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ABSTRACT: The antitumor antibiotics mithramycin A and chromomycin A3 bind reversibly to the minor groove of
G/C-rich regions in DNA in the presence of dications such as Mg>*, and their antiproliferative activity has
been associated with their ability to block the binding of certain transcription factors to gene promoters.
Despite their biological activity, their use as anticancer agents is limited by severe side effects. Therefore, in
our pursuit of new structurally related molecules showing both lower toxicity and higher biological activity,
we have examined the binding to DNA of six analogues that we have obtained by combinatorial biosynthetic
procedures in the producing organisms. All these molecules bear a variety of changes in the side chain attached
to C-3 of the chromophore. The spectroscopic characterization of their binding to DNA followed by the
evaluation of binding parameters and associated thermodynamics revealed differences in their binding
affinity. DNA binding was entropically driven, dominated by the hydrophobic transfer of every compound
from solution into the minor groove of DNA. Among the analogues, mithramycin SDK and chromomycin

SDK possessed the higher DNA binding affinities.

Mithramycin A (MTA), also known as plicamycin, and chromo-
mycin A; (CRO) are aureolic acid-type polyketide antibiotics
produced by Streptomyces argillaceus (ATCC 12596) and Strepto-
myces griseus subsp. griseus (ATCC 31053), respectively (/). They
contain the same tricyclic core moiety but differ in the nature of
their oligosaccharide chains (Figure 1). These structural dis-
similarities impart subtle differences in their binding to DNA (2)
that might be at the origin of their different biological activity
profiles (/, 3). MTA has been used in the treatment of Paget’s
disease and advanced testicular carcinoma (4), while CRO has
been used in Japan against advanced stomach cancers (5);
however, they exhibited severe toxic side effects that have limited
their clinical use. Recently, the use of these molecules as ther-
apeutic agents is re-emerging in both cancer- and non-cancer-related
diseases (6—9). Given the toxicity of MTA and CRO, the avail-
ability of analogues showing both lower toxicity and higher bio-
logical activity opens new possibilities for therapeutic applications.

The activity of the aureolic acid group of compounds has been
associated with their ability to bind to G/C-rich DNA regions via
the minor groove (/0—I4). Divalent cations such as Mg*" are
essential requirements for the association with DNA at and
above physiological pH (/5—17). Because of their binding to
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DNA, these compounds can inhibit transcription both in vivo
and in vitro (/8—21). The sequence-selective binding of MTA and
CRO to DNA is basically attained through direct hydrogen
bonding between the 8-O-hydroxyl group in the antibiotic
molecules and the 2-amino group of the guanine at GpC or
GpG steps, while their respective trisaccharide moieties are
essential for optimal binding (2, /4, 22). The thermodynamic
analysis of the binding of MTA and CRO to DNA has shown
that this is entropically driven (/6, 23), dominated by the hydro-
phobic transfer of the Mg**-coordinated compound dimers from
solution to the DNA binding site (23). Moreover, hydrogen
bonding plays a part in the binding of the oligosaccharide chains
along the minor groove (2, 13, 22, 24).

The genetic organization of the MTA and CRO biosynthesis
gene clusters has been studied in detail by gene sequencing,
insertional inactivation, and gene expression (1, 11, 25—29).
Furthermore, most of the biosynthetic intermediates in these
pathways have been isolated and characterized, and some of
them have shown enhanced antitumor activity (11, 19, 20, 25, 29).

Here, we have examined whether six analogues of MTA or
CRO (Figure 1), which we obtained by combinatorial bio-
synthetic procedures in the producing organisms, may bind to
DNA with different affinities. These biosynthetically produced
antibiotics exhibit an array of structural changes in the highly
functionalized pentyl side chain attached at the 3-position in
MTA and CRO (Figure 1). Changes in the alkyl C-3 side chain of
MTA or CRO have been characterized less than their common
chromophore and the different oligosaccharide chains. The
experimental determination of the apparent binding constant
of a drug for its target molecule is of considerable importance,
and it represents a basic experimental parameter in the prediction
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FIGURE 1: Chemical formulas of mithramycins and chromomycins. Mithramycin A (MTA), mithramycin SK (MSK), mithramycin SDK (MSDK),
mithramycin SA (MSA), chromomycin A3 (CRO), chromomycin SK (CSK), chromomycin SDK (CSDK), and chromomycin SA (CSA).

of drug efficiency and drug interactions (30). We have observed
that mithramycin and chromomycin analogues exhibit differ-
ences in the magnitude of their binding to DNA that might
depend on the exact composition of their respective side chains
attached at C-3 as well as of the different oligosaccharide chains
that differentiate mithramycins from chromomycins (Figure 1).
For all the compounds, the binding to DNA was entropically
driven, dominated by the hydrophobic transfer of every com-
pound from solution into the duplex binding site, while hydrogen
bonding and other noncovalent contacts of the peculiar poly-
ketide chains may also participate in the sequence-selective
binding of the analogues.

