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Mithramycin (MTR) is an anticancer drug that
blocks macromolecular biosynthesis via reversible in-
teraction with DNA in the presence of bivalent cation
such as Mg**. Mithramycin forms two types of com-
plexes with Mg®*: complex | (1:1 in terms of MTR:Mg**)
and complex Il (2:1 in terms of MTR:Mg®"). In vivo
antibiotic would interact with chromatin, a protein-
DNA complex. For the first time we have demonstrated
and characterized the association of both complexes
of MTR with chromatin and nucleosome core. From an
evaluation and comparison of the binding and thermo-
dynamic parameters and CD spectra of bound com-
plexes, we have shown the following. Histone(s) stand
in the say of the access of the ligand(s) to chromosomal
DNA. Chromatin and core particle interact differen-
tially with the same ligand. Mode of interaction of the
two complexes, | and |1, with the same system is dif-
ferent. Significance of these results to understand the
transcription inhibitory property of the drug in eu-
karyotic chromosome is discussed. © 2001 Academic Press
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Mithramycin (MTR, also known as plicamycin),
from Streptomyces plicatus, is an anticancer antibi-
otic clinically employed for testicular carcinoma and
Paget’s disease (1). Mithramycin and other structur-
ally related antibiotics, chromomycin A; and olivo-
mycin belong to aureolic acid group of antibiotics (2).
It consists of chromomycinone moiety, the aglycon
ring, either side of which is linked to six member
sugar residues such as b-mycarose, olivose, and oli-
ose via O-glycoside linkages (2) (Fig. 1). Antitumor
properties of the antibiotic in experimental tumors
have been ascribed to its inhibitory role in replication
and transcription process during macromolecular bio-
synthesis (1, 3). Prime cellular target of this antibiotic
is DNA. Bivalent metal ion, such as Mg*", is an essen-
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tial requirement for the (G, C) base specific association
with DNA at the above neutral pH (3).

Previous studies from our laboratory have shown
that in the absence of DNA, mithramycin forms two
different types of complexes with Mg®* depending on
the concentration of Mg®" (4, 5). Stoichiometries of
these complexes are 1:1 (complex I) and 2:1 (complex
I) in terms of drug:Mg*". These complexes are the
potential DNA binding ligands at and above physiolog-
ical pH. Both complexes approach the target DNA via
minor grove (4—6).

DNA binding properties of this antibiotic have been
well studied in our and other laboratories (4-9). In
vivo, the antibiotic would interact with chromatin, a
protein-DNA complex, in order to access the genome.
It could bind via minor grove of chromatin DNA. There-
fore, it is necessary to study the interaction of this drug
with chromatin. In view of the role of histones in the
transcriptional activity of the eukaryotic genome, we
have extended our observations to examine the effect of
histones upon DNA binding ability of the antibiotic in
order to assess its potential as transcription inhibitor
in the cell (10). So far, there is only one report that
shows the binding of a related antibiotic, chromomycin
with chromatin isolated from mouse and rat liver (11).
This preliminary study had the following lacunae. Con-
centration of chromomycin used was greater than 50
wM, at which chromomycin aggregates. Mg?" concen-
tration used was in micromolar range (45-328 uM). A
mixed population of complexes I and 11 is formed under
these conditions. Knowledge about various levels of
chromatin structure was also not available then. It is
well established now that packaging of DNA in the
eukaryotic nucleus, principal target site of the antibi-
otic, involves several distinct hierarchical events. First
level of compaction occurs, when DNA is wrapped
around an octamer of core histones to form the repeat-
ing subunit nucleosome. Histone octamer—-DNA com-
plexes are spaced at ~200 base pair intervals to form
nucleosomal arrays. They interact with linker histones
to form a highly folded transcriptionally suppressive

“30 nm diameter chromatin fiber” (10).



Vol. 280, No. 1, 2001

CHg " crg ™,
, WO e
R = H 3C 2 0\3 \A/ o T
E D C
OH

FIG. 1. Structure of mithramycin.

Work presented in this paper describes the studies
on the interaction of both complexes of mithramycin
with native chromatin, nucleosome core particle and
DNA stripped of histone proteins from two different
sources, rat and chicken liver. There are two major
objectives of this study. We wanted to examine
whether the distinctive nature of the two drug:Mg**
complexes as DNA binding ligands (4, 6) still remains
at the native chromatin or nucleosome core level. Sec-
ondly, we aimed to examine the effect of histones upon
DNA binding potential of the drug:Mg** complexes at
the two levels of chromatin structural organization.
This is particularly relevant to understanding the
mode of action of the drug in eukaryotic nucleus. In
these studies, concentrations of drug and Mg*" were so
chosen from previous reports that they lead to the
formation of a single type of complex (either complex I
or complex I1) (4), and we do get a mixed population of
two complexes. We have found that binding parame-
ters of rat and chicken liver chromatin at the two levels
of chromatin structure follow the same trend with both
complexes of mithramycin. Therefore, for detailed
characterization of the association, further studies
were carried with only rat liver chromatin as the rep-
resentative example. The results are discussed to un-
derstand the transcription inhibitory potential of the
drug.

MATERIALS AND METHODS

Mithramycin, Tris, MgCl, solution (4.9 M), CaCl, (1 M), phenyl
methyl sulphonyl fluoride (PMSF), ethylene diamino tetra acetic
acid, disodium salt (EDTA), Triton X-100, micrococcal nuclease and
calf thymus DNA were from Sigma Chemical Company (USA). The
buffer was prepared in quartz distilled deionized water from Milli-Q
source, Millipore Corporation (USA).
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Preparation of chromatin and nucleosome core particle. Male al-
bino Sprague-Dawley rats weighing about 150 = 10 g, about 2-3
months old, and chicken of same age, were used throughout this
work. Nuclei were isolated from the homogenised liver by the
standard method (12). Purified nuclei were digested with micro-
coccal nuclease for the preparation of chromatin (13). Prolonged
digestion of nuclei with micrococcal nuclease was used to prepare
the nucleosome core particle with DNA length of 147 base pairs
(13, 14). Purity of the chromatin and nucleosome core particle
was checked from identification of the histones in SDS-PAGE,
acid urea gel, and agarose gels with appropriate markers
(15). Chromatin and nucleosome core particles were estimated
in terms of DNA base (16). DNA was extracted from the chromatin
by repeated phenol/chloroform for quantitative estimation of
base (16).

Absorbance and fluorescence measurements. Absorption and flu-
orescence spectra were recorded with a Hitachi U-2000 spectropho-
tometer and a Shimadzu RF-540 spectrofluorometer, respectively.
Concentration of mithramycin was estimated from molar absorption
coefficient = 10,000 M * cm™* at 400 nm (6). Fluorescence excitation
wavelength was 470 nm in order to avoid photodegradation of the
antibiotic (6). During fluorescence measurements, absorbance of the
samples did not exceed 0.05. Therefore, we did not correct the emis-
sion intensity for optical filtering effect.

Analysis of binding data. Results from fluoremetric titrations
were analyzed by the following method. Apparent dissociation con-
stant (K,;) was determined using nonlinear curve fitting analysis
(Egs. [1] and [2]). All experimental points for binding isotherms were
fitted by least-square analysis (17)

Kg= (CO - (AF/AFmax) . CD)

X (Cp - (AF/AFmax) . CO)/((AF/AFmax) : CO) [1]

Co* (AF/AF ) ? — (Co + Cp + Kg) - (AF/AF a) + C, = 0. [2]

AF is the change in fluorescence emission intensity at 540 nm
(Aex = 470 nm) for each point of titration curve, AF ,,, is the same
parameter when the ligand is totally bound to polymer
(chromatin/nucleosome core particle/naked DNA), C, is the con-
centration of the polymer (chromatin/nucleosome core particle/
naked DNA), and C, is the initial concentration of the antibiotic.
Double reciprocal plot was used for determination of AF ., using
the Eq. [3]

1/AF = 1/AFpax + Ko/ (AF ax(Cp — Co)). [3]

Other details of the method are given in an earlier report.

