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CONSPECTUS

(-)-Lomaiviticin A (4) is a complex C,-symmetric bacterial metabolite that contains two
diazofluorene functional groups. The diazofluorene consists of naphthoquinone, cyclo-pentadiene,
and diazo substituents fused through a o- and r-bonding network. Additionally, ()-lomaiviticin A
(4) is a potent cytotoxin, with half-maximal inhibitory potency (1Csp) values in the low nanomolar
range against many cancer cell lines. Because of limitations in supply, its mechanism of action had
remained a “black box™ since its isolation in the early 2000s. In this Account, | describe how
studies directed toward the total synthesis of (=)-lomaiviticin A (4) provided a platform to
elucidate the emergent properties of this metabolite and thereby connect chemical reactivity with
cellular phenotype. We first developed a convergent strategy to prepare the diazofluorene (9 + 10
— 13). We then adapted this chemistry to the synthesis of lomaiviticin aglycon (21/22) and the
natural monomeric diazofluorene (-)-kinamycin F (3). The key step in the lomaiviticin aglycon
(21/22) synthesis involved the stereoselective oxidative coupling of two monomeric diazofluorenes
(2 x 18— 20) to establish the cojoining carbon—carbon bond of the target. As the absolute
stereochemistry of the aglycon and carbohydrate residues of (-)-lomaiviticin A (4) were unknown,
we developed a semisynthetic route to the metabolite that proceeds in one step and 42% yield by
diazo transfer to the more abundant isolate (-)-lomaiviticin C (6). This allowed us to complete the
stereochemical assignment of (=)-lomaiviticin A (4) and provided a renewable source of material.
Using this material, we established that the remarkable cytotoxic effects of (-)-lomaiviticin A (4)
derive from the induction of highly toxic double-strand breaks (DSBs) in DNA. At the molecular
level, 1,7-nucleophilic additions to each electrophilic diazofluorene trigger homolytic
decomposition pathways that produce sp? radicals at the carbon atoms of each diazo group. These
radicals abstract hydrogen atoms from the deoxyribose of DNA, a process known to initiate strand
cleavage. NMR spectroscopy and molecular mechanics simulations were used to elucidate the
mode of DNA binding. These studies showed that both diazofluorenes of (-)-lomaiviticin A (4)
penetrate into the duplex. This mode of non-covalent binding places each diazo carbon atom in
close proximity to each DNA strand. Throughout these studies, isolates containing one
diazofluorene, such as (-)-lomaiviticin C (6) and (-)-kinamycin C (2), were used as controls.
Consistent with our mechanistic model, these compounds do not induce DSBs in DNA and are
several orders of magnitude less potent. Reactivity studies suggest that ()-lomaiviticin A (4) is
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more electrophilic than simple monomeric diazofluorenes. We attribute this to through-space
delocalization of the developing negative charge in the transition state for 1,7-addition. Consistent
with this mechanism of action, (-)-lomaiviticin A (4) displays selective low-picomolar potencies
toward DNA DSB repair-deficient cell types. The emergent properties of (-)-lomaiviticin A (4)
derive from the specific arrangement of diazo, naphthoquinone, cyclopentadiene, and ketone
functional groups. These functional groups work together to yield, essentially, a masked vinyl
radical that can be exposed under biological conditions. Furthermore, the rotational symmetry of
the metