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Mithramycin (MTR) is an anticancer drug that
locks macromolecular biosynthesis via reversible in-
eraction with DNA in the presence of bivalent cation
uch as Mg21. Mithramycin forms two types of com-
lexes with Mg21: complex I (1:1 in terms of MTR:Mg21)
nd complex II (2:1 in terms of MTR:Mg21). In vivo
ntibiotic would interact with chromatin, a protein–
NA complex. For the first time we have demonstrated
nd characterized the association of both complexes
f MTR with chromatin and nucleosome core. From an
valuation and comparison of the binding and thermo-
ynamic parameters and CD spectra of bound com-
lexes, we have shown the following. Histone(s) stand

n the say of the access of the ligand(s) to chromosomal
NA. Chromatin and core particle interact differen-

ially with the same ligand. Mode of interaction of the
wo complexes, I and II, with the same system is dif-
erent. Significance of these results to understand the
ranscription inhibitory property of the drug in eu-
aryotic chromosome is discussed. © 2001 Academic Press

Key Words: anticancer drug; mithramycin; chroma-
in; nucleosome core; mithramycin:Mg21 complexes.

Mithramycin (MTR, also known as plicamycin),
rom Streptomyces plicatus, is an anticancer antibi-
tic clinically employed for testicular carcinoma and
aget’s disease (1). Mithramycin and other structur-
lly related antibiotics, chromomycin A3 and olivo-
ycin belong to aureolic acid group of antibiotics (2).

t consists of chromomycinone moiety, the aglycon
ing, either side of which is linked to six member
ugar residues such as D-mycarose, olivose, and oli-
se via O-glycoside linkages (2) (Fig. 1). Antitumor
roperties of the antibiotic in experimental tumors
ave been ascribed to its inhibitory role in replication
nd transcription process during macromolecular bio-
ynthesis (1, 3). Prime cellular target of this antibiotic
s DNA. Bivalent metal ion, such as Mg21, is an essen-

1 To whom correspondence should be addressed. Fax: 191 (33) 337
637. E-mail: dipak@biop.saha.ernet.in.
68006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
ith DNA at the above neutral pH (3).
Previous studies from our laboratory have shown

hat in the absence of DNA, mithramycin forms two
ifferent types of complexes with Mg21 depending on
he concentration of Mg21 (4, 5). Stoichiometries of
hese complexes are 1:1 (complex I) and 2:1 (complex
I) in terms of drug:Mg21. These complexes are the
otential DNA binding ligands at and above physiolog-
cal pH. Both complexes approach the target DNA via

inor grove (4–6).
DNA binding properties of this antibiotic have been
ell studied in our and other laboratories (4–9). In
ivo, the antibiotic would interact with chromatin, a
rotein–DNA complex, in order to access the genome.
t could bind via minor grove of chromatin DNA. There-
ore, it is necessary to study the interaction of this drug
ith chromatin. In view of the role of histones in the

ranscriptional activity of the eukaryotic genome, we
ave extended our observations to examine the effect of
istones upon DNA binding ability of the antibiotic in
rder to assess its potential as transcription inhibitor
n the cell (10). So far, there is only one report that
hows the binding of a related antibiotic, chromomycin
ith chromatin isolated from mouse and rat liver (11).
his preliminary study had the following lacunae. Con-
entration of chromomycin used was greater than 50
M, at which chromomycin aggregates. Mg21 concen-
ration used was in micromolar range (45–328 mM). A
ixed population of complexes I and II is formed under

hese conditions. Knowledge about various levels of
hromatin structure was also not available then. It is
ell established now that packaging of DNA in the
ukaryotic nucleus, principal target site of the antibi-
tic, involves several distinct hierarchical events. First
evel of compaction occurs, when DNA is wrapped
round an octamer of core histones to form the repeat-
ng subunit nucleosome. Histone octamer–DNA com-
lexes are spaced at ;200 base pair intervals to form
ucleosomal arrays. They interact with linker histones
o form a highly folded transcriptionally suppressive
30 nm diameter chromatin fiber” (10).
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Work presented in this paper describes the studies
n the interaction of both complexes of mithramycin
ith native chromatin, nucleosome core particle and
NA stripped of histone proteins from two different

ources, rat and chicken liver. There are two major
bjectives of this study. We wanted to examine
hether the distinctive nature of the two drug:Mg21

omplexes as DNA binding ligands (4, 6) still remains
t the native chromatin or nucleosome core level. Sec-
ndly, we aimed to examine the effect of histones upon
NA binding potential of the drug:Mg21 complexes at

he two levels of chromatin structural organization.
his is particularly relevant to understanding the
ode of action of the drug in eukaryotic nucleus. In

hese studies, concentrations of drug and Mg21 were so
hosen from previous reports that they lead to the
ormation of a single type of complex (either complex I
r complex II) (4), and we do get a mixed population of
wo complexes. We have found that binding parame-
ers of rat and chicken liver chromatin at the two levels
f chromatin structure follow the same trend with both
omplexes of mithramycin. Therefore, for detailed
haracterization of the association, further studies
ere carried with only rat liver chromatin as the rep-

esentative example. The results are discussed to un-
erstand the transcription inhibitory potential of the
rug.