MATERIALS AND METHODS

Mithramycins and Chromomycins. Mithramycin A (MTA),
mithramycin SK (MSK), mithramycin SDK (MSDK), mithra-
mycin SA (MSA), chromomycin A; (CRO), chromomycin
SK (CSK), chromomycin SDK (CSDK), and chromomycin SA
(CSA) (Figure 1) were isolated and purified from the producing
organisms as described previously (/1, 259), and their purity
(295%) was checked by high-performance liquid chromatog-
raphy (HPLC). Stock solutions (500 uM) of the different
compounds were prepared in 80 mM NaCl and 20 mM Hepes
(pH 7.0) (designed HES buffer), kept at —20 °C, and diluted to
the desired concentration before the experiments. The concentra-
tions of the different compounds were determined by using the
molar extinction coefficients described elsewhere (11, 16, 17, 25).
When required for the different experiments (see Results), MgCl,
was added to HES buffer to a final concentration of 200 uM,
1.5mM, or 11 mM.

DNA from salmon testes (Sigma), with G+C content of
~42%, was dissolved in HES buffer, sonicated, extracted with
phenol, and dialyzed twice against the same buffer. The DNA
concentration (in base pairs) was determined spectrophotometri-
cally by using a molar extinction coefficient of 12820 M~" cm™'
at 260 nm.

Table 1: Spectroscopic Characteristics of DNA—Antibiotic Complexes®

fluorescence absorption

[MgCl,) Aex Aem Amax isosbestic

(uM) (nm) (nm) (nm) point (nm)
MTA 200 470 554 402 413
1500 470 557 410 417
MSK 200 440 543 401 417
1500 440 546 401 417
MSDK 200 420 548 407 415
1500 420 564 416 432
MSA 200 410 566 417 447
1500 410 570 420 445
CRO 200 460 555 405 414
1500 460 555 407 414
CSK 200 440 555 406 414
1500 440 555 411 414
CSDK 200 420 560 405 413
1500 420 560 410 413
CSA 200 410 560 412 444
1500 410 562 419 446

“Experiments were undertaken in HES buffer [0 mM NaCl and 20 mM
Hepes (pH 7.0)] at 25 °C in the presence of the listed MgCl, concentrations.

Spectroscopic Analyses. Absorption and fluorescence spec-
troscopy experiments were conducted at 25 °C in a Cary300 Bio
UV-visible spectrophotometer (Varian Inc.) or a Jasco VP-650
spectrophotometer, and in a Cary Eclipse fluorescence spectro-
photometer (Varian Inc.), using 1 cm path length cuvettes. For
fluorescence measurements, excitation wavelengths were selected
within the 410—470 nm range, depending of the antibiotic studied,
to avoid photodegradation that may occur at the absorption
maxima, while emission wavelengths were in the 550—570 nm
range (Table 1); 4 nm slit widths were used.

Circular dichroism (CD) measurements were taken in a Jasco
J-810 spectropolarimeter in 1 cm path length cuvettes. The wave-
lengths studied ranged from 240 to 320 nm. Scans were recorded
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at | nm intervals. A scan of buffer alone was recorded to provide
a baseline. A solution containing 20 uM DNA (bp) was titrated
by addition of aliquots of 4 M MgCl,, and following a 2 h
incubation, the CD spectra were recorded at 25 °C. Molar
ellipticities were calculated in terms of the DNA concentration
(base pairs) corrected by dilution.

DNA Binding Assays. Binding constants were determined
by fluorescence titration. Solutions (20 uM) of the different
mithramycins and chromomycins dissolved in HES buffer con-
taining either 200 uM or 1.5 mM MgCl, were incubated for 1 h at
room temperature to ensure the Mg®"-mediated dimerization
of the compounds. Small aliquots of DNA in the same buffer
were added to compound solutions, and the fluorescence was
measured after a 3 min equilibrium. The background fluores-
cence emission was < 3% of the maximum. No correction was
undertaken for optical filtering effects because the absorbance of
the samples at Amax”® did not exceed 0.03. Experimental points
for binding isotherms were fitted by nonlinear curve fitting. The
apparent (observed) binding constant (K,,,) was calculated by
using the following equation (3/):

1/AF = 1/AF oy + 1/ [KopsAFmax (Cd — Co)] (1)

where Cd is the concentration of DNA (base pairs) and Co is the
initial concentration of the ligand. AF is the change in fluores-
cence emission intensity at the emission wavelength upon addi-
tion of each aliquot of DNA, and AF;,. is the same parameter
when the compound is totally bound to DNA.

A linear plot of 1/AF versus 1/(Cd — Co) was used to obtain
AF.x and Ky (32). The approach is based on the assumption
that the emission intensity is linearly proportional to the con-
centration of the ligand, and under the experimental condition
Cd > Co. Both conditions were fulfilled in our experiments by
working with 20 uM compound and an at least 4-fold excess of
DNA.

