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(-)-Lomaiviticin A (1) is a complex antiproliferative metabolite that
inhibits the growth of many cultured cancer cell lines at low nano-
molar-picomolar concentrations. (-)-Lomaiviticin A (1) possesses
a Gy-symmetric structure that contains two unusual diazotetra-
hydrobenzo[b]fluorene (diazofluorene) functional groups. Nucleo-
philic activation of each diazofluorene within 1 produces vinyl
radical intermediates that affect hydrogen atom abstraction from
DNA, leading to the formation of DNA double-strand breaks
(DSBs). Certain DNA DSB repair-deficient cell lines are sensitized
toward 1, and 1 is under evaluation in preclinical models of these
tumor types. However, the mode of binding of 1 to DNA had not
been determined. Here we elucidate the structure of a 1:1 complex
between 1 and the duplex d(GCTATAGC), by NMR spectroscopy
and computational modeling. Unexpectedly, we show that both
diazofluorene residues of 1 penetrate the duplex. This binding
disrupts base pairing leading to ejection of the central AT bases,
while placing the proreactive centers of 1 in close proximity to
each strand. DNA binding may also enhance the reactivity of 1
toward nucleophilic activation through steric compression and
conformational restriction (an example of shape-dependent catal-
ysis). This study provides a structural basis for the DNA cleavage
activity of 1, will guide the design of synthetic DNA-activated DNA
cleavage agents, and underscores the utility of natural products
to reveal novel modes of small molecule-DNA association.
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he complex bacterial metabolites (—)-lomaiviticins A-C (1-3,

Fig. 14) (1-3) and (-)-kinamycin C (4) (4-11) are produced by
certain strains of Salinispora and Streptomyces. The metabolites 1-4
contain a diazotetrahydrobenzo[b]fluorene (diazofluorene, gray
box in 1), which comprises a diazocyclopentadiene fused to naph-
thoquinone and oxidized cyclohexenone rings (12-17). Lomaiviticins
A (1) and B (2) possess two diazofluorenes and C,-symmetric
structures containing 2-4 deoxyglycoside residues. (—)-Lomaiviticin
C (3) contains a hydroxyfulvene (below 1, Fig. 14) in place of one
diazofluorene, but is otherwise identical to 1.

(-)-Lomaiviticin A (1) possesses half-maximal inhibitory po-
tencies (ICsps) in the low nanomolar—picomolar range against
several cultured cancer cell lines (1, 2). (-)-Lomaiviticin C (3) and
(-)-kinamycin C (4) are several orders of magnitude less potent,
whereas (-)-lomaiviticin B (2) is ~10-100-fold less potent. The
cytotoxicity of 1 derives from the induction of double-strand breaks
(DSBs) in DNA (18, 19). K562 cells exposed to 5 nM of 1 for
30 min accumulated DSB levels that were comparable to 40 Gy of
ionizing radiation. This DNA cleavage activity is not recapitulated
by 3 or 4, suggesting both diazofluorenes of 1 are essential for cleav-
age activity. DNA DSBs are exceedingly cytotoxic (20), and these
data provide an explanation for the remarkable potency of 1.

The molecular mechanism of DNA DSB induction by
(-)-lomaiviticin A (1) has been studied (18). Cell-free deuterium-
labeling experiments are consistent with a pathway comprising re-
ductive activation of one diazofluorene (Fig. 1B) to generate the
vinyl radical intermediate 1e, followed by hydrogen atom abstrac-
tion from the deoxyribose chain, a process known to lead to single-
strand breaks (SSBs) (21). Reductive activation of the remaining
diazofluorene, followed by hydrogen atom abstraction, is believed
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to cleave the complementary DNA (cDNA) strand, leading to the
observed DSB.

However, the mode of interaction of 5—)-10maiviticin A (1) with
DNA has not been elucidated. As C(sp~) radicals are high-energy
species, the mechanistic model outlined above presupposes that (i)
both diazofluorenes are simultaneously oriented in close proximity
to each nucleotide chain or that (i) 1 undergoes dynamic reorga-
nization to place each diazofluorene in proximity to each strand
before vinyl radical generation. Given the size of 1 and the fidelity
of its DSB induction activity [the ratio of SSBs:DSBs formed by
1 = (5.3 + 0.6):1] (18), substantial reorganization (ii) seems less
plausible. Certain synthetic diazofluorenes and (-)-kinamycin C (4)
intercalate DNA, but with low affinity (DCs, values, the concen-
tration of ligand required to displace 50% of a bound intercalator,
are >8 pM) (22). Herein, we report studies aimed at determining
the DNA binding affinity and sequence preferences of 1. Using
these data, we have generated a structural model for the interac-
tion of 1 with the palindromic duplex d(5'-GCTATAGC-3'),. This
structure reveals that both diazofluorene residues of 1 penetrate the
duplex and disrupt base pairing about the binding region. This
mode of interaction orients each diazo carbon in close proximity to
opposing DNA strands and provides a structural basis for the DNA
cleavage activity of 1.