ATERIALS AND METHODS

Mithramycin, Tris, MgCl2 solution (4.9 M), CaCl2 (1 M), phenyl
ethyl sulphonyl fluoride (PMSF), ethylene diamino tetra acetic

cid, disodium salt (EDTA), Triton X-100, micrococcal nuclease and
alf thymus DNA were from Sigma Chemical Company (USA). The
uffer was prepared in quartz distilled deionized water from Milli-Q
ource, Millipore Corporation (USA).

FIG. 1. Structure of mithramycin.
69
ino Sprague-Dawley rats weighing about 150 6 10 g, about 2–3
onths old, and chicken of same age, were used throughout this
ork. Nuclei were isolated from the homogenised liver by the

tandard method (12). Purified nuclei were digested with micro-
occal nuclease for the preparation of chromatin (13). Prolonged
igestion of nuclei with micrococcal nuclease was used to prepare
he nucleosome core particle with DNA length of 147 base pairs
13, 14). Purity of the chromatin and nucleosome core particle
as checked from identification of the histones in SDS–PAGE,
cid urea gel, and agarose gels with appropriate markers
15). Chromatin and nucleosome core particles were estimated
n terms of DNA base (16). DNA was extracted from the chromatin
y repeated phenol/chloroform for quantitative estimation of
ase (16).

Absorbance and fluorescence measurements. Absorption and flu-
rescence spectra were recorded with a Hitachi U-2000 spectropho-
ometer and a Shimadzu RF-540 spectrofluorometer, respectively.
oncentration of mithramycin was estimated from molar absorption
oefficient 5 10,000 M21 cm21 at 400 nm (6). Fluorescence excitation
avelength was 470 nm in order to avoid photodegradation of the
ntibiotic (6). During fluorescence measurements, absorbance of the
amples did not exceed 0.05. Therefore, we did not correct the emis-
ion intensity for optical filtering effect.

Analysis of binding data. Results from fluoremetric titrations
ere analyzed by the following method. Apparent dissociation con-

tant (K d) was determined using nonlinear curve fitting analysis
Eqs. [1] and [2]). All experimental points for binding isotherms were
tted by least-square analysis (17)

d 5 ~C0 2 ~DF/DFmax! z C0!

3 ~Cp 2 ~DF/DFmax! z C0!/~~DF/DFmax! z C0! [1]

C0 z ~DF/DFmax!
2 2 ~C0 1 Cp 1 Kd! z ~DF/DFmax! 1 Cp 5 0. [2]

F is the change in fluorescence emission intensity at 540 nm
lex 5 470 nm) for each point of titration curve, DF max is the same
arameter when the ligand is totally bound to polymer
chromatin/nucleosome core particle/naked DNA), C p is the con-
entration of the polymer (chromatin/nucleosome core particle/
aked DNA), and C 0 is the initial concentration of the antibiotic.
ouble reciprocal plot was used for determination of DF max using

he Eq. [3]

1/DF 5 1/DFmax 1 Kd/~DFmax~Cp 2 C0!!. [3]

ther details of the method are given in an earlier report.
As described in an earlier report (7) binding stoichiometry was

stimated from the intersection of two straight lines of the least-
quare fit plot of normalized increase in fluorescence against the
atio of input concentration (in terms of DNA base) of chromatin/core
article/free DNA and drug.

Evaluation of thermodynamic parameters. Thermodynamic pa-
ameters, DH (Van’t Hoff enthalpy), DS (entropy), and DG (free
nergy) were determined using the following equations (18):

ln Kapp~1/Kd! 5 2DH/RT 1 DS/R [4]

DG 5 DH 2 TDS [5]

here R at T are the universal gas constant and absolute tempera-
ure, respectively. K app(1/K d) was determined at three different tem-
eratures. DH and DS were determined from the slope and intercept
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f a plot of ln K app against 1/T. DG was determined from Eq. [5] after
he incorporation of DH and DS values obtained from Eq. [4].

