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An aureolic acid natural product mithramycin (MTM) has been known for its potent antineoplastic proper-
ties. MTM inhibits cell growth by binding in the minor groove of double-stranded DNA as a dimer, in which
the two molecules of MTM are coordinated to each other through a divalent metal ion. A crystal structure
of an MTM analogue, MTM SA-Phe, in the active metal ion-coordinated dimeric form demonstrates how
the stereochemical features of MTM define the helicity of the dimeric scaffold for its binding to a right-
handed DNA double helix. We also show crystallographically and biochemically that MTM, but not MTM
SA-Phe, can be inactivated by boric acid through formation of a large macrocyclic species, in which two
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DOI: 10.1039/c9md00100;j molecules of MTM are crosslinked to each other through 3-side chain-boron-sugar intermolecular bonds.

We discuss these structural and biochemical properties in the context of MTM biosynthesis and the design

rsc.li/medchemcomm

Introduction

Mithramycin (MTM; Fig. 1) is a polyketide natural product
generated by some Streptomyces bacteria. MTM is a potent
antibiotic and anticancer agent, which functions by non-
intercalative DNA binding resulting in inhibition of transcrip-
tional activity of the target cell. Owing to these properties,
MTM was previously used for the treatment of testicular carci-
noma, Paget's disease and clinically tested against a poten-
tially devastating bone cancer, Ewing sarcoma.'® The interest
in MTM was recently renewed by the discovery of its potent
antagonism of an oncogenic transcription factor EWS-FLI1,” a
causative agent of Ewing sarcoma. Likewise, MTM exhibited
potent cytotoxicity against prostate cancer cells expressing an
abnormal fusion TMPRSS2-ERG.® Because EWS-FLI1 and
TMPRSS2-ERG contain a nearly identical ETS-family DNA
binding domain, MTM is thought to function by interfering
with the function of this domain in these cancer cells. EWS-
FLI1 and TMPRSS2-ERG are genetic aberrations present only
in tumor cells; therefore, they are highly attractive targets for
selective anticancer therapy. Even though preclinical studies
of MTM in Ewing sarcoma xenografts in mice showed prom-
ise,” a clinical phase I/II trial of MTM therapy demonstrated
that an efficacious MTM concentration could not be achieved
safely due to poor pharmacokinetic properties of MTM in hu-

“ University of Kentucky, Department of Pharmaceutical Sciences, College of
Pharmacy, Lexington, KY 40536-0596, USA. E-mail: oleg.tsodikov@uky.edu,
Jrohr2@uky.edu

b University of Kentucky, Department of Chemistry, Lexington, KY 40506-0055,
USA. E-mail: s.parkin@uky.edu

+ CCDC 1896888 and 1896889. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/c9md00100j

This journal is © The Royal Society of Chemistry 2019

of MTM analogues as anticancer therapeutics.

man.’ Therefore, improved MTM analogues targeting Ewing
sarcoma are highly desirable, and the effort to produce
improved MTM analogues is underway in our and other
groups.®'® In order to develop such analogues in a rational
way, we need to improve our understanding of the structure
and function of this complex natural product.