The binding stoichiometry of the DNA—-compound com-
plexes (n), in terms of number of DNA base pairs covered per
Mg*"-coordinated antibiotic dimer, was estimated from the
intersection of two straight lines of the normalized increase in
fluorescence versus the ratio of the input concentrations of DNA
(base pairs) and antibiotic.

Estimation of Thermodynamic Parameters. Free energies
were calculated from the experimental binding constants (Koyps)
calculated at 25 °C by the standard relation:

AG = — RT In Ky 2)

Linear least-squares fits of In K, versus 1/T were used to
estimate the enthalpy change (AH) from the slope according to
the van’t Hoff relationship:

3(In K)/a(1/T)] = — AH/RT (3)

The binding entropy (AS) was evaluated using the standard
thermodynamic relationship

AS = (AH - AG)/T (@)

Molecular Modeling of DNA—Compound Complexes.
Models of MSK, MSDK, and MSA molecules were built on
MTA—-DNA coordinates taken from published NMR studies
(Protein Data Bank entry 146D) (/4), whereas those of CSK,
CSDK, and CSA were based upon a CRO—oligonucleotide
X-ray structure (Protein Data Bank entry 1VAQ) (22). Initial
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FiGURE 2: Circular dichroism spectra of salmon testes DNA in HES
buffer and in the presence of 200 uM, 1.5 mM, and 11 mM MgCl, in
the same buffer.

models were manually built using CHIMERA (33) and PYMOL
(http://www.pymol.org). The geometry of these models was
optimized using the general amber force field (GAFF) for
organic molecules (34) in the antechamber module of AMBER
version 9 (35).

RESULTS

Interaction of Aureolic Acid Antibiotics and Salmon
Testes DNA with Mg®". Because the interaction of MTA
and CRO with DNA requires the presence of divalent ions, such
as Mg®", we first examined whether the concentration of magnesium
used [or the molar ratio of Mg®" to DNA (base pairs)] has an effect
on DNA conformation, the Mg*"~coordinated antibiotic dimers, or
DNA-ligand interactions. Figure 2 shows that 200 uM or 1.5 mM
MgCl, had no effect on the conformation of salmon testes DNA.
Nevertheless, higher MgCl, concentrations, up to 11 mM, resulted in
changes in the CD spectra: the magnitude of the long-wavelength
positive CD band decreased with a shift in the 258 nm crossover to
longer wavelengths. Both the increase in ionic strength (produced by
MgCl, because the Na™ concentration was kept constant) and a
dehydration produced by a large excess of magnesium ions (11 mM
MgCl,) with respect to the DNA concentration [20 M (base pairs)]
could induce the changes observed. The types of CD changes shown
in Figure 2, including those found around the 245 nm region, were
consistent with the fact that some regions of DNA were undergoing a
B- to A-DNA conformational transition (36).

The effects of the Mg>" concentration on the dication-mediated
dimerization of the antibiotics were explored in HES buffer
containing a variety of MgCl, concentrations up to 11 mM. UV—
visible spectroscopy was used to determine the influence of
magnesium upon the dimerization of the different aureolic acid
antibiotics in HES buffer (i.e., in the presence of 100 nM Na™).
Figure S1 (Supporting Information) displays the effect of increas-
ing MgCl, concentrations on the compound spectra. For all the
analogues, their spectra changed depending on the MgCl, con-
centration. This experimental observation was consistent with the
fact that dications can bind to aureolic acid antibiotics in the
absence of DNA (16, 17, 37); thus, Mg®"-mediated dimerization
of the different compounds took place. In the presence of 200 uM
or 1.5mM MgCls, corresponding to a Mg* ":antibiotic molar ratio
of 10 or 75, respectively, there was a broadening and slight red shift
in the absorbance maxima (Figure S1 of the Supporting Informa-
tion and Table 1). This red shift became even more evident when
higher (11 mM MgCl,) concentrations were used, which corre-
sponded to a Mg "antibiotic molar ratio of 550.

Binding Affinity and Stoichiometry of DN A— Antibiotic
Interactions. Changes in the visible absorption spectra of the
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FIGURE 3: Optical absorbance spectra of the complexes formed between
the Mg?"-coordinated antibiotic dimers and DNA in HES buffer
containing 1.5 mM MgCl, at 25 °C. The different complexes
correspond to the titration of 20 uM antibiotic (thick line) with
25,75, 150, and 250 uM salmon testes DNA (thin lines).

different mithramycins and chromomycins upon addition of DNA
demonstrated the association of the Mg*-coordinated antibiotic
dimers with DNA (Table 1 and Figure 3). In general, single
isosbestic points were observed in the presence of 200 uM MgCl,
(Figure S2 of the Supporting Information) and more unambigu-
ously in 1.5 mM MgCl, (Figure 3), which supported the analysis
of binding in terms of the free and single type of bound ligand.
However, among the analogues, MSA and CSA did not generate
unique isosbestic points at any MgCl, concentration.