As described in an earlier report (7) binding stoichiometry was
estimated from the intersection of two straight lines of the least-
square fit plot of normalized increase in fluorescence against the
ratio of input concentration (in terms of DNA base) of chromatin/core
particle/free DNA and drug.

Evaluation of thermodynamic parameters. Thermodynamic pa-
rameters, AH (Van't Hoff enthalpy), AS (entropy), and AG (free
energy) were determined using the following equations (18):

In Kypp(1/Kg) = —AH/RT + AS/R [4]

AG = AH — TAS [5]

where R at T are the universal gas constant and absolute tempera-
ture, respectively. K,,,(1/K4) was determined at three different tem-
peratures. AH and AS were determined from the slope and intercept
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FIG. 2. Absorption spectra (360-520 nm) of MTR (13.5 uM, -)
and complex | (MTR (13.5 uM) plus Mg (230 wM)) in the absence
(- - -) and presence of rat liver chromatin (340 uM, —- - -), rat liver
core particle (400 uM, —x—x-), chicken liver chromatin (500 uM,
—----) and chicken liver core particle (500 uM, -xx-) in 10 mM
Tris—HCI, pH 8.0 at 25°C.

of a plot of In K, against 1/T. AG was determined from Eq. [5] after
the incorporation of AH and AS values obtained from Eq. [4].

RESULTS

Change in absorption spectrum of complex I upon
binding to chromatin and nucleosome core particle in-
dicates the formation of complex between them (Fig. 2).
Main feature of the change is red shift and broadening
of the peak relative to that of the free antibiotic and
complex I. There is a concomitant increase of the ab-
sorbance in the longer wavelength region. Similar
changes were observed when complex Il interact with
chromatin/nucleosome core particle/naked DNA (figure
not shown). These changes are characteristic of the
association of the complexes with naked DNA (5, 6).

Increase in fluorescence intensity of the complexes
I and Il upon its association with chromatin and core
particle from both sources provided us the method to
evaluate the binding parameters (Figs. 3 and 4). In
general, blue shift of the emission peaks accompa-
nies the increase in fluorescence (Fig. 3). The extent
of blue shift is more in case of chromatin than core
particle. Increase in the quantum yield and blue
shift were earlier reported for the association of the
complexes with free DNA (6). Increase in fluores-
cence originates from a change in the local environ-
ment and/or conformation of the chromophore upon
the formation of complex with chromatin/nucleosome
core particle/free DNA.

We estimated the binding parameters, binding
constant and stoichiometry, for the ligand—polymer
interaction from fluorescence titration of a particular
the ligands in presence of varying concentrations of
polymer. Representative titration curves for the in-
teraction of complex I with different systems from
rat liver are shown in Fig. 4. Inset to the figure
illustrates how binding stoichiometry has been de-
termined from these results. Nature of the curves
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indicates a noncooperative binding between complex
I and polymers over the range of input concentra-
tions of polymer. Similar trend was observed for the
interaction of complex Il with the chromatin and core
particle. Binding parameters were estimated simi-
larly as described under Materials and Methods. Ta-
ble 1 summarizes the binding parameters for the
interaction of complexes | and Il with different sys-
tems. The main points noted from the table are as
follows. Presence of histone proteins in the chroma-
tin and core particle reduces the binding affinity for
both complexes, because both complexes bind to the
naked DNA with comparatively higher affinity and
lower stoichiometry. Among the native chromatin
and core particle, the binding affinity is higher in
case of the former there is a marginal increase in the
binding stoichiometry in terms of covered base per
drug molecule occurs from chromatin to core particle.
Among the two types of complexes, affinity constant
is lower for the bulkier ligand and, as expected, the
binding stoichiometry is also high. Above observa-