Results

We first performed fluorescent intercalator displacement (FID)
assays (23-25) to probe the interaction and binding preferences of
(-)-lomaiviticins A-C (1-3) and (-)-kinamycin C (4) to duplex
DNA (Fig. 2). We evaluated the affinity of each compound at an
equimolar concentration (880 nM) for calf thymus (58% AT
content) and Micrococcus lysodeiktius (25% AT content) DNA, as
well as poly-dAdT and poly-dGdC, using thiazole orange (26) as
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Fig. 1. (A) Structures of (-)-lomaiviticins A-C (1-3), (-)-kinamycin C (4), and
positional numbering of 1. (B) Reductive activation of lomaiviticin A (1)
generates the vinyl radical 1e. Hydrogen atom abstraction is believed to
initiate formation of an SSB. Reductive activation of the remaining diazo-
fluorene, followed by hydrogen atom abstraction from the cDNA strand,
induces DSB formation.

an intercalator probe. (-)-Lomaiviticin A (1) associated with AT-
containing polynucleotides with five- to sixfold higher affinity than
poly-dGdC [63-76% vs. 13% + 5% decrease in fluorescence (DIF),
respectively]. Although 3 displayed high affinity for calf thymus
DNA (57% + 8% DIF) and poly-dAdT (64% + 6% DIF), the
affinity for M. lysodeiktius DNA was ~fourfold lower than that of 1.
The basis for this discrepancy is not known but may relate to the
lower AT content of M. lysodeiktius DNA, which may disfavor
binding of the more electron-rich species 3. Under the conditions
examined, 2 and 4 did not possess significant displacement activity
(<12% DIF).

The DCs values of (-)-lomaiviticin A (1) toward several DNA
structures were determined by titrating a standard solution of 1
into thiazole orange-saturated duplexes. DCs values in the 235-
770-nM range were obtained using dAdT, dAedT, and dGdC
polynucleotides with ratios of base pairs-to-ligand (1) of 1.25-3.0
(Table 1, entries 1-3). To further examine sequence selectivity, 1
was titrated against thiazole orange-saturated 12-bp DNA du-
plexes containing a variable central six base pair region (entries
4-7). In accord with the FID displacement studies above, 1 dis-
played higher affinity for duplexes containing AT base pairs. For
example, 1 bound alternating AT sequences (entry 5, DCsg = 1.87 +
0.14 pM) with ninefold higher affinity than alternating GC se-
quences (entry 4, DCsp = 18.3 + 1.4 pM). The affinity of 1 for AT
tracts decreased with decreasing alternation of the base pairs
(entries 5-7). A ratio of duplex to ligand (rq;) of 1.0 was obtained
for 1 and the decameric duplex d(CGCATATGCG),, (entry 8)
thereby unequivocally establishing a binding site size of three
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alternating AT base pairs (compare entries 5 and 8). The affinity
of 1 for this duplex was higher than any of the other oligonu-
cleotides examined (DCsy = 0.85 + 0.05 uM). Based on these
data, we selected the DNA duplex d(GCTATAGC), for our
structural studies. An earlier NMR spectroscopic characteriza-
tion of this duplex aided resonance assignments in our work (27).

To initiate complex formation, a solution of (—)-lomaiviticin A
(1; 10 mM phosphate buffer, pH 7.5, 25 mM sodium chloride) was
added to a solution of d(GCT ATAGC)Z (10 mM phosphate buffer
pH 7.5, 25 mM sodium chloride) at 24 °C and monitored by 'H
NMR spectroscopy. As shown in Fig. 3, a new complex was ob-
served upon the addition of 1 (for the annotated H1’ region of the
spectrum, see SI Appendix, Fig. S1). To elucidate the structure of
this complex, we determined the structure of the unbound and
bound oligomer. The unbound oligonucleotide exhibited a B con-
formation, as expected (resonance assignments are presented in
SI Appendvc Table S1). The complex with 1 was characterized in
phosphate-buffered D-O by 'H, NOESY, HSQCAD, and DQF-
COSY NMR spectroscopy. An additional sample was prepared in
10% D,0-90% H,O and analyzed by Watergate NOESY and
DQF-COSY. Resonance assignments were made using established
NMR solution structure methods and are presented in full in
SI Appendix, Table S2 (28-30).

An NOE walk along the A/G H8-H1'(n-1) or T/C
H6—H1'(n-1) region of the oligonucleotide can be followed
through the entire sequence of the uncomplexed duplex, as expected
(Fig. 44). After addition of (-)-lomaiviticin A (1), significant
changes in the central AT region of the oligomer were observed,
resulting in disruption of the NOE walk (highlighted by circular
nodes, Fig. 4B). This conformational change was corroborated by
changes in the A/G H8—H2'(n-1) or T/C H6—~H2'(n-1) walk, as
well as changes in the internucleotide contacts between A/G HS8 or
T/C H6 and H2"(n-1) (SI Appendix, Figs. S2 and S3). Strong
intranucleotide contacts were observed between TS H6 and T13
H6 and both H5' and H5"" of their respective carbohydrate resi-
dues, suggesting that 1 substantially disrupts the orientation of the
central bases. Notably, these NOE contacts were not observed in
earlier studies that used an identical duplex and acridinium- or
fluorenone-based intercalative ligands (27, 31). These latter li-
gands were shown to bind by a typical intercalative mode and
the differences between these complexes and that formed from
1 suggest a novel mode of association. Disruption of the A/G
H8—HI1'(n-1) or T H6—H1'(n-1) NOESY walk between resi-
dues T5-G7 and T11-A14, and disruption of the A H8 or T
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Fig. 2. Equimolar FID assays using 1-4 and thiazole orange as the inter-
calator probe. Conditions: [1-4] = 0.88 pM, [thiazole orange] = 1.25 uM,
[base pairs] = 0.88 pM, 1 h, 24 °C. Mean percent displacement from three
experiments and error bars representing 1 SD from the mean are shown.
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Table 1. DCsg and ry, or rq values of (—)-lomaiviticin A (1) and
duplexed DNA
DCsp

Entry Polynucleotide DNA (per base pair) Iol
1 dAdT 235 + 10 nM 3.0
2 dGdcC 770 + 44 nM 1.25
3 dAedT 245 + 15 nM 2.1

Oligonucleotide duplexes DCso (per duplex) ral
4 GCGC: d(CGCGCGCGCGCG), 183 £ 1.4 uyM 0.09
5 ATAT: d(CGCATATATGCG), 1.87 £ 0.14 uM 0.5
6 Dickerson: d(CGCAAATTTGCG), 2.14 + 0.18 uM 0.5
7 A6T6: d(CGCAAAAAAGCG) 2.70 + 0.38 uM 0.2

d(GCGTTTTTTCGCQ)

8 10mer: d(CGCATATGCG), 0.85 + 0.05 yM 1.0

rp; = ratio of base pairs to ligand. rq, = ratio of duplex to ligand.
(-)-Lomaiviticin A (1) was incrementally added to a solution of DNA
(2.50 uM/base pair for polynucleotides, 1.25 pM/duplex for oligonucleotides)
saturated with thiazole orange (1.25 pM/base pair for polynucleotides,
2.50 pM/duplex for oligonucleotides) at 24 °C. The fluorescence was measured
after incubation for 5 min, and the addition of 1 was continued until no
further changes in fluorescence were observed.

H6—H2'(n-1) and A H8 or T H6—~H2''(n-1) contacts between
residues A4-A6 and A12-A14 identified these residues as the
site of binding. Furthermore, the TS and T13 exchangeable pro-
tons lost hydrogen-bonding character and were observed as broad
peaks in a range (11.2-11.7 ppm) typical of free thymine, in-
dicative of complete disruption of base pairing between A4/T13
and T5/A12. Base pairing at the ends of the complexed duplex
(G1/C16, C2/G15, G7/C10, C8/G9) was intact as evidenced by
minimal perturbation of the NOE contacts and nominal (<0.25 ppm)
differences in the chemical shifts of the imino protons of these bases
between the free and complexed duplex.