MTM and other aureolic acid natural products contain a
tricyclic chromophore core with a specific dihydroxy-methoxy-
oxo-pentyl side chain at C-3 and two oligosaccharide side
chains appended at C-2 and C-6 (Fig. 1). The stereochemistry
at C-2 and C-3 is shared by all aureolic acid molecules,
whereas the identity of the sugars and their modifications
differ greatly among the natural products of this group.”***
Previous solution structures of MTM-DNA complexes deter-
mined by NMR"'® as well as crystal structures of another
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Fig. 1 Chemical structures of MTM and MTM SA-Phe.
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aureolic acid, chromomycin A3 (ref. 17 and 18) in complex
with DNA and our crystal structures of MTM analogue-DNA
complexes'® revealed details of aureolic acid-DNA interac-
tions. MTM binds DNA in the minor groove as a dimer, in
which two chromophores are coordinated to each other
through a divalent metal ion, likely Mg>" in vivo. The divalent
metal is additionally coordinated to two water molecules,
which are engaged in hydrogen bonds with the DNA recogni-
tion sequence (G/C)(G/C).>° In addition, the two chromo-
phores are engaged in direct hydrogen bonds with the gua-
nine bases of this sequence. The two MTM molecules in the
DNA-bound dimer are oriented in an approximately antipar-
allel fashion, extending in the minor groove where they form
an extensive network of hydrophobic interactions and hydro-
gen bonds with the DNA, dominated by contacts with the
phosphodiester backbone. The 3-side chain of MTM pro-
trudes nearly orthogonally outward into the solvent, which
allowed us to design and synthesize 3-side chain analogues
containing amino acid residue functionalities (MTM SA-Trp,
MTM SA-Phe and others).>*' We showed that these ana-
logues exhibited similar dimerization and DNA binding prop-
erties to MTM."?° Not only did these analogues serve as crit-
ical molecules for obtaining MTM analogue-DNA crystals, but
also some of them exhibited much greater selectivity against
cancer cells expressing ETS-family oncogenic transcription
factors.® Most recently, by determining the crystal structures
of unbound DNA of the same sequences, we showed that
DNA undergoes structural adaptation in order to bind
MTM.>* Binding of chromomycin A3 to DNA was also shown
to induce DNA conformational changes,'” which differ from
those occurring upon MTM binding, likely due to differences
in sugars of the two natural products. In turn, comparison of
the crystal structure of unbound chromomycin A3 with that
of its complex with DNA showed that chromomycin A3 also
undergoes conformational perturbations upon DNA bind-
ing."” On the other hand, the conformational adaptation of
MTM to binding DNA has been unclear due to the lack of the
MTM structure in the unbound form. In this study, we aimed
to fill this knowledge gap and establish how structural fea-
tures of MTM encoded in its biosynthetic pathway enabled
its efficient binding to DNA of the target cell.

Experimental

Crystallization, X-ray diffraction data collection and crystal
structure determination of MTM SA-Phe and the MTM-boron
complex

MTM was produced, purified and characterized as previously
described."" The analogue MTM SA-Phe was generated semi-
synthetically by our recently published procedure.'® MTM
and MTM SA-Phe were dissolved in DMSO at 50 mM and 20
mM, respectively. Crystallization of these compounds was
carried out by vapor diffusion in hanging drops. For MTM
SA-Phe, the drops were prepared by mixing 1 pL of the aque-
ous sample solution (2.6 mM MTM SA-Phe in 1.4 mM zinc ac-
etate and 25 mM Tris-HCI pH 8.0) with 1 pL of the reservoir
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solution (0.2 M MgCl,, 0.1 M Hepes pH 7.5 and 30% PEG
400). The drops were incubated against 1 mL of the reservoir
solutions at 21 °C. Crystals of the MTM-boron complex were
grown in an analogous manner. In this case, the sample solu-
tion was 1 mM MTM, 4 mM H;BO;, 1 mM zinc acetate, 25
mM Tris-HCI, pH 8.0, and the reservoir solution was 2 M am-
monium sulfate, 2% PEG 400, 100 mM Hepes, pH 7.5. In
both cases, the crystals were transferred from their mother li-
quor to the solution that had the same composition as the re-
spective reservoir solution and included 20% glycerol. The
crystals were then rapidly frozen in liquid nitrogen. X-ray dif-
fraction data to ~1.20 A resolution for (MTM SA-Phe),-Mg?*
were collected at beamline 22-ID of the Advanced Photon
Source at the Argonne National Laboratory (Argonne, IL), at
100 K, with the X-ray wavelength set at 0.979 A. The data were
indexed, integrated and scaled with HKL-2000.>* Some appar-
ent scan-truncation errors were treated using XABS2.>* X-ray
diffraction data for the Zn** bound MTM-boron complex
were collected using a Bruker-Nonius rotating anode diffrac-
tometer (CuK, X-rays) and processed using the APEX2
suite.”®