80.0
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FIG. 3. Fluorescence spectra of MTR (8 uM, —) and complex |
(MTR (8 uM) plus Mg** (230 wM)) in absence (- - -) and presence
of rat liver chromatin (340 uM, — - —), rat liver core particle (400
M, -xx-), chicken liver chromatin (500 uM, — - - =) and chicken
liver core particle (500 uM, —x—x-) in 10 mM Tris—HCI buffer, pH
8.0 at 20°C.
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stoichiometry, for chromatin (O) and naked DNA (A).

tions follow the same trend in two different systems,
thereby justifying the generalisation of the results.
Since the binding parameters follow the same trend for
both rat and chicken liver chromatin, rat liver chromatin
was used for the further studies.

Figure 5 shows the representative van Hoff plot for
MTR Il interaction with nucleosome core particle. Ther-
modynamic parameters for various systems are summa-
rized in Table 2. Complex I binding is favored by enthalpy
whereas complex 11 binding is entropy driven.

Figure 6 (a and b) shows the CD spectra of com-
plexes I and 11, respectively, in presence of saturat-
ing concentration of different polymers. The CD
spectra of both the complexes of mithramycin are
different in presence of native chromatin/nucleosome
core particle and naked DNA. Changes in the profile
and band intensity of visible CD spectra of complexes
I and Il occur as a result of association with DNA in
the native chromatin, nucleosome. That is why the
spectra of both complexes have been recorded in

1
200

T T T
300 400 500

[DNA] , uM

FIG. 4. Curve fitting analyses to evaluate the dissociation constant for the association of complex | with rat liver chromatin (O) and rat
liver core particle (®) and dehistonized DNA (A) in 10 mM Tris—HCI buffer, pH 8.0 at 20°C. Inset shows the determination of binding
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presence of DNA stripped of histones. In any partic-
ular set, CD spectra of the complex pass through a
single point at different input concentrations of the
polymer (figure not shown). Red shift of the peak in
the CD spectra of both complexes upon addition of
chromatin/nucleosome/naked DNA is a common fea-
ture. Spectral profiles (400-500 nm) of complex I in
the presence of chromatin and naked DNA are com-
parable. On the other hand, spectral shape in the
presence of nucleosome resembles that for free li-
gand. However, there is a marked reduction in the
band intensities in the negative region for all cases.
Situation is radically different for complex Il. Differ-
ences in spectra upon addition of native chromatin,
nucleosome and naked DNA are apparent.

DISCUSSION

This is the first characterization of the nature of
association of the anticancer drug Mithramycin with
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TABLE 1

Binding Parameters for the Interaction of MTR:Mg?®* Com-
plexes with Chromatin/Nucleosome Core Particle/Free DNA
in 10 mM Tris—HCI Buffer, pH 8.0 at 20°C*

Ligand Mg?* K42 n®
(drug:Mg®* complex)  (mM) System (uM)  (base/drug)

Rat liver

| 0.23  Chromatin 107° 14 + 2

11 2.0 Chromatin 184 33+15

| 0.23  Core particle 154 18+ 2

11 2.0 Core particle 201 3825

| 0.23 Free DNA 33 5+05

11 2.0 Free DNA 32 7+05
Chicken liver

| 0.23 Chromatin 119 15

11 2.0 Chromatin 134 29

| 0.23  Core particle 163 19

11 2.0 Core particle 187 42

| 0.23 Free DNA 23 6

11 2.0 Free DNA 25 8

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

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

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

different levels of chromatin structure. The DNA bind-
ing property of this drug and the related antibiotic,
chromomycin in chromatin is well known because they
are widely used as chromosomal staining agent in
karyotyping. Two major conclusions from our report
are as follows.