The fluorescence properties of the Mg”*-coordinated dimers
of the different analogues were used to quantify their binding to
DNA. Figure 4 shows representative examples of the dequench-
ing of the fluorescence of the compounds that occurred upon
their interaction with DNA in the presence of 1.5 mM MgCl,.
The experiments conducted in 200 uM MgCl, are shown in
Figure S3 (Supporting Information). These changes in fluores-
cence were used to evaluate binding constants (Figure 5) and the
binding stoichiometry (Figure 6), as described in Materials and
Methods. Fluorescence titrations were performed using fixed
concentrations of the compounds (20 uM), such that 1/K;, values
were on the same order of magnitude as the ligand concentration
to obtain well-defined binding isotherms. Table 2 summarizes the
binding parameters obtained for all the compounds in HES
buffer containing either 200 uM or 1.5 mM MgCl,.

Binding stoichiometries (1) determined for all the antibiotics
were in the range of 4—6 (Table 2), consistent with the size of the
binding sites inferred from NMR and crystallographic studies
(14, 22). The variability we observed in the stoichiometry values
could reflect small differences in the disposition of the different
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FIGURE 4: Fluorescence spectra of the complexes formed between
the Mg?*-coordinated antibiotic dimers and DNA in HES buffer
containing 1.5 mM MgCl, at 25 °C. The different complexes corre-
spond to the titration of 20 4uM compound (thick line) with 25, 75,
150, and 250 4M salmon testes DNA (thin lines).
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FIGURE 5: DNA binding analyses. (A) Comparative fluorescence
titration curves for the binding of MTA (O), MSK (¥), MSDK (a),
and MSA (O) to salmon testes DNA in HES buffer containing
1.5 mM MgCl, at 25 °C. (B) Comparative fluorescence titration
curves for CRO (a), CSK (m), CSDK (@), and CSA (V). Other
details as in panel A. AF/AF,,x represents the normalized increase
in fluorescence, where AF corresponds to the change in fluorescence
emission intensity after each addition of DNA with respect to the
free ligand and AFy,.x the maximum value. Connecting curves were
obtained by nonlinear fitting of the experimental data.

analogues in the minor groove. Changes in the C-3 chain among
the different analogues resulted in quantitative differences in their
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FIGURE 6: Binding stoichiometries (n) in terms of the number of
DNA base pairs covered per Mg>"-coordinated antibiotic dimer,
calculated at the intersection of the two straight lines in the plot of
normalized fluorescence (AF/AFy,x) vs the molar ratio of DNA (base
pairs) vs antibiotic. This figure presents results of the experiments
performed with MSDK (a) and CSDK (®). The n values for all the
analogues are listed in Table 2.

Table 2: Summary of the Binding Parameters for the Interaction of
Mg?"-Coordinated Antibiotic Dimers with Salmon Testes DNA“

200 «uM MgCl, 1.5 mM MgCl,

Kops (x10* M1 n” Kops (x10* M1 n”
MTA 1.5+0.1 4.9 1.7+0.1 4.7
MSDK 21402 4.7 22+40.1 42
MSK 0.95+0.15 4.7 12+0.1 42
MSA 0.50+0.10° 4.5 0.64 +0.03¢ 5.7
CRO 45404 4.0 47404 4.6
CSDK 21402 4.8 3.040.3 4.7
CSK 1.5+0.1 53 1.6+0.1 5.2
CSA 0.540.2° 5.7 1.240.2¢ 53

“Values were determined from spectrofluorometric titrations in HES
buffer at 25 °C (see Figure 4). Data are means + the standard deviation for
four independent experiments. “Stoichiometry of binding in terms of the
number of DNA base pairs covered per Mg>*-coordinated antitumor
dimer. “For these analogues, the presence of unique isosbestic points
cannot be unambiguously established.

binding to DNA. Although MSA and CSA bind to DNA
regardless of the acidic characteristics of the alkyl chain linked
to C-3 (Figure 1), the quantitative values listed in Table 2 should
be taken with skepticism because the binding of these two
molecules did not seem to meet the two-state reaction required
for our quantitative approach, for which the appearance of a
clear (unique) isosbestic point is mandatory for the determina-
tion of a meaningful binding curve. In summary, the strength
of binding to DNA of mithramycins was in the following order:
MSDK > MTA > MSK > MSA. For chromomycins the order
was as follows: CRO > CSDK > CSK > CSA. The ranking of
the reliable K, for all the compounds was as follows: CRO >
CSDK > MSDK > MTA = CSK > MSK. MSA and CSA
were not considered for the reasons stated above.