Crystal structures of the (MTM SA-Phe),-Mg”" and (MTM),-
Zn*"-B, complexes were determined by dual-space direct
methods, using SHELXD?® for (MTM SA-Phe),-Mg”>* and
SHELXT*” for (MTM),-Zn>"-B,, and refined by full-matrix
least-squares using SHELXL.>® The P2, structure of (MTM SA-
Phe),-Mg>" was a pseudo-C-centered orthorhombic twin, with
major: minor twin ratio of 9:1, and it was handled using
standard SHELX methods (commands TWIN and BASF). In
each case, some of the solvent was too disordered to model
with certainty; therefore it was accounted for using the
SQUEEZE routine in PLATON.?® Data collection and structure
related details are summarized in Table 1. The crystal struc-
ture coordinates and structure factor amplitudes for (MTM
SA-Phe),-Mg>" and (MTM),-Zn**-B, were deposited into the
Cambridge Structural Database with accession numbers
CCDC 1896888 and CCDC 1896889, respectively. The struc-
tural images were generated using Pymol (Schrodinger, Cam-
bridge, MA).

DNA binding assay

The DNA annealing and the binding assays were carried out
by using the method analogous to that described previously
by monitoring increase of intrinsic fluorescence of MTM
and MTM SA-Phe upon DNA binding,*® with the following
modifications. MTM or MTM SA-Phe were used at the con-
centration of 10 puM (5 puM dimers), and the double-
stranded DNA oligomer GAGGCCTC containing one high-
affinity MTM binding site (GGCC) was titrated in at speci-
fied concentrations. The assays were carried out in the bind-
ing buffer (20 mM Tris-HCl, pH 8.0, 100 mM NacCl, 5 mM
MgCl, or 1 mM Zn acetate) for 20 min at 21 °C, in tripli-
cate. To perform a boron treatment, MTM, MTM SA-Phe
(each at 2 mM) or DNA (at 0.4 mM) were preincubated with
4 mM or 20 mM of H;BO; (as specified) in the binding
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Table 1 Crystallographic details for the crystal structures of (MTM SA-Phe),-Mg?* and (MTM),-Zn?*-B,
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Data and refinement statistics

(MTM SA-Phe),-Mg>*

(MTM),-Zn**-B,

Temperature (K) 100 (2)¢ 90 (2)

Crystal size (mm) 0.10 x 0.10 x 0.05 0.16 x 0.15 x 0.10
Crystal system Monoclinic Orthorhombic
Space group P2, 1222

a (A) 28.073(5) 18.7382(5)

b (A) 21.531(4) 28.3032(8)

c (&) 28.536(5) 31.3664(7)
£ 104.17(3)

Unit cell volume (A%) 16 723(6) 16 635.2(7)
Source, 4 (A) APS, 0.97872 CuK,, 1.54178
Total number of reflections 51177 167 676
Number of unique reflections 19 688" 15 202°
Resolution (A) 1.20 0.83

Rint 0.060 0.0783

Ry [T > 20(D)] 0.0870 0.0547
WR,(F?) (all data) 0.2385 0.1727
Goodness-of-fit 1.662° 1.049

Ap min/max (e A7) 0.464/-0.279 0.445/-0.460

“ The values in parentheses are standard uncertainties. ” As per standard small-molecule protocol, Friedel pairs were not merged. ¢ It was not

possible to optimize the SHELXL weighting scheme in the usual way.

buffer for 4 or 16 hours (as specified) at 21 °C prior to the
DNA binding assay. Fluorescence was measured for the exci-
tation and emission wavelengths of 470 nm and 540 nm, re-
spectively, on a SpectraMax M5 microplate reader. The data
were fit to a 1:1 MTM dimer: DNA binding isotherm using
nonlinear regression with SigmaPlot 12.0 (Systat Software,
San Jose, CA), as described previously. The binding data for
MTM preincubated with boric acid were fit well with the
fraction of MTM active in DNA binding as a fitting
parameter.

Results and discussion
Crystal structure of an MTM analogue, MTM SA-Phe

A crystal structure of MTM has been elusive, as our extensive
efforts aimed at crystallizing MTM have not yielded crystals.
Similarly, MTM-DNA complexes were refractory to crystalliza-
tion, but 3-side chain analogues of MTM, MTM SA-Trp and
MTM SA-Phe in complexes with Zn>* and DNA were crystal-
lized, and high-quality crystal structures were determined
and analyzed." A similar strategy, crystallization of (MTM