Fifty-five NOE contacts between (-)-lomaiviticin A (1) and
d(GCTATAGC), were detected (Table 2; see Fig. 1 for posi-
tional assignments within 1). NOE contacts between the naph-
thoquinone (H8 or H9) (designation of positions 8 and 9 is
arbitrary and could not be established based on the NMR data)
protons of 1 and T11 and A12 of one strand support this region
as the intercalation site. In addition, the amino sugar residues of
1 [positions 1A-6A and N(CH3),] displayed extensive contacts to
A4, T5, and A6. Other NOE contacts of note include an in-
teraction between H4 of 1 and Al4 H8 and H2, interactions
between H13 of 1 and T13 H3’, and interactions between the
phenolic protons of 1 (positions 14 and 15) and A4, T5, T13, and
Al4. Notably, the oleandrose residues of 1 displayed only a
limited number of contacts to the nucleotides in proximity to the
binding site (T13 H1’, H2”, H6; T5 H6; Al4 H1’), suggesting
these residues are largely exposed to solvent.

Complexation of (—)-lomaiviticin A (1) to DNA abolishes the
degeneracy of the metabolite’s native C,-symmetric structure,
rendering identical positions on each monomeric unit of 1
chemically inequivalent and thereby providing additional oppor-
tunities to infer structural information from the NMR data. First,
despite this desymmetrization, the "H NMR resonances attributed
to 1 for matching (but now nondegenerate) positions on either
monomeric unit were surprisingly similar; many (although not all,
see below) of these pairs of positions displayed resonances within
0.20 ppm of each other. This pseudo-C, symmetry suggested both
halves of 1 interact with DNA in a similar fashion. In addition,
each naphthoquinone C-H signal of 1 (positions &, 9, 8’, and 9")
was resolved and shifted upfield relative to the unbound metab-
olite (7.23 and 7.12 ppm for free 1; 6.65, 6.60, 5.97, and 5.47 ppm
in the complex). The vicinal relationships between these signals
were readily established by DQF-COSY analysis, and NOE in-
teractions were observed between the naphthoquinone residues
(SI Appendix, Fig. S4). Collectively these data are consistent with
the formation of a specific pseudo-C,-symmetric complex between
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the oligomer and 1 that involves penetration of both diazofluorene
residues into the DNA duplex.

A computational model of the complex was then generated.
A lowest-energy conformation of 1 was obtained by molecu-
lar mechanics optimization (100,000 starting conformers) using
Spartan (32). This conformer was then subjected to density
functional theory (DFT) optimization in Gaussian 09 [B3LYP
6-31G(d,p)*] (33). The solution structure was calculated using
AMBER 14 (34, 35) by sampling 10 starting conformations of
the Gaussian-minimized structure of 1 placed 15-40 A from the
DNA duplex in an explicit hydration environment. Following two
steps of relaxation, each structure was annealed for 30 or 100 ps
(20 structures total) using the NMR restraints, and the best
structures were annealed for an additional 1 ns. To constrain the
annealing, 425 NMR-derived distance restraints were used. The
complex that best fit the NMR restraints was subjected to 1 ns of
molecular dynamics, during which the root-mean-square deviation
(RMSD) converged (SI Appendix, Fig. S6). Six structures were
selected from the last 100 ps of modeling as representative of the
final NMR solution structure (SI Appendix, Fig. S5). The overall
RMSD was 0.74 + 0.14 A, and the RMSD at the intercalation site
was 0.72 + 0.18 A (SI Appendix, Fig. S6). Three perspectives of
the final structure are shown in Fig. 5 A-C. The RMSD between
the annealed complex and the molecular dynamics-minimized
structure, with the distance constraints removed, is 3.1 A and
contains changes to areas with large degrees of freedom, such as
the oleandrose residues and the nucleotides that have been
twisted out of the duplex. A single-point calculation reveals the
bound conformation of 1 as 0.40 kcal/mol higher in energy than
that of the minimized structure in solution (18).

Discussion

Prior cell free and tissue culture studies of (-)-lomaiviticin A (1)
have established that its potent cytotoxic effects derive from the
induction of DSBs in DNA (18, 19). Deuterium-labeling experi-
ments are consistent with a mechanism involving the generation of
vinyl radical intermediates at each diazo carbon of 1, followed by
hydrogen atom abstraction from DNA (18). Although many nat-
ural products induce DNA DSBs via indirect mechanisms (for
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Fig. 3. Selected regions of the 'H NMR spectrum of d(GCTATAGC), and
(-)-lomaiviticin A (1; 0, 0.5, or 1 equiv, bottom to top). Green bars denote
the site of binding. The 14.0-10.5-ppm spectra were obtained in 10% D,0O-
90% H,O using the Watergate scheme. The 8.7-6.5-ppm spectra were
obtained in phosphate-buffered D,0. Experimental conditions: 10 mM
phosphate buffer (pH 7.5), 25 mM sodium chloride, 800 MHz, 24 °C. For
additional spectroscopic data, see SI Appendix, Fig. S1.