Effects of Mg>" on the Binding of Mithramycin and
Chromomycin to DNA. The apparent binding constants,
documented in Table 2, depended on the final concentration of
MgCl,. The differences reflected the effect of the ionic strength
on DNA binding plus a more located effect of Mg®" on DNA
and/or on the different analogues. The Mg>*"-coordinated dimers
of the different aureolic acid antibiotics are uncharged species at
neutral pH (except MSA and CSA that bear a terminal acidic
group in the C-3 chain). We have previously shown that changes
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in NaCl concentration have an only small effect on the binding of
MTA or MSK to DNA (23).

The presence of Mg®" in the binding buffer merits further
consideration not only because of the effects on the ionic strength
but also because of the direct binding (condensation) of the
dication to the DNAs (38). The effect of multivalent cations on
the DNA—ligand interactions is greater than expected on the
basis of their contribution to the ionic strength (38, 39). All the
assays were performed in the presence of 100 mM Na® to
minimize the difficulties that the presence of the dication can
produce in the interpretation of our binding data. The presence of
Na™ would facilitate the solubility of the compound and reduced
its level of self-association, while the concentrations of MgCl,
were kept relatively lower; thereby, the contribution of Mg*" to
the ionic strength was minimized as much as possible. In all cases,
the final concentration of Mg*" was never higher than 1.5 mM in
the presence of DNA. Hence, any effects of the dications because
of their direct binding to DNA were reduced, including the
dehydration of the double helix produced by bound dica-
tions (39).

To gain further insights into the differences in the binding of
the aureolic acid antibiotics to DNA, we undertook a molecular
modeling approach to explore the fitting of the different aureolic
acid molecules into the minor groove of DNA, and whether
differences in potential hydrogen bonding and other noncovalent
interaction contacts can occur between the alkyl chains at C-3 of
the tricyclic core moiety and the DNA minor groove. The
molecular modeling illustrations shown in Figure 7 indicate that
the different C-3 side chains can be accommodated without a
large disruption of the interaction of the rest of the molecule with
DNA. Therefore, differences in the binding between chromomy-
cins and mithramycins provided by other structural components
of the compound would remain almost unaltered. Besides,
Figure 7 illustrates that every analogue can present a varied
pattern of interactions between the C-3 groups and the DNA
backbone, which might play a part in the differences in the
strength of binding to DNA that we observed experimentally
(Table 2). Among the analogues, the alkyl chains linked to the
C-3 position differ from that common to MTA and CRO in both
their length (all the variants being shorter than the original
chains) and the distribution of polar atoms that can act as
potential donors or acceptors in hydrogen bonding (cf. Figures 1
and 7). All the analogues lack the 4'-hydroxyl found in MTA and
CRO, whereas carbonyl groups in the SK and SDK analogues
replace the 3'-hydroxyl. MSK and CSK bear a hydroxyl group
instead of the 2’-carbonyl. In MSDK and CSDK, which do not
bear hydroxyl groups, the C-3 chain provided hydrogen bond
acceptor groups but not hydrogen bond donors. The alkyl 3-side
chain of MSK and CSK contained both hydrogen bond donor
and acceptor functions, yet the potential donor group was
located where MTA, or CRO, and MSDK, or CSDK, bear a
carbonyl as a potential hydrogen bond acceptor. Figure 7
illustrates that the repositioning of the various functional groups
in the side chains of the SDK and SK analogues, compared to
MTA or CRO, allowed differences in the DNA binding char-
acteristics of these molecules. Moreover, the shortest derivatives
MSA and CSA end in carboxylic groups that could not be
accommodated next to the DNA polyphosphate chains because
they were negatively charged at neutral pH. Notwithstanding the
differences in the involvement of the C-3 side chains in binding to
DNA, the stronger binding of the chromomycins compared to
that of their counterpart mithramycins (Table 2) might be
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FiGure 7: Differences in the binding to DNA of the alkyl chains linked to C-3 in the different mithramycin and chromomycin analogues. Part of
the DNA minor groove is exposed to the viewer, with the sugar—phosphate backbone of one of the DNA chains at the right. The figure shows
close-ups of the tricyclic chromophores and of the respective C-3 groups of MTA, MSDK, MSK, and MSA (top panel) and CRO, CSDK, CSK,
and CSA (bottom panel). The DNA molecular surface is colored by element (gray for carbon, red for oxygen, and blue for nitrogen). In each case,
the chromophore and C-3 chains of one of the monomers are represented, with the beginning of the oligosaccharide chains pointing up- and
downward. The different compounds are also colored by element, but in this case with carbons colored yellow, except for the C-3 alkyl chain,
where they are colored green, with the hydrogens colored white. The Mg>" ions that participate in the dimerization of the different compounds are

displayed as a green sphere.