Fig. 2 Structures of MTM SA-Phe alone and in complex with DNA. A. The crystal structure of an MTM SA-Phe dimer (orange and dark grey sticks)
coordinated by a Mg?* ion (a purple ball). Two water molecules also coordinated by the Mg?* are shown as light grey balls. B. Superimposition of
the structure of unbound MTM SA-Phe dimer (as in panel A; orange and dark grey sticks) with our previously reported crystal structure of MTM
SA-Phe dimer bound to a DNA oligomer (PDB ID: 5JWO0; pale yellow and green sticks). The DNA is shown in light-grey. Oxygen and nitrogen atoms
of MTM SA-Phe are shown in red and blue, respectively.
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SA-Phe),-Mg>", yielded pseudo-merohedrally twinned crystals
of this complex, which diffracted to the resolution of 1.2 A.
We determined the crystal structure of (MTM SA-Phe),-Mg>*
by dual-space direct methods using SHELXD,*® albeit with
some difficulty owing to the somewhat restrictive resolution
(for a crystal of a small molecule) and twinning. The struc-
ture shows the chemical scaffold of an MTM molecule
obtained for the first time at atomic resolution (Fig. 2A). The
structure of MTM SA-Phe, except for the synthetic 3-side
chain modification, is consistent in terms of chemical iden-
tity, connectivity and stereochemistry with the MTM structure
derived two decades ago from the NMR analysis’* and that
used previously in NMR and crystallographic structure deter-
mination of MTM and its analogues in complexes with DNA,
at lower resolutions.'>'®"'® The structure contains two dimers
of MTM SA-Phe in the asymmetric unit in nearly identical
conformations. We previously demonstrated that Mg”*-medi-
ated dimerization of MTM and its analogues in solution oc-
curs in the absence of DNA at physiological salt concentra-
tions,”® in concordance with the dimeric assembly state in
the crystal. The Mg>" is coordinated octahedrally to the two
molecules of MTM SA-Phe, where oxygens at positions 1 and
9 from each molecule and two water molecules form a full co-
ordination shell, consistent with the metal coordination ob-
served in our crystal structures of MTM SA Trp-DNA and
MTM SA Phe-DNA complexes and in the crystal structures of
chromomycin A3 alone and in complexes with DNA."”'® The
geometry of coordination is nearly ideal: the coordination
bond angle deviations from the ideal geometry do not exceed
approximately 1° and the bond lengths are all in the range
2.02-2.13 A.

The structural connection between the chemistry of MTM
and its DNA binding function

Without the structure of unbound MTM, its critical chemical
features that have apparently evolved for the DNA binding
function of this natural product have not been completely un-
derstood. Since the interactions of this molecule with DNA
were described previously at a high level of detail, we will fo-
cus only on differences between the structures of unbound
and DNA-bound MTM SA-Phe. In addition to the similar metal
coordination, the conformation of the (MTM SA-Phe),-Mg”*
complex (Fig. 2A) has a remarkable resemblance to the struc-
ture of this dimer in complex DNA (Fig. 2B), despite the pres-
ence of many rotatable bonds. Minor rotation of one chromo-
phore relative to the other is observed, likely induced by
interactions with the minor groove of the DNA. Other, also
fairly minor conformational changes include rotations of the
sugar moieties in the di- and the tri-saccharide side chains
around the glycosidic bonds, which allow MTM to fit into the
minor groove. The largest differences were observed for the ter-
minal sugar moieties B and E, which are the least constrained.
This induced fit-like conformational transition apparently
maximizes interactions of these sugars with the DNA, whereby
sugar B establishes several interactions with the DNA back-
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bone and sugar E forms interactions both with the backbone
and the bases, as previously described. Likewise, the phenyl
rings of the 3-side chain in the two structures are related by an
approximately 90° rotation. This side chain protrudes into the
solvent and does not extensively interact with DNA.