ESULTS

Change in absorption spectrum of complex I upon
inding to chromatin and nucleosome core particle in-
icates the formation of complex between them (Fig. 2).
ain feature of the change is red shift and broadening

f the peak relative to that of the free antibiotic and
omplex I. There is a concomitant increase of the ab-
orbance in the longer wavelength region. Similar
hanges were observed when complex II interact with
hromatin/nucleosome core particle/naked DNA (figure
ot shown). These changes are characteristic of the
ssociation of the complexes with naked DNA (5, 6).
Increase in fluorescence intensity of the complexes

and II upon its association with chromatin and core
article from both sources provided us the method to
valuate the binding parameters (Figs. 3 and 4). In
eneral, blue shift of the emission peaks accompa-
ies the increase in fluorescence (Fig. 3). The extent
f blue shift is more in case of chromatin than core
article. Increase in the quantum yield and blue
hift were earlier reported for the association of the
omplexes with free DNA (6). Increase in fluores-
ence originates from a change in the local environ-
ent and/or conformation of the chromophore upon

he formation of complex with chromatin/nucleosome
ore particle/free DNA.
We estimated the binding parameters, binding

onstant and stoichiometry, for the ligand–polymer
nteraction from fluorescence titration of a particular
he ligands in presence of varying concentrations of
olymer. Representative titration curves for the in-
eraction of complex I with different systems from
at liver are shown in Fig. 4. Inset to the figure
llustrates how binding stoichiometry has been de-
ermined from these results. Nature of the curves

FIG. 2. Absorption spectra (360–520 nm) of MTR (13.5 mM, -)
nd complex I (MTR (13.5 mM) plus Mg21 (230 mM)) in the absence
- - -) and presence of rat liver chromatin (340 mM, – - - –), rat liver
ore particle (400 mM, –x–x–), chicken liver chromatin (500 mM,
- - - –) and chicken liver core particle (500 mM, -xx-) in 10 mM
ris–HCl, pH 8.0 at 25°C.
70
and polymers over the range of input concentra-
ions of polymer. Similar trend was observed for the
nteraction of complex II with the chromatin and core
article. Binding parameters were estimated simi-
arly as described under Materials and Methods. Ta-
le 1 summarizes the binding parameters for the
nteraction of complexes I and II with different sys-
ems. The main points noted from the table are as
ollows. Presence of histone proteins in the chroma-
in and core particle reduces the binding affinity for
oth complexes, because both complexes bind to the
aked DNA with comparatively higher affinity and

ower stoichiometry. Among the native chromatin
nd core particle, the binding affinity is higher in
ase of the former there is a marginal increase in the
inding stoichiometry in terms of covered base per
rug molecule occurs from chromatin to core particle.
mong the two types of complexes, affinity constant

s lower for the bulkier ligand and, as expected, the
inding stoichiometry is also high. Above observa-

FIG. 3. Fluorescence spectra of MTR (8 mM, –) and complex I
MTR (8 mM) plus Mg21 (230 mM)) in absence (- - -) and presence
f rat liver chromatin (340 mM, – - –), rat liver core particle (400
M, -xx-), chicken liver chromatin (500 mM, – - - –) and chicken

iver core particle (500 mM, –x–x–) in 10 mM Tris–HCl buffer, pH
.0 at 20°C.
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ions follow the same trend in two different systems,
hereby justifying the generalisation of the results.
ince the binding parameters follow the same trend for
oth rat and chicken liver chromatin, rat liver chromatin
as used for the further studies.
Figure 5 shows the representative van Hoff plot for
TR II interaction with nucleosome core particle. Ther-
odynamic parameters for various systems are summa-

ized in Table 2. Complex I binding is favored by enthalpy
hereas complex II binding is entropy driven.
Figure 6 (a and b) shows the CD spectra of com-

lexes I and II, respectively, in presence of saturat-
ng concentration of different polymers. The CD
pectra of both the complexes of mithramycin are
ifferent in presence of native chromatin/nucleosome
ore particle and naked DNA. Changes in the profile
nd band intensity of visible CD spectra of complexes
and II occur as a result of association with DNA in

he native chromatin, nucleosome. That is why the
pectra of both complexes have been recorded in

FIG. 4. Curve fitting analyses to evaluate the dissociation consta
iver core particle (F) and dehistonized DNA (Œ) in 10 mM Tris–H
toichiometry, for chromatin (E) and naked DNA (Œ).
71
resence of DNA stripped of histones. In any partic-
lar set, CD spectra of the complex pass through a
ingle point at different input concentrations of the
olymer (figure not shown). Red shift of the peak in
he CD spectra of both complexes upon addition of
hromatin/nucleosome/naked DNA is a common fea-
ure. Spectral profiles (400 –500 nm) of complex I in
he presence of chromatin and naked DNA are com-
arable. On the other hand, spectral shape in the
resence of nucleosome resembles that for free li-
and. However, there is a marked reduction in the
and intensities in the negative region for all cases.
ituation is radically different for complex II. Differ-
nces in spectra upon addition of native chromatin,
ucleosome and naked DNA are apparent.

