble material (DNA 10-20 base pairs or less) did
not increase significantly over a range of drug levels or incubation times. Release of
chromatin from auromomycin-treated nuclei was not affected by EDTA but required
dithiothreitol for optimal activity. The soluble chromatin, when resolved by agarose gel
electrophoresis, consisted of discrete nucleosome bands ranging from monomer to hex-

amer size and unresolved higher molecular weight oligomers. Sufficiently high concentra-
tions of drug convert most of the higher molecular weight oligonucleosomes to dimer and

monomer material. These nucleosome bands were quite broad and could indicate strand
scission occurring at random throughout the linker region. The average size of the drug-
generated mononucleosomes from multiple experiments was 175 ± 4 base pairs. In
contrast to micrococcal nuclease, higher concentrations of drug did not degrade monon-
ucleosomes to core particles. Solubilized chromatin is detectable following drug treat-
ments as short as 5 mm. Chromatin produced at early time points was mostly small and
very heterogeneous. Chromatin from drug-digested nuclei analyzed under denaturing

conditions appeared as discrete bands similar to those observed on native gels. The ratio
of single- to double-stranded breaks may be close to 2:1. When chromophore isolated
from the holantibiotic was incubated with nuclei, a similar pattern of chromatin degra-
dation was observed.

INTRODUCTION

The antitumor protein auromomycin (also referred to
as macromomycin-I) is a highly cytotoxic drug whose
mode of action appears to involve degradation of cellular
DNA (1-4). Studies on its mechanism of action describe
the drug’s ability to degrade DNA in both cellular and
cell-free systems and the possible relationship between
DNA damage and inhibition of DNA replication and cell

growth (1-4). Auromomycin has been shown to degrade
both linear duplex and superhelical DNA as well as
Simian virus 40 virions (2-5). Reaction of drug with cell-
free DNA is stimulated approximately 5-fold by dithio-
threitol (6, 7). DNA damage appears to be predominantly

single-strand in nature, although the ratio of single- to
double-strand breaks is only 12:1 (2). Recent data have
suggested that this drug cleaves preferentially at guanine
sites (8). Our laboratory has recently demonstrated that
auromomycin degrades soluble chromatin by cleaving
linker DNA (9).

Like another of the antitumor protein drugs, neocar-
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zinostatin, this agent contains a hydrophobically bound

chromophore which is responsible for the drug’s biologi-
cal activities (10-12). Another similarity to neocarzinos-
tatin is the degree of amino acid homology between the
two proteins (13). Recently it has been shown that neo-
carzinostatin degrades isolated cellular chromatin, caus-
ing double-strand breaks in both linker and core regions
(14). Neocarzinostatin can also solubilize chromatin from

nuclei (14-16). Nuclear chromatin structure is more
highly ordered than soluble chromatin and represents

more closely the actual cellular target for this drug. Data
obtained in our laboratory have shown that auromomy-
cin is a very powerful agent with regard to degradation
of cellular DNA, being almost two orders of magnitude
more potent than neocarzinostatin. This study was Un-
dertaken to determine how auromomycin alters its eel-
lular target, nuclear chromatin.

MATERIALS AND METHODS

Cell culture. HeLa S� cells used for isolation of nuclei were grown in

Spinner culture in Joklik’s medium supplemented with 5% calf serum.

Growth inhibition studies were conducted using HeLa S� plate cultures

grown in minimal essential medium (Eagle) with 5% calf serum. Cell
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suspensions (5 ml) containing 200 cells were added to 60-mm tissue

culture dishes and treated with drug. After 7-9 days of growth, the

plates were fixed in methanol, stained with Giemsa stain, and scored

for viable colonies.

Preparation and storage of nuclei. Nuclei were prepared according

to the method of Fraser and Huberman (17). Briefly stated, cells in

mid-log were labeled overnight with [‘4C]thymidine (New England

Nuclear Corporation, Boston, Mass.) (50 mCi/mmole, 0.5 �tCi/ml) and

collected by centrifugation at 800 x g for 3 mm. Following two washes

with hypotonic Buffer H (2 mM MgCl2/1 mM EDTA/ 10 mM Na2HPO4,

adjusted to pH 8.0 with KOH) to remove excess medium, cells were

placed in this buffer and allowed to swell on ice for 15 mm. The cells

were homogenized in a 7-nil glass homogenizer (Wheaton Scientific,

Millville, N.J.) by 10-15 strokes with a Type A tight-fitting pestle. An

equal volume of 20% Ficoll (Sigma Chemical Company, St. Louis, Mo.)