Clearly, numerous chemical features of MTM were
encoded by evolution into the biosynthesis of MTM to result
in the conformation appropriate for binding in the minor
groove of the DNA. Based on the intermolecular interactions
in the (MTM SA-Phe),-Mg”* complex (Fig. 2A), the core of the
dimer is defined by the structure of the chromophore ring
and the C-D rings of one molecule, which are stacked in an
antiparallel fashion upon the C-D rings and the chromo-
phore ring of its counterpart, respectively, in the dimer. This
stacking conforms to the coordination of the two chromo-
phores by the Mg>" ion. This core is shaped even without the
DNA to adopt a right-handed twist to fit snugly into the mi-
nor groove (Fig. 1B). A key chemical feature that enables the
formation of this right-handed twisted core is the stereo-
chemistry at C2 of the chromophore (Fig. 2A), which directs
the trisaccharide side chain for the intermolecular stacking
with the chromophore of the other molecule in the dimer.
The opposite stereochemistry would direct the trisaccharide
side chain away from the chromophore of the other MTM
molecule. Even though it is yet to be demonstrated at which
step in the MTM biosynthetic pathway the C2 stereocenter is
formed, the tricyclic chromophore of MTM is formed in the
penultimate step of MTM biosynthesis, as a result of the cata-
Iytic activity of Baeyer-Villiger monooxygenase MtmOIV.**>?
MtmOIV was shown to convert the tetracyclic premithramycin
B, which we recently demonstrated to lack DNA binding activ-
ity,’® to an unstable intermediate MTM DK, which is then
converted to MTM through the action of ketoreductase
MtmW.** This makes biological sense, as the formation of a
bioactive species is postponed in the biosynthetic pathway by
the evolution until the last steps, when the final product is
ready to be secreted, likely to protect the producing organism
from the potential toxicity of the intermediates.

MTM-boron complex formation and its perturbing effects on
the MTM structure and function

During our pursuit of crystals of MTM we observed that one
of the MTM preparations formed well-diffracting crystals in
the presence of Zn**, with the data extending to 0.83 A. The
crystal structure, determined by direct methods, unexpectedly
revealed two MTM molecules that were covalently bound to
each other through two boron atoms. This preparation of
MTM had a boron-containing contaminant, likely originating
from chemical glassware. Subsequently, we have reproduced
the same crystals with the MTM preparations that did not
contain boron (and did not crystallize), after adding boric
acid, in a slight stoichiometric excess of MTM, as described
in Experimental. In the structure, a boron atom formed four
covalent bonds: two with two oxygen atoms derived from the
two hydroxyl groups on the E sugar of one MTM molecule

This journal is © The Royal Society of Chemistry 2019
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and the other two with two oxygen atoms derived from the
two hydroxyl groups of the 3-side chain (Fig. 3
, panels A and B) of the other MTM molecule of a Zn**-co-
ordinated dimer. The other boron atom formed the identi-
cal reciprocal covalent bonds between the same two MTM
molecules. As a result, the final structure contains two
boron-mediated macrocycles joining the two molecules of
the Zn*'-coordinated MTM dimer into one. Apparently, a
similar spatial disposition of the two hydroxyl groups of the
E sugar and the two hydroxyl groups of the 3-side chain fa-
vored boron binding. The boron-oxygen bond length are
1.44-1.48 A and the bond geometry is slightly distorted
from tetrahedral, with the O-B-O angles of 105-115°
(Fig. 3B). In the crystal structure, a crystal symmetry-related
copy of this boron-conjugated MTM dimer interacts with
the first dimer through chromophore-chromophore stacking
(Fig. 3C), facilitated by the nearly coplanar disposition of
the two chromophore rings in the MTM,-Zn**-B, complex.
As a consequence of structural distortions imposed by bo-
ron binding, one of the chromophores is rotated by nearly
180° with respect to its orientation in all other structures of
MTM and its analogues (Fig. 4). This changes the topology
of the Zn** coordination, where the two ligand water mole-
cules are now coordinated in a collinear manner with the
Zn”* ion (Fig. 4B). The Zn®>* coordination remains octahe-
dral, but it is slightly distorted due to the interactions with
the second pair of chromophores in the crystal, requiring
that one of the Zn**-coordinated water molecules is shared
by the two interacting B,-MTM, complexes.