ISCUSSION

This is the first characterization of the nature of
ssociation of the anticancer drug Mithramycin with

for the association of complex I with rat liver chromatin (E) and rat
buffer, pH 8.0 at 20°C. Inset shows the determination of binding
nt
Cl
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ifferent levels of chromatin structure. The DNA bind-
ng property of this drug and the related antibiotic,
hromomycin in chromatin is well known because they
re widely used as chromosomal staining agent in
aryotyping. Two major conclusions from our report
re as follows.
First, presence of associated histone proteins in chro-
atin and nucleosome core particle has a negative

ffect upon DNA-binding potential of both complexes of
ithramycin. The effect is more pronounced with the

ulkier complex II. Same trends in the results from
oth rat liver and chicken liver reinforce the conclu-

Binding Parameters for the Interaction of MTR:Mg21 Com-
lexes with Chromatin/Nucleosome Core Particle/Free DNA
n 10 mM Tris–HCl Buffer, pH 8.0 at 20°Ca

Ligand
(drug:Mg21 complex)

Mg21

(mM) System
K d

a

(mM)
nb

(base/drug)

Rat liver
I 0.23 Chromatin 107c 14 6 2
II 2.0 Chromatin 184 33 6 1.5
I 0.23 Core particle 154 18 6 2
II 2.0 Core particle 201 38 6 2.5
I 0.23 Free DNA 33 5 6 0.5
II 2.0 Free DNA 32 7 6 0.5

Chicken liver
I 0.23 Chromatin 119 15
II 2.0 Chromatin 134 29
I 0.23 Core particle 163 19
II 2.0 Core particle 187 42
I 0.23 Free DNA 23 6
II 2.0 Free DNA 25 8

a The values of apparent dissociation constant were obtained by non-
inear curve fit method as described under Materials and Methods.

b Binding stoichiometry expressed in terms of site size was calcu-
ated from the titration profile using the method described in Ref. 20.

c The standard deviation from three sets of experiment is 15%.

FIG. 5. van Hoff plots for the interaction of complex I (h) and
omplex II (E) with native chromatin in 10 mM Tris–HCl buffer, pH 8.0.
72
ion. The negative effect is anticipated considering the
eported crystal structure of nucleosome (19). Some of
he minor grooves of DNA in the nucleosome are occu-
ied by the arginine side chains of histone.
Secondly, difference in the binding potential and

inding stoichiometry of complexes I and II further
upports our proposition that these complexes are dif-
erent molecular species with distinctive three dimen-
ional structures. Since in vivo concentration of Mg21 is
igh (10 mM), chances of formation of complex II is
reater. However, formation of complex I can not be
uled out under certain special conditions. There are
eported fluctuations in the Mg21 concentrations in
arcinogenic tissues (20). Each of these aspects is dis-
ussed below.
Neither of the two ligands bind to any histone. Inde-

endent experiments using fluorescence property of
he drug have shown the absence of such interactions
not shown). In view of this observation and the earlier
ell-established documentation of the ligand(s)–DNA

nteraction, present result suggests that histone–DNA
ontacts in chromatin and nucleosome core particle
educe the accessibility of minor groove of (G, C) rich
egion of chromosomal DNA to both complexes of mith-
amycin. Among native chromatin and nucleosome
ore particle, we notice a small but consistent reduc-
ion in binding affinity and increase in site size upon
emoval of linker DNA in nucleosome. Analysis of the
D spectral features of bound complexes also suggest

hat the environments of the chromophore in both li-
ands are different in chromatin and core particle.
hese features may be ascribed to a loss of binding site

n linker DNA as we go from chromatin to nucleosome.
The aforementioned results have another biological

ignificance. During eukaryotic transcription, Histone
1 undergoes covalent modification that leads to its
issociation from the DNA. During histone H1 deple-
ion nearly 20 base pairs of DNA leave the histone

Thermodynamic Parameters for the Interaction of Com-
lex I and II of Mithramycin with Rat Liver Native Chroma-
in, Nucleosome Core Particle, and Naked DNA in 10 mM
ris–HCl, pH 8.0 at 25°C

System
DG

(Kcal/mol)
DH

(Kcal/mol)
DS

(e.u)

Complex I

ative chromatin 25.3 212.0 222.6
ucleosome core particle 25.0 29.8 216.0
aked DNA 25.9 27.5 25.5

Complex II

ative chromatin 25.1 2.1 24.3
ucleosome core particle 25.1 4.6 32.6
aked DNA 26.1 3.5 32.3
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ontact and are exposed (21, 22). The pattern of micro-
occal nuclease digestion within a domain, reflecting
hromosome structure at the level of the nucleosomes,
s not much affected by the transcription, except at
equences such as enhancers and promoters. They be-
ome “hypersensitive” to digestion, due to the loss of
ucleosomes (23, 24), thus providing the naked DNA
egions due to histone loss. The higher affinity of both
he complexes of mithramycin, which are transcription
nhibitors, for dehistonized DNA can be appreciated
rom this perspective.
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