11.54

In Kobs

9.0 r T
3.2 3.3 3.4

(1/T)x1000(K™)

FIGURE 8: Sample van’t Hoff plots for the interaction of Mg>*-
coordinated antibiotic dimers with salmon testes DNA in HES buffer
containing 1.5 mM MgCl,: MSDK (a), CSDK (®), MSK (¥), and
CSK (). Values are means + the standard deviation of three
independent experiments. Solid lines correspond to the linear least-
squares fits of the experimental data (see also Table 3).

achieved through the binding of the rest of the molecule within
the minor groove, which is in part lined by the presence of two
acetoxy groups in the A and E sugars of the chromomycins
(Figure 1). In this regard, a comparison of the top and bottom
panels in Figure 7 reveals some differences in the orientation of
the chromophores between mithramycins and chromomycins.
Evaluation of Thermodynamic Parameters. van’t Hoff
plots derived from the binding constants determined at different
temperatures for several mithramycin and chromomycin ana-
logues are shown in Figure 8, and the values of the thermodynamic
parameters for MSK, MSDK, CSK, and CSDK are summarized
in Table 3. For all these molecules, the enthalpies were small and
positive, except for MSK that exhibited a low negative value.

Table 3: Thermodynamic Parameters for the Binding of Mg>"-Coordinated
Antibiotic Dimers to Salmon Testes DNA®

AG (25°C) AH (25°C) TAS (25 °C)

(kcal/mol) (kcal/mol) (kcal/mol)
MSDK —6.1 0.31 6.4
MSK =55 —0.14 54
CSDK —6.5 0.20 6.7
CSK -5.6 0.57 6.2

“Values were determined from van’t Hoff plots of the variation in
binding constant calculated from spectrofluorimetric titration data as a
function of temperature (Figure 8).

Binding to DNA was entropically driven for all these molecules
(Table 3). The moderately negative enthalpy calculated for the
MSK interaction was at variance with our previous calorimetric
determinations of a small positive value (23). This probably
indicates that, within the experimental error inherent to a van’t
Hoff analysis of the data (40), we were dealing with molecules for
which the net enthalpic term of binding to DNA was close to
zero. These observations can be considered a sign that some
hydrogen bonds gained upon ligand binding to C/G-rich DNA
regions were somewhat compensated by the loss of hydrogen
bonds from displaced water. Furthermore, our results highlight
the bias in the van’t Hoff enthalpy estimates in DNA—drug
interactions resulting from heat capacity (AC,) effects that can be
precisely detected by isothermal calorimetry (40, 41). So far, our
more reliable estimates of AH and AS obtained to date for
aureolic acid antibiotics [for MTA by ITC (23)] would agree with
the fact that a rather small positive enthalpy and an overwhelming
entropy term (Table 3) produced the free energy of binding for
most, if not all, of the mithramycin and chromomycin analogues.
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DISCUSSION

The great improvement in our understanding of the synthetic
pathways by which some microorganisms produce antibiotics,
including those with cytotoxic or cytostatic profiles, has encour-
aged the manipulation of the antibiotic gene clusters to obtain
new molecules. This approach, named combinatorial biosynth-
esis, has been used to alter genes in the biosynthesis pathways of
the aureolic acid antibiotics to produce a variety of analogues
with potentially improved activity (/, 29). The therapeutic use
of two of these molecules (MTA and CRO) is limited by their
induction of severe side effects (4); thereby, the availability of
new analogues can provide us with molecules having improved
pharmacological profiles. In this paper, we have quantified the
binding to DNA of six of these analogues (MSK, MSDK, MSA,
CSK, CSDK. and CSA) that we have obtained by combinatorial
biosynthesis in the producing organisms, together with the
parental MTA and CRO molecules (Figure 1).

DNA binding studies have endowed us with fundamental
information for the understanding of subtle differences in the bind-
ing of different mithramycin and chromomycin analogues, which
provide basic experimental parameters for the prediction of
drug interactions. The molecules examined here differ in the side
chains attached at the C-3 position of their common tricyclic
chromophore, which offers the opportunity to investigate the
relevance that changes in this chain may have in DNA binding.
Several molecular interactions between hydroxyl and carbonyl
groups in this chain have been shown to participate in the binding
of MTA and CRO to DNA (2, 14, 22). Moreover, some of the
changes in the chain attached to C-3 have been correlated with
improved biological profiles (3, 11, 19, 25, 42, 43).

The experiments described here have been undertaken in HES
buffer, which contains 100 mM Na™, and to which MgCl, was
added to a final concentration of 200 uM or 1.5 mM. Previous
spectroscopic data on MTA and CRO were obtained in the
absence of NaCland over 10 mM MgCl, (16, 17). The rather high
concentrations of magnesium used in those studies make dif-
ficult the comparison with the K}, values reported here (Table 2).
The K, values reported by Aich and co-workers for the binding of
MTA and CRO to heterogeneous DNA are higher than those we
present here (16, 17), while the stoichiometries are very similar
within experimental error. It is worth noting that the presence of
both Na™ and Mg”" imparted unusual characteristics to the
binding of the drug to DNA, which differed from those that are
determined by the ionic strength effect, because of the complex
effects of counterions of different valence that include differences in
the binding of either Na™ or Mg®" to DNA (38, 44). For example,
the binding of Mg>", which causes more efficient charge neutraliza-
tion, is enthalpically more favorable than that of Na™ (39).