in Buffer H was added to the homogenate, and the mixture was layered

over 2 ml of 20% Ficoll followed by centrifugation in a Beckman JA 7.5

rotor at 5000 rpm for 12 mm. Cell debris was carefully removed, and

the pelleted nuclei were washed once and resuspended in the storage

buffer, which contained 0.005% Triton X-100, 50 mM Tris-HC1 (pH 7.5),

5 mM MgCl2, 0.25 M sucrose, 25 m�s KC1, and 1 mr�t dithiothreitol. The

amount of DNA present was measured by its absorbance in 0.1 N

NaOH at 260 nm in a Perkin Elmer Lambda 3 UV/VIS spectrophotom-

eter. Nuclei were divided into 50- or 100-j.tg aliquots and centrifuged at

1000 rpm for 5 mm. The supernatant was removed and discarded, and

the pellet containing nuclei and residual buffer was frozen at -85#{176}.We

found no difference in our results when using these frozen nuclei or

nuclei isolated fresh from cells. For each experiment an aliquot of

frozen nuclei was resuspended in cold microccocal nuclease buffer [10

mM Tris-HC1 (pH 7.8)/i m�i CaC12], and the optical density at 260 nm

was determined as described earlier. The yield of nuclei after freezing,

determined optically or by measurement of [‘4C]thymidine, was gen-

erally 85-95%. Chromatin was prepared by incubating nuclei in 10 mr�t

Tris-HC1 (pH 7.8)/i mM CaCl2 with micrococcal nuclease at 37#{176}for 7

mm. For every 6.1 �g of nuclei, 0.183 unit of nuclease was added. At the

end of the incubation period, the sample was placed on ice, then

centrifuged at 4#{176}in an Eppendorf Microfuge. EDTA (i nmt) (pH 7.5)

was added to a volume equal to that of the supernatant removed. The

sample was incubated at 4#{176}for 18 hr, then recentrifuged in the Micro-

fuge. The supernatant was removed, and the chromatin concentration

in it was determined by reading its absorbance (in 0.1 N NaOH) at 260

nm in a Perkin Elmer Lambda 3 UV/VIS spectrophotometer. Chro-

matin was stored at -20#{176}in 20% glycerol/i mi�i EDTA (pH 7.5).

Drugs and reagents. Crude auromomycin (NSC 170105) was pro-

vided by the Developmental Therapeutics Program, Chemotherapy,

National Cancer Institute. Auromomycin was purified according to the

procedure of Woynarowski and Beerman (18). The nonprotein chro-

mophore was extracted from holoantibiotic as described previously

(19). The concentration of chromophore was expressed in microgram

equivalents of native drug per milliliter. The ability of drug to convert

PM2-I (superhelical DNA) to PM2-II (open circular duplex DNA) was

used as a standard measure of drug activity (2).

Microccocal nuclease was obtained from Boehringer Mannheim

Biochemicals (Indianapolis, Ind.). Agarose and ethidium bromide were

from Sigma Chemical Company. Cell culture media and sera were

obtained from Grand Island Biological Corporation (Grand Island, N.

Y.). All other chemicals were reagent-grade.

Native gel electrophoresis. The standard assay for measuring nu-

clear chromatin degradation contained the appropriate drug or micro-

coccal enzyme, 10 mM Tris (pH 7.8), 3.0 jig of DNA and, unless

otherwise noted, 2 mM dithiothreitol in a total volume of 35 jil. For

digestions using micrococcal enzyme, 1 mai CaCl2 was included in the

reaction mixture.

After incubation at 37#{176}for various periods of times, the reactions

were made 1 m�i in EDTA (except where indicated) and placed on ice

for 10 mm. Samples were then centrifuged in an Eppendorf Microfuge

for 5 mm. An aliquot of the supernatant was removed and counted in

a xylene-Triton X-i00/2,5-diphenyloxazole (PPO)-1,4-bis[2-(5-phenyl-

oxazolyl)]benzene (POPOP) mixture (xylene 3 liters, Triton X-100 1

liter, PPO 12 g, POPOP 0.8 g) to determine DNA concentration based

upon the specific activity of the DNA. Supernatants containing 1.5 �tg

of DNA were then treated with 0.1% sodium dodecyl sulfate at 55#{176}for

is min to remove proteins. The deproteinized oligomeric DNA frag-

ments were separated on native 1.5% agarose submersion gels, stained,

and photographed as described previously (14).

Data on acid-soluble DNA were obtained by removing an aliquot

from each of the incubation mixtures at the end of the incubation

periods but just prior to the addition ofEDTA. Each sample withdrawn

was added to a volume of cold 1.0 M perchloric acid/1.0 M NaC1 equal

to 9 times that of the aliquots. The samples were incubated on ice for

30 mm and centrifuged in an Eppendorl Microfuge; the radioactivity in

the supernatant was then quantitated as described above.

Denaturing agarose gels. Samples were incubated as stated above

for native agarose gels. At the end of the reaction, EDTA was added to

a final concentration of 1 m�.t. After incubating on ice for 10 mm,
samples were centrifuged in the cold in an Eppendorf Microfuge. The

supernatants were treated with sodium dodecyl sulfate at 55#{176}and then,

with samples at room temperature, NaOH was added to final concen-

tration of 30 mM. The running buffer was 30 mr�i NaOH/2 mr�i EDTA,

and 1.5% agarose gels were prepared in this buffer. Gels were run at 20

V for 20 hr, then stained with ethiclium bromide and photographed as

previously described.

RESULTS

Initial experiments were carried out to determine
whether auromomycin could solubilize nuclear chroma-

tin and whether it acted similarly to the nucleolytic

enzyme micrococcal nuclease (Fig. 1). The mechanism of

action of this enzyme is well known: the release of chro-
matin fragments from nuclei occurs via introduction of
double-strand breaks in linker regions (20). The reaction
is monitored by measuring the production of acid-soluble
material (DNA 10-20 base pairs or less), which increases
linearly with either enzyme concentration or time (21).
Auromomycin treatment of nuclei also produced acid-

soluble material but showed no linear increase with con-
centration (Table 1). Neither was there a significant
increase in acid-soluble material at a fixed drug level
when incubation times were varied from 15 to 60 mm
(data not shown).

Solubilization of chromatin from micrococcal-treated
nuclei is stimulated by post-treatment addition of EDTA.
We have noted that EDTA enhances chromatin release
in HeLa S� nuclei treated by micrococcal nuclease as
much as 3-fold.’ Chromatin released in the absence of
EDTA apparently consists of material that is enriched in

actively transcribing regions (22, 23). This chromatin,
because of a more open conformation, is unusually sen-

sitive to micrococcal digestion. Increased levels of auro-
momycin release increasing amounts of chromatin, but
the release of solubiized chromatin is not dependent
upon post-treatment addition of EDTA (Table 1). Sam-
pies of the drug-soiubiized chromatin were analyzed by

agarose gel electrophoresis. The lower molecular weight
DNA resolved into discrete bands, indicating that DNA
strand scissions occur primarily in linker regions (Fig. 1).
For comparison purposes, DNA isolated from chromatin
solubilized by micrococcal nuclease is shown in the bot-
torn panel of Fig. 1. At the lowest drug concentration
that resulted in distinct nucleosome bands (37 jzg/ml),
oligomers up to hexamer sizes are resolved. Increased

drug leveLs converted substantial amounts of these oh-

gomers to dimer and monomer materials as well as sol-
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FIG. 1. Effect of increasing auromomycin concentrations on HeLa

S3 nuclear chromatin

Isolated nuclei were incubated with the indicated concentration of

drug for 1 hr. The chromatin fragments were deproteinized and the

DNA was separated on native 1.5% agarose gels, stained, photographed,

and scanned as described under Materials and Methods. The arrow on

the control scan (toppanel) of this and all subsequent figures indicates

the position of the 175-base pair mononucleosome. The bottom panel

shows DNA oligomers isolated from nuclei treated with micrococcal

nuclease for 20 mm at 37#{176}.

ubiizing more high molecular weight chromatin. There
is also evidence ofband broadening, indicating that cleav-
age in the linker regions may be occurring somewhat
randomly. On the other hand, the lack of monomer size
material suggests that damage to core DNA is not occur-
ring.

Using a PM2 DNA-Hae III restriction digest as
markers, the estimated average size from multiple exper-
iments of the drug-generated monomer is 175 ± 4 base
pairs. The addition of more drug causes further break-

down of high molecular weight chromatin but does not
change the average size of the monomer unit.

TABLE 1

Solubilization of chromatin from HeLa S� nuclei by auromomycin

HeLa nuclei were incubated with auromomycin. The percentage of

acid-soluble material and the percentage of soluble chromatin were

measured as described under Materials and Methods. Experiments

were performed three to five times. Values shown are means ± standard

deviation.

Auromomycin
concentration

Time % Acid-
soluble

% Counts/ mm
tent

n superna-

-EDTA +EDTA

�tg/ml mm

0 60 3±0.8 5±1 5±1

62 60 3±0.7 44±6 47±5

124 60 4±0.7 68±8 79±6

186 60 4±0.4 71±11 70±8

373.. 60 4±0.5 88±6 90±5

Chromatin solubiized from nuclei treated with a fixed
level of drug from 0 to 60 mm was also analyzed by

agarose gel electrophoresis (Fig. 2). Treatments as short
as 5 mm resulted in measurable amounts of solubiized
chromatin, although, at these early time points, mostly

small and very heterogeneous materials were produced.
By 15 mm clearly definable oligomers were observed as
well as a peak of higher molecular weight DNA. This
could be analogous to micrococcal nuciease which, under
limited digestion conditions, initially solubiizes chroma-
tin to relatively low molecular weight sizes (24, 25). In
the case of micrococcal enzyme, this fraction of chroma-
tin is enriched in transcribing sequences (24, 25).

The strand scission activity of auromomycin with cell-
free DNA shows a requirement for dithiothreitol (stim-

FIG. 2. Time course of auromomycin activity

HeLa nuclei were incubated with auromomycin (522 �g/ml) for the

times indicated on the graph. The deproteinized DNA was separated

on 1.5% agarose gels. Nuclei in control samples showed no significant

breakdown over i hr.
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FIG. 3. Enhancement of auromomycin activity by dithiothreitol

Nuclei were incubated with auromomycin (372 �tg/im) for i hr in the

absence of (-DTT) or the presence (+DTT) of 2 m�s dithiothreitol.

Nuclei in control samples were unaffected by this concentration of

dithiothreitol. Higher dithiothreitol concentrations did not further en-

hance drug action and in fact increased nonspecific breakdown of

nuclear chromatin (data not shown).

ulates the reaction 5-fold) for optimal activity (6, 7).

Solubiization of nuclear chromatin by drug is also stim-

ulated by dithiothreitol (Fig. 3). If the amount of drug is
increased, chromatin showing discrete nucieosome bands
is obtained in the absence of ditbiothreitol (data not

shown). The presence of EDTA during the reaction does
not alter drug activity. These results mark a clear dis-

tinction between the activity of the drug and other com-

mon cellular nucleases.
Auromomycin cleavage of cell-free DNA produces pri-

many single-strand scissions, although the ratio of sin-
gle- to double-strand breaks is unusually low (12:1) (2).

Chromatin from drug-treated nuclei, when analyzed Un-
der conditions to produce denatured DNA, formed dis-
tinct ohigomer bands (Fig. 4). Comparison of chromatin
structure analyzed under native and denaturing condi-
tions, although there are some differences in gel resolu-

tion, does not indicate increased amounts of degradation
when single-strand breaks are measured. This lack of
increased fragmentation of chromatin analyzed on de-

FIG. 4. Denaturing gel analysis of chromatin released from auro-

momycin-treated nuclei

Chromatin obtained from drug-treated nuclei were treated with

sodium dodecyl sulfate at 55#{176},denatured by adding NaOH to a final

concentration of 30 mM, and then electrophoresed as described under

Materials and Methods. Native samples were also run on a 1.5% native

agarose gel (A-C) for comparison with the denatured samples (D-F).

Nuclei were incubated with no drug (A and D), with micrococcal

nuclease at 0.183 unit/6.i �tg of DNA for 20 mm (B and E), and with

auromomycin (186 �g/im) (C and F).

FIG. 5. Analysis of chromatin from auromomycin- and chromo-

phore-treated nuclei

HeLa nuclei were untreated (A) or treated with auromomycin at 373

�tg/ml for 30 min (B) or with chromophore at 380 j�g/im (this concen-

tration is based upon a comparison of chromophore and holoantibiotic

endonucleolytic activity with superhelical PM2 DNA) (C) for 30 mm.
At the end of the reaction, the volume was doubled by the addition of

iO mM Tris (pH 8), and EDTA was added to a final concentration of i

mM. Samples were centrifuged at 4#{176}in a Microfuge, the chromatin

fragments in the supernatant were deproteinized, and the DNA was

separated on a i.5% agarose gel as described under Materials and

Methods.

naturing gels would indicate a ratio of single- to double-
strand scissions near 2:1.

Finally, we wished to determine whether the chromo-

phore form of auromomycin could solubiize nuclear

chromatin in a manner similar to the holoantibiotic.
Chromophore levels that are comparable to the haloan-
tibiotic, as measured by the ability of each form of the

drug to introduce single-strand scissions into superhelical

PM2 DNA, were found to produce soluble chromatin at
a rate similar to that of the intact drug (Fig. 5). The
ohigomer bands patterns were also comparable.