PNAS | March 15,2016 | vol. 113 | no. 11 | 2853

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519846113/-/DCSupplemental/pnas.1519846113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519846113/-/DCSupplemental/pnas.1519846113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519846113/-/DCSupplemental/pnas.1519846113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519846113/-/DCSupplemental/pnas.1519846113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1519846113/-/DCSupplemental/pnas.1519846113.sapp.pdf

L T

/

D\

5.4
A H8AG—
H1'T5 T5H6T57
H1'TS
5.6
H8A4— HET3-
H1'T3 T3 HIT3
H8G7- G7 H6C8—
H1'G7 H1'G7 5.8
B
H8G1- H8G7— H6C2- g
H1'G1 H1'A6 H1'G1 -~
A6 6.0 ¥
HBA6- G4 c2 L cs
H1'A6 H6C2- pgra_ | g
HIC2 prcs  Hoas o
A4 :
H8A4— H6T5—
H1'A4 H1'A4
6.4
8.4 8.2 8.0 7.8 7.6 7.4 7.2
2 (ppm)
B 5.4
HeG7- HEC8— HET3-
H8A4— H1G7  H1 G\7 HIT3 g 56
H1'T3 G7 o—— AT -
HBA14— :?%115;- H6C16— Ti1e TI3
3 H1'G15 |
H1'A14 — -
T5 £
Ad G1 —_— H6T5— =
H8A4— G9 H6C2-—C5 H1'A4 [6.0 =
H1'A4 :?%11— H1'G1  c10 HET3- |
and H1'C2
HET11-
and  HeC10- HeCo-C18 H1'C10
H8G9- H1Ge Hice o8 e 6.2
H1'G9 and Hece
HBC10- |66,
H8AG- HT'C10 Hicie
A12 HeA12- Hi'ae | AB 6.4
H1'A12

8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0
2 (ppm)

Fig. 4. NOE walk of the A/G H8—H1'(n-1) or T/C H6—H1'(n-1) region for (A)
d(GCTATAGC), only and (B) the complex between (-)-lomaiviticin A (1) and
d(GCTATAGQ), (1:1). Breaks in the walk are indicated by circular nodes.

example, by inhibition or poisoning of topoisomerase complexes)
(36), comparatively fewer natural products directly cleave DNA,
the enediynes (37) and bleomycins (38) being notable exceptions.
However, an understanding of the sequence preferences and
mode of binding of 1 to DNA had remained conspicuously absent.

The data shown in Fig. 2 and Table 1 demonstrate that
(-)-lomaiviticin A (1) binds AT tracks with higher affinity than GC
tracks. A 63—76% decrease in fluorescence was observed for AT-
containing duplexes whereas only an ~13% decrease in fluores-
cence was observed for poly-dGdC. In addition, the DCsj of 1
toward poly-dAdT was 3.3-fold lower than that of poly-dGdC.
This selectivity is consistent with a mode of binding involving
disruption of base pairing. A single binding site for 1 was observed
using the 10-mer duplex d(CGCATATGCG), (Table 1, entry 8).