Are the dramatic structural changes caused by the boron
reactivity relevant in solution and, if so, do they perturb the
DNA binding function of MTM? In order to answer these
questions, we tested DNA binding of MTM and MTM SA-Phe in
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Fig. 4 Zoomed-in views of the divalent metal ion coordination in the
structures of (MTM SA-Phe),-Mg?* (A) and (MTM),-Zn?*-B, (B). The
color schemes are the same as in Fig. 2 and 3.

the absence and in the presence of boric acid, by using a well-
established fluorescence-based assay (Fig. 5). The assay takes
advantage of a strong increase of intrinsic fluorescence inten-
sity of MTM and its analogues upon DNA binding, as reported
by us and others.**** As expected, both MTM and MTM SA-Phe
exhibited significant fluorescence enhancements upon titrating
in DNA containing one high-affinity MTM binding site. The
best fit to 1:1 (MTM dimer: DNA) binding isotherms yielded
equilibrium binding constants K4 < 1 pM and K4 = (1.6 * 0.6)
uM, respectively (Fig. 5, open circles and solid curves). These
binding affinities are in agreement with our previous DNA
binding measurements for MTM and its MTM SA ana-
logues.”® Consistent with previous reports,***” DNA binding
was unaffected by using Zn** instead of Mg>" (Fig. 5A). We
observed that, in agreement with the structural perturba-
tions, the fraction of MTM active in DNA binding decreases
over time upon preincubation with boric acid at mildly ba-
sic pH (Fig. 5A, open triangles and squares) within several

Fig. 3 The crystal structure of MTM in complex with Zn?* and boron. A. The structure of a (MTM),-Zn?*-B, complex. Two MTM portions are
shown by orange and dark grey sticks, the Zn?" ion is shown as a yellow ball, water as light grey balls. The boron atoms are shown in dark blue. B.
A zoomed-in view of the boron bonds. C. The crystal packing interactions between two (MTM),-Zn?*-B, complexes. The second (MTM),-Zn?*-B,

complex is shown by white sticks.
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Fig. 5 Effects of boron on DNA binding by MTM and MTM SA-Phe. A.
DNA binding by MTM (5 uM dimers) in the absence of boron in Mg®*
(open circles), in Zn?* (filled circles), in Mg?* after the DNA (but not MTM)
was preincubated with 20 mM boric acid for 16 hours at 21 °C (open
diamonds), after MTM was preincubated with 4 mM boric acid for 4 hours
(open triangles) and for 16 hours (open squares). The curves correspond
to the best fits of the 1:1 (MTM dimer : DNA) binding isotherms with Ky <
1 uM and the fractions of MTM active in DNA binding of 1 (solid curve),
0.51 + 0.06 (long dashes) and 0.09 + 0.05 (short dashes) in the absence
of boric acid, for the 4 hour and for the 16 hour preincubation with boric
acid, respectively. B. DNA binding by MTM SA-Phe in the absence of boric
acid (open circles) and after MTM SA-Phe was preincubated with 20 mM
boric acid for 16 hours at 21 °C (open squares). The curve is the best fit of
the 1:1 (MTM SA-Phe) binding isotherm, K4 = (1.6 + 0.6) pM.

hours of preincubation, whereas MTM SA-Phe, which does
not contain hydroxyl groups in the 3-side chain
(Fig. 1) maintains its DNA binding function even after a 16
hour preincubation with boric acid at high concentration
(Fig. 5B, open squares). Preincubation of DNA, but not
MTM, did not result in the reduction of DNA binding af-
finity (Fig. 5A, open diamonds). These results indicate that
not only is boron reactivity of MTM (but not of its SA ana-
logue) relevant in solution, but that it abolishes the DNA
binding activity of this natural product. These findings may
have implications for the administration of MTM or its an-
alogues in human, where one can expect MTM to be
inactivated by boron (present at ~10 pM in human
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plasma)®*® in basic compartments of the human organism.
MTM SA-Phe and similar analogues would not suffer from
this metabolic instability.

Conclusions

In summary, in this study we presented the first crystal struc-
tures of MTM and its SA analogues and elucidated that, despite
many degrees of conformational freedom of this large natural
product, its chemical structure encodes both the divalent metal
ion coordination and the preferred conformation of the dimer
of MTM for proper DNA binding. As a result, only minor
induced-fit adaptation is needed for the MTM dimer to bind in
the minor groove. The inactivation of MTM by its reaction with
boron highlights the importance of developing its more prom-
ising inert SA analogues as next generation anticancer agents
targeting cancers caused by oncogenic transcription factors.
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