DISCUSSION

Recent studies have analyzed the effects of DNA-re-
active antitumor agents on chromatin structure. Isolated
chromatin appears to be quite vulnerable to degradation
by agents such as neocarzinostatin, bleomycin, and au-
romomycin (9, 14, 26). Although it is important to un-

derstand how these agents interact with isolated chro-
matin, the development of these drugs as antitumor

agents makes it imperative that the level of drug-chro-
matin interaction also be studied at the nuclear level. In

nuclei, chromatin exists as a highly ordered structure,

and nuclear chromatin possesses a full complement of
non-histone proteins. Both of these conditions may
strongly influence drug-chromatin interactions. In addi-
tion, drug activity may be altered by the presence of
cellular material in nuclei.

The data presented in this paper represent the first
published analysis of the effects of the DNA-reactive

antitumor drug auromomycin on chromatin in nuclei.

Our initial observations reveal that the drug effectively
solubilizes nuclear chromatin. Compared with the action
of the classical probe of chromatin structure, micrococcal

nuclease, auromomycin degrades chromatin in a mark-
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edly different manner. From the elecrophoretic profile of

drug-solubilized chromatin, it is clear that cleavage of
chromatin occurs preferentially in linker regions. At the

same time the rather large breadth of the bands suggests
that damage to DNA is occurring randomly throughout
the linker regions. This contrasts with micrococcal nu-
clease, which generates bands that are relatively homo-

geneous. Indeed, digestion with micrococcal enzyme un-
der mild treatment produces a mononucleosome of about
180 base pairs. Increasing the level of enzyme produces

a 165-base pair unit (20). This mononucleosome consists
of core plus linker DNA regions which, upon further
treatment with enzyme, is reduced to a 145-base pair core

that is devoid of linker DNA (20). Auromomycin, on the
other hand, under mild digestion conditions produced an

average-size mononucleosome of 175 base pairs. In-
creased digestion with drug does not reduce the mono-
nucleosome to smaller sizes. This same chromatin can be

converted to core size nucleosomes by treatment with
micrococcal nuclease.’ Thus the nucleosome must consist

of the normal core plus linker components.

Unlike micrococcal nuclease, auromomycin release of
nuclear chromatin is not dependent upon EDTA (Table

1). At the early time points ofdrug treatment, the soluble
chromatin consists of oligomers that are not resolved
into clear bands (Fig. 2). There is also a distinct lack of
higher molecular weight DNA. The conditions needed to
generate this material appear to be rather specific, as
similar fractions of chromatin are not seen when incu-

bations are carried out for longer times but with less drug
(Fig. 1). Very mild micrococcal digestion of nuclear chro-
matin produces small-sized, very heterogeneous chro-

matin which is enriched in actively transcribing Se-
quences. We are currently investigating the nature of the
drug-solubilized chromatin obtained at these early time

points.

Unlike drug treatment of cell-free DNA, nearly equal

amounts of degradation are observed whether the DNA
from solubiized chromatin is analyzed under native or
denaturing conditions (Fig. 4). This could result from
single-strand breaks being juxtapositioned on opposite
DNA strands within 10 base pairs. Strand breakage that
occurs selectively on linker regions would enhance the
frequency of DNA breaks that occur within close prox-
imity. A similar mechanism has been postulated for
neocarzinostatin, where the ratio of single- to double-

strand breaks with DNA and chromatin are 30:1 and 5:1,
respectively (15, 16). The production of a large amount
of double-strand scissions in cellular DNA and the diffi-
culty of repairing such damage could be contributing
factors for auromomycin’s extreme cytotoxicity (ID,,o
HeLa S3 cells is 20-40 pM).

Like neocarzinostatin, the active portion of auromo-
mycin is a small (Mr 667) molecular weight chromophore

(11, 18). The isolated auromomycin chromophore is sim-
ilar to the holoantibiotic in its ability to produce soluble
chromatin (Fig. 5). When nearly equal amounts of chro-
mophore and holoantibiotic were added to nuclei (the
term “equal amounts” refers to drug levels which produce
the same amount of cleavage of superhelical PM2 DNA),
similar effects were seen on nuclear chromatin.

Auromomycin is one of a number of DNA strand

scission antitumor drugs which degrade chromatin struc-

ture. Both bleomycin and neocarzinostatin damage chro-
matin, although they differ in their mode of action on

DNA (8). The fact that auromomycin also digests chro-
matin offers another opportunity to study the effects of
a DNA-reactive drug on its cellular target, chromatin.

Further studies of the ability of auromomycin to degrade
specific fractions of cellular chromatin, i.e., actively tran-
scribing regions, may help to explain the mode of drug
action that is responsible for the extreme cytotoxicity of
this compound.
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