First, presence of associated histone proteins in chro-
matin and nucleosome core particle has a negative
effect upon DNA-binding potential of both complexes of
mithramycin. The effect is more pronounced with the
bulkier complex Il. Same trends in the results from
both rat liver and chicken liver reinforce the conclu-

10.5
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, M1

T T T T
33 3.4 3.5 3.8

1/TX103, K1

3.2

FIG. 5. van Hoff plots for the interaction of complex | () and
complex Il (O) with native chromatin in 10 mM Tris—HCI buffer, pH 8.0.
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TABLE 2

Thermodynamic Parameters for the Interaction of Com-
plex I and Il of Mithramycin with Rat Liver Native Chroma-
tin, Nucleosome Core Particle, and Naked DNA in 10 mM
Tris—HCI, pH 8.0 at 25°C

AG AH AS

System (Kcal/mol) (Kcal/mol) (e.u)
Complex |

Native chromatin -5.3 —-12.0 —22.6

Nucleosome core particle -5.0 -9.8 -16.0

Naked DNA -59 -75 -55
Complex Il

Native chromatin -5.1 2.1 24.3

Nucleosome core particle -5.1 4.6 32.6

Naked DNA -6.1 35 32.3

sion. The negative effect is anticipated considering the
reported crystal structure of nucleosome (19). Some of
the minor grooves of DNA in the nucleosome are occu-
pied by the arginine side chains of histone.

Secondly, difference in the binding potential and
binding stoichiometry of complexes | and Il further
supports our proposition that these complexes are dif-
ferent molecular species with distinctive three dimen-
sional structures. Since in vivo concentration of Mg®* is
high (10 mM), chances of formation of complex Il is
greater. However, formation of complex | can not be
ruled out under certain special conditions. There are
reported fluctuations in the Mg*" concentrations in
carcinogenic tissues (20). Each of these aspects is dis-
cussed below.

Neither of the two ligands bind to any histone. Inde-
pendent experiments using fluorescence property of
the drug have shown the absence of such interactions
(not shown). In view of this observation and the earlier
well-established documentation of the ligand(s)-DNA
interaction, present result suggests that histone—-DNA
contacts in chromatin and nucleosome core particle
reduce the accessibility of minor groove of (G, C) rich
region of chromosomal DNA to both complexes of mith-
ramycin. Among native chromatin and nucleosome
core particle, we notice a small but consistent reduc-
tion in binding affinity and increase in site size upon
removal of linker DNA in nucleosome. Analysis of the
CD spectral features of bound complexes also suggest
that the environments of the chromophore in both li-
gands are different in chromatin and core particle.
These features may be ascribed to a loss of binding site
in linker DNA as we go from chromatin to nucleosome.

The aforementioned results have another biological
significance. During eukaryotic transcription, Histone
H1 undergoes covalent modification that leads to its
dissociation from the DNA. During histone H1 deple-
tion nearly 20 base pairs of DNA leave the histone
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FIG. 6. CD spectra (350-520 nm) of complexes I and Il under
different conditions in 10 mM Tris—HCI buffer, pH 8.0 at 25°C. (a)
MTR (15 uM) alone (1), complex | (MTR (15 uM) plus Mg** (230 uM))
(2), complex I in presence of 132 uM of rat liver naked DNA (3),
complex | in presence of 340 uM of rat liver native chromatin (4), and
complex | in presence of 400 uM of rat liver core particle (5). (b)
Complex Il (MTR (15 uM) plus Mg* (2 mM)) (1), complex Il in
presence of 132 uM of rat liver naked DNA (2), complex Il in pres-
ence of 804 uM of rat liver core particle (3), and complex Il in
presence of 736 uM of rat liver native chromatin (4).

contact and are exposed (21, 22). The pattern of micro-
coccal nuclease digestion within a domain, reflecting
chromosome structure at the level of the nucleosomes,
is not much affected by the transcription, except at
sequences such as enhancers and promoters. They be-
come “hypersensitive” to digestion, due to the loss of
nucleosomes (23, 24), thus providing the naked DNA
regions due to histone loss. The higher affinity of both
the complexes of mithramycin, which are transcription
inhibitors, for dehistonized DNA can be appreciated
from this perspective.
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