We have observed quite similar K, values for the different
compounds regardless of the presence of 200 uM or 1.5 mM
MgCl, (Table 2), indicating that equivalent complexes were
formed at either MgCl, concentration. This was in contrast with
the two types of complexes previously reported to be involved in
the binding of MTA or CRO to DNA in the absence of Na™,
which seemed to depend on the MgCl, concentration (16, 17, 45).
Under the experimental conditions reported here, the unique
species binding to DNA at relatively low MgCl, concentrations,
in the presence of 100 mM Na ™, are Mg>"-coordinated antibiotic
dimers. This observation is in keeping with the unique mode of
binding of MTA to DNA determined by isothermal titration
calorimetry (ITC) (23).
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The differences in DNA binding affinity among the analogues
reflect the changes in the alkyl chain at C-3 of the chromo-
phore (Figure 7). Additionally, the peculiar oligosaccharides that
distinguish the mithramycin and chromomycin families might
determine the size of the binding site (32) and the flexibility of the
molecules (2, 32). The main difference is the presence of acetoxy
groups in the A and E sugars of CRO, and its analogues, which
participate in additional hydrogen bonding (2). This would
explain why, in general, chromomycins bind to DNA more
strongly than their mithramycin analogues (Table 2).

All the aureolic acid antibiotics examined here should target
similar G/C-rich regions in the DNA minor groove, mainly because
they bear the same tricyclic chromophore, which is known to play
a key role in sequence-specific recognition (2, /4, 22, 46). The
small binding enthalpies (Table 3) would suggest that hydrogen
bonding and van der Waals contacts play only a small role
in stabilizing the drug—DNA complexes. Nevertheless, the
formation of specific hydrogen bonds between the 8-O-hydroxyl
groups, conserved among the analogues, and the 2-amino group
of the guanine at GpC or GpG steps has a central role in
sequence-selective binding to DNA (13, 22, 24). By exploring the
restriction enzyme cleavage of the different DNA—compound
complexes, we reported beforehand that subtle differences exist in
the sequence of the C/G-rich tracts specifically recognized by the
different analogues (3), which could not be easily detected by
footprinting (42).

As mentioned above, differences in binding affinity among the
analogues might arise from some binding particularities provided
by the different side chains linked to C-3. Given the repositioning
of the analogues in the C-3 side chains of the SDK, SK, and SA
derivatives compared to the parental MTA and CRO, one can
envisage differences in the DNA binding mode of the analogues
(Figure 7) consistent with the diversity of binding constants listed
in Table 2. In MSK and CSK, the C-3 chain bears both hydrogen
bond donor and acceptor functions, but the potential donor
group is in a position where both MTA or CRO and MSDK or
CSDK have a carbonyl, a potential hydrogen bond acceptor.
MSA and CSA contain carboxyl groups at the end of the C-3 side
chain, which are negatively charged at neutral pH and, therefore,
can impede their location near the polyphosphate chains. This
feature could account for the absence of clear (unique) isosbestic
points (Figure 3 and Figure S2 of the Supporting Information)
because of the absence of a lone orientation of the MTA or CSA
molecules bound to DNA.

Although only a deeper analysis of the dynamics of the
interactions between every analogue and DNA has the potential
to unveil the molecular details that may cause such differences, it
is tempting to conclude that two kinds of phenomena may be
involved in the differences in the strength of DNA binding among
the analogues. On one hand, the diverse distribution of hydrogen
donors and acceptors could produce different patterns of hydro-
gen bonding, as well as of other nonbonded contacts, with varying
lifetimes. Nevertheless, those molecular interactions appeared to
contribute little to the free energy of binding (Table 3 and ref 23),
which would indicate that hydrogen bonds participate in a nearly
isoenergetic process in which water, or ions, bound to DNA are
replaced by hydrogen bonding with the C-3 alkyl chains, in keep-
ing with similar observations for other minor groove binders (41).
On the other hand, the less bulky nature of the alkyl C-3 chains in
the analogues may also subtly affect the position of the tricyclic
chromophore in the minor groove of DNA (Figure 7), a disposi-
tion in which differences in the sugar moieties between chromomycins
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and mithramycins would make the latter more flexible and less
sensitive to the dimensions of the minor groove (2).