Our data suggest a mode of interaction wherein (-)-lomaiviticin
A (1) is inserted from the minor groove and the diazofluorene
residues are positioned adjacent to each other, in a n-stacked
orientation. We had anticipated intercalation of a single diazo-
fluorene, and the discovery that both of these residues penetrate
the duplex was unexpected. Unequivocal evidence for this derives
from the observation that all of the arene C-H bond resonances in
1 (positions 8, 9, 8', and 9’) are shifted upfield by 0.47-1.36 ppm
in the presence of the duplex (Table 2). In addition, DNA binding
abolishes the C, symmetry of 1 and this leads to fortuitous reso-
lution of the 8, 9, 8, and 9’ resonances in the NMR spectrum
of the complex, thereby permitting elucidation of vicinal rela-
tionships within these signals by DQF-COSY analysis. In turn, we
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detected an interdiazofluorene NOE contact (SI Appendix, Fig.
S4), which provides additional and compelling evidence that these
residues are in close proximity. Although somewhat more cir-
cumstantial, the observation that many of the resonances for each
(now chemically inequivalent) pair of positions in 1 are similar
(A8 < 0.20 ppm) is consistent with a pseudosymmetrical mode of
binding. This mode of binding represents a rare instance in which
two aromatic units have been demonstrated to penetrate a duplex
adjacent to each other without covalent binding. In the minimized
structure the bases A4, TS, and T13 are twisted out of the duplex
and base pairing has been disrupted for A12. Such base flipping
has been reported for noncovalent (e.g., actinomycin) (39) and
covalent (e.g., trioxicarcin A) (40) small molecule DNA binding
agents. This base flipping may underlie the sequence selectivity of
1, as the stability gained from A-T pairs (hydrogen bonding and
base stacking) is less than that gained from G-C pairs (41). An
electrostatic interaction between the aminosugar residues of 1 and
the phosphate backbone may help to compensate for the energetic
penalty associated with base flipping; in the optimized struc-
ture these residues are within 4.3 A of the nearest phosphate.

Table 2. Intra- and intermolecular NOE contacts in the complex
between (—)-lomaiviticin A (1) and d(GCTATAGC(),

SH, side 1 SH, side 2
Position Selected NOEs* (base 1-8) (base 9-16)
2 (13, 2B, 4B, N(CHs),) 3.85 3.81
4 A4 H2, A14 H8, A14 H2 5.72 5.45
(13, 2A,0 3A, 5A, 1A, 3A,
12, 2A, 2, 5A, 1A)
8 A12 H2, T11 H6, T11 H2', 6.65 6.60
T11 H2”, T11 CH5 (9, 8)
9 (8) 5.97 5.47
12 (13) 2.21/2.04 2.11/1.97
13 T13 H3’ 1.21 1.15
14" T5 H6, T5 CHs, A4 HT', 13.44 13.90
T13 H6, T13 CH3 (8)
15" — 12.36 12.30
1A A4 H2, A4 H5', A14 H2 5.04 4.99
(2A, 5A, 3A)
2A A4 H2, T3 CHs3, A14 H8, A14 H2 2.52/2.13 2.23/2.51
3A A12 H3’ 4.25 4.17
4A T13 H6 (1A) 3.13 2.98
N(CH3), A4 H8, A6 H2, T5 H6, A4 HT', 3.13 2.98/3.10
A4 H3’, A4 H4', T13 H6,
T13 H1' (2B)
5A A4 H3' 413 4.04
6A A6 H8, A4 H8, A4 H3', 2.10 2.09
A12 H8, A12 H2, A14 H2,
A12 H1’, A12 H3’
1B T13 H2'’ (13, 6B, 2B, 4B, 3A, 6.02 6.02
3B-OCH53)
2B T5 H6, T13 H6, A14 H1/, T13 HT' 2.04/1.71 2.04/1.71
(13, 6B)
3B (13, 2B, 12, 6A, 3A, 2A, 2B, 4.04 4.04
N(CH3),)
3B OCH; (13, 6B, 2B, N(CH5s),, 4B) 3.73 3.61
4B (6B, 2B) 3.28 3.28
5B — 4.12 412
6B — 1.31 1.31

Selected NOE contacts and chemical shifts of 1 in the complex between
(-)-lomaiviticin A (1) and d(GCTATAGC),. Conditions: 10 mM phosphate buffer,
pH 7.5, 25 mM sodium chloride, 800 MHz, 24 °C. The number of contacts
between 1 and DNA, within 1 alone, within DNA alone, and the total number
of contacts = 55, 92, 278, and 425, respectively.

*Contacts between 1 and DNA are listed in bold, intramolecular contacts
within 1 only are listed in parentheses.
TAssigned by Watergate NOESY, 800 MHz, 24 °C.
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Fig. 5. Solution structure of (-)-lomaiviticin A (1) complexed to 5-G;C;T3A4TsAsG,Cs-3". (A) Full stereoview. Bases flipped out of the duplex are shown in
green. (B) Intercalation site, front view. (C) Intercalation site, top view. A6 H5’, A6 H4’, A14 H1’, and T13 H4’ are shown as white balls in A and as green balls in
B and C and are located 4.2, 4.3, 4.2, and 4.9 A, respectively, from the nearest diazo carbon atom.