For the Mg "-coordinated dimers of the different compounds,
the free energy of binding (AG) was negative (favorable), as a
consequence of various positive entropic contributions to binding
in the minor groove, which include ions and water release
(23,41, 47), as well as “hydrophobic” interactions. In any case,
the positive entropic term was enough to counterbalance the
unfavorable entropic cost of forming DNA—compound com-
plexes. The large entropic term and the positive (small) enthalpies
of binding (Table 3 and refs 16, 17, and 23) imply an entropically
driven binding process, which has been considered a hallmark of
minor-groove binding without intercalation (47). NMR and
crystallographic studies of MTA and CRO show hydrophobic
contacts in the minor groove, which are fairly conserved among
the different analogues (Figure 7). The AC, values we have
derived elsewhere for MTA and MSK (23) support the impor-
tance of hydrophobic interactions in the entropically driven
binding of the aureolic acid antibiotics in the minor groove of
DNA. As mentioned above, the binding of other minor groove
DNA binders has been fundamentally tested in buffers contain-
ing only Na* ions, and thus, the presence of Mg”*" ions com-
plicates the dissection of the various elements that participate in
the binding of mithramycins and chromomycins. Divalent coun-
terions act in a complex fashion in the interaction between ligands
and DNA, including their direct interaction with the nucleic
acid (44) and their displacement from DNA upon drug bind-
ing (38, 39, 44). There is an endothermic contribution of the
removal of water molecules directly bound to DNA produced by
the dehydration effect of Mg®" ions, values that under our
experimental conditions, where 1.5 mM MgCl, was the higher
concentration used, are smaller than those reported in the pre-
sence of higher concentrations of divalent cations (16, 17, 45).

A local change from B-DNA to A-DNA has been described as
a requirement for the binding of Mg”"-coordinated mithramycin
dimers to DNA (2, 15). Besides, the A-DNA conformation is
considered a dehydrated form of B-DNA (48). The titration of
DNA with increasing concentrations of MgCl, indicates that the
divalent cation can facilitate such structural transitions in a
manner independent of the binding of the Mg”*"-coordinated
antibiotic dimers in the minor groove (Figure 2). Nevertheless,
poly(dG)-poly(dC), which displays an A-DNA conformation
in the absence of Mg>", does not bind MTA better than other
C/G-rich DNAs, while the binding entropy is not markedly
different from the values determined for other DNAs (32).

Here, we have shown that the formation of Mg**-coordinated
antibiotic dimers of a variety of aureolic acid antibiotics takes
place at magnesium concentrations lower than those reported
elsewhere (16, 17, 32). Our results are consistent with NMR
studies on CRO—DNA complexes showing that the gradual addi-
tion of MgCl, results in a proton spectrum that corresponds
to the formation of the DNA—compound complex in slow
exchange with the free DNA duplex spectrum, and that the
complete switch from the resonances of the free duplex to the
DNA-ligand complex occurs upon addition of 1 equiv of Mg*";
thus, the complex (containing 2 equiv of the compounds) has the
requirement for a single coordinated divalent ion (/5).

It is worth considering whether the concentrations of magne-
sium required for forming the Mg*-coordinated antibiotic
species that bind to DNA are attainable at the concentrations
of Mg*" found in biological fluids and inside cells. Although
magnesium concentrations as high as 10 mM have been sometimes
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regarded as physiological (17), such values refer to total magne-
sium rather than to the free concentrations of intracellular Mg*",
the latter constituting less than 5% of the total cell pool [i.e., 95%
of Mg*" is bound principally to ATP and proteins (49)]. Reports
about the concentration of Mg”>" in cells are contradictory, and
the existing values seem to depend on the technique used for the
measurements. The concentration of intracellular free Mg*" in
mammalian cells could be between 0.4 and 1.5 mM (49, 50), the
latter coinciding with the higher concentrations we have used in
our binding experiments. On the other hand, a determination of
MTA in plasma and of its elimination half-life, using a radio-
immunoassay, indicates the presence of micromolar peak con-
centrations of this antibiotic (5/), and thus, Mg®" might be in
large excess with respect to the antibiotic. From these considera-
tions, it becomes evident that aureolic acid antibiotics can deal
with the concentration of divalent cations that are enough
to entail that the species binding in vivo to DNA should be the
Mg**-coordinated compound dimers, which may form at mag-
nesium concentrations equivalent to those we have used to
examine their binding to DNA (Table 2).

Several aureolic acid antibiotics are very efficient in inhibiting
the growth and survival of a variety of human carcinoma
cells (3, 11, 19, 25, 43). The cytotoxicity of these molecules can
be attributed, at least in part, to their binding to certain gene
promoters where they may compete with some transcription
factors for their putative binding sites (18§—20, 52), a property
they share with other DNA-binding drugs, which is closely
associated with their capacity for binding DNA (see ref 53 and
references cited therein). Notably, the new MSK, MSDK, CSK,
and CSDK analogues, for which the binding to DNA has
been quantified here, exhibit improved antitumor activity
and lower toxicity compared to the parental MTA and CRO
compounds (3, 19, 21, 25).
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