Consistent with these data, (—)-lomaiviticin B (2), which cannot
adopt the same mode of binding owing to the presence of a rigid
bis(tetrahydrofuranol) structure, did not display high affinity for
any of the oligonucleotides or duplexes examined (Fig. 2).

This mode of binding places each diazo carbon of 1 in close
proximity to each DNA strand. A6 H5" and A6 H4’ are located 4.2
and 4.3 A from the nearest diazo carbon, respectively, whereas
Al14 H1' and T13 H4' are located 4.2 and 4.9 A from the alternate
diazo carbon atom, respectively (Fig. 5). These distances are
within the range required for hydrogen-atom abstraction and
initiation of strand cleavage with only a minor reorganization
of 1, although the proximity of the second strand is likely to
be altered following SSB formation. The ratio of DNA SSBs to
DSBs produced by 1 in a plasmid cleavage assay was de-
termined to be (5.3 + 0.6):1 (18). The antitumor agent bleo-
mycin mediates DSB formation via the stepwise generation of
complementary SSBs (42). The ratio of SSBs:DSBs produced
by bleomycin is in the range of 3.3-6.0:1, depending upon the
sequence and assay conditions (43, 44). Thus, our data are
consistent with stepwise cleavage of DNA by 1 and suggest that
dissociation of 1 from the duplex is competitive with nucleophilic
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activation of the remaining diazofluorene following induction of
the first SSB.

These studies also provide essential insights into structure—
function relationships within (-)-lomaiviticin A (1). The amine
substituents of 1 enhance DNA binding through electrostatic sta-
bilization, but the nature and location of these substituents may be
subject to refinement. On the other hand, the oleandrose residues
of 1 may be amenable to simplification (or elimination), as these are
not involved in extensive interactions with the duplex. Finally, these
data provide further evidence that both diazofluorenes of 1 are
essential for DNA cleavage activity. Incorporation of these insights
into the design of wholly synthetic analogs of 1 capable of potently
cleaving DNA is an area of current investigation in our laboratory.

It has been suggested that vinyl radicals are formed from
(-)-lomaiviticin A (1) via nucleophilic addition to the diazofluorene,
to generate a diazo intermediate, followed by loss of dinitrogen
(18). This process was shown to be efficiently mediated by
thiols, but intriguingly was observed to occur on warming aqueous
solutions of 1 and DNA alone, suggesting that DNA itself may
serve as a nucleophile toward 1. It was also noted that the first
hydrodediazotization of 1 proceeded faster than reaction of the
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remaining diazofluorene or isolated monomeric diazofluorenes.
DFT calculations suggested the high reactivity of 1 might be at-
tributed to a short (3.8 A) interdiazofluorene distance, which al-
lows for delocalization of the developing negative charge across
both diazofluorene substituents (18). In the complex characterized
herein, this interaction may be enhanced by reducing the degrees
of freedom within 1 and by compressing the interdiazofluorene
distance (to 3.5 A). Although detailed kinetic studies are needed
to fully establish this point, this result suggests that 1 may become
activated toward nucleophilic addition and DNA cleavage on
binding to DNA. Such “shape-dependent catalysis” is reminiscent
of the DNA-mediated activation of CC-1065 and duocarmycin
elegantly elucidated by Boger and coworkers (45-47).

In conclusion, we have determined the sequence selectivity
and mode of binding of (-)-lomaiviticin A (1) to DNA. Our data
support a model involving penetration of both diazofluorene
residues of 1 into the DNA duplex. This binding places each
diazo carbon in close proximity to the DNA strands, and

1. He H, et al. (2001) Lomaiviticins A and B, potent antitumor antibiotics from Micro-

monospora lomaivitiensis. ] Am Chem Soc 123(22):5362-5363.

2. Woo CM, Beizer NE, Janso JE, Herzon SB (2012) Isolation of lomaiviticins C-E, trans-
formation of lomaiviticin C to lomaiviticin A, complete structure elucidation of lo-
maiviticin A, and structure-activity analyses. J Am Chem Soc 134(37):15285-15288.

. Kersten RD, et al. (2013) Bioactivity-guided genome mining reveals the lomaiviticin
biosynthetic gene cluster in Salinispora tropica. ChemBioChem 14(8):955-962.

4. Itd S, Matsuya T, Omura S, Otani M, Nakagawa A (1970) A new antibiotic, kinamycin.

J Antibiot (Tokyo) 23(6):315-317.

5. Hata T, Omura S, Iwai Y, Nakagawa A, Otani M (1971) A new antibiotic, kinamycin:
Fermentation, isolation, purification and properties. J Antibiot (Tokyo) 24(6):353-359.

. Omura S, et al. (1971) Structure of kinamycin C, and the structural relation among
kinamycin A, B, C, and D. Chem Pharm Bull (Tokyo) 19(11):2428-2430.

. Furusaki A, et al. (1972) Crystal and molecular structure of kinamycin C p-bromo-
benzoate. Isr / Chem 10(2):173-187.

. Omura S, Nakagawa A, Yamada H, Hata T, Furusaki A (1973) Structures and biological
properties of kinamycin A, B, C, and D. Chem Pharm Bull (Tokyo) 21(5):931-940.

. Cone MC, Seaton PJ, Halley KA, Gould SJ (1989) New products related to kinamycin
from Streptomyces murayamaensis. 1. Taxonomy, production, isolation and biological
properties. J Antibiot (Tokyo) 42(2):179-188.

10. Seaton PJ, Gould SJ (1989) New products related to kinamycin from Streptomyces
murayamaensis. |l. Structures of pre-kinamycin, keto-anhydrokinamycin, and kin-
amycins E and F. J Antibiot (Tokyo) 42(2):189-197.

11. Gould SJ, Hong ST, Carney JR (1998) Cloning and heterologous expression of genes
from the kinamycin biosynthetic pathway of Streptomyces murayamaensis. J Antibiot
(Tokyo) 51(1):50-57.

12. Gould SJ (1997) Biosynthesis of the Kinamycins. Chem Rev 97(7):2499-2510.

13. Marco-Contelles J, Molina MT (2003) Naturally occurring diazo compounds: The kin-
amycins. Curr Org Chem 7(14):1433-1442.

14. Arya DP (2006) Diazo and diazonium DNA cleavage agents: Studies on model systems
and natural product mechanisms of action. Heterocyclic Antitumor Antiobiotics, Topics
in Heterocyclic Chemistry, ed Lee M (Springer, Berlin, Heidelberg), Vol 2, pp 129-152.

15. Nawrat CC, Moody CJ (2011) Natural products containing a diazo group. Nat Prod Rep
28(8):1426-1444.

16. Herzon SB (2012) The kinamycins. Total Synthesis of Natural Products. At the Frontiers
of Organic Chemistry, eds Li JJ, Corey EJ (Springer, Berlin).

17. Herzon SB, Woo CM (2012) The diazofluorene antitumor antibiotics: Structural elu-
cidation, biosynthetic, synthetic, and chemical biological studies. Nat Prod Rep 29(1):
87-118.

18. Colis LC, et al. (2014) The cytotoxicity of (-)-lomaiviticin A arises from induction of
double-strand breaks in DNA. Nat Chem 6(6):504-510.

19. Colis LC, Hegan DC, Kaneko M, Glazer PM, Herzon SB (2015) Mechanism of action
studies of lomaiviticin A and the monomeric lomaiviticin aglycon. Selective and po-
tent activity toward DNA double-strand break repair-deficient cell lines. J Am Chem
Soc 137(17):5741-5747.

20. Huhn D, Bolck HA, Sartori AA (2013) Targeting DNA double-strand break signalling

and repair: Recent advances in cancer therapy. Swiss Med Wkly 143:w13837.

. Burrows CJ, Muller JG (1998) Oxidative nucleobase modifications leading to strand
scission. Chem Rev 98(3):1109-1152.

22. Woo CM, Ranjan N, Arya DP, Herzon SB (2014) Analysis of diazofluorene DNA binding
and damaging activity: DNA cleavage by a synthetic monomeric diazofluorene.
Angew Chem Int Ed Engl 53(35):9325-9328.

23. Boger DL, Fink BE, Hedrick MP (2000) Total synthesis of distamycin A and 2640 ana-
logues: A solution-phase combinatorial approach to the discovery of new, bioactive
DNA binding agents and development of a rapid, high-throughput screen for de-
termining relative DNA binding affinity or DNA binding sequence selectivity. J Am
Chem Soc 122(27):6382-6394.

w

o

~

00

©

2

=

2856 | www.pnas.org/cgi/doi/10.1073/pnas.1519846113

provides a structural foundation to study DNA DSB production
by 1. These data also establish essential structure—function re-
lationships that will guide the design of synthetic derivatives of 1.
These results underscore the opportunities to elucidate novel
modes of small molecule-DNA recognition through the study
of DNA-reactive natural products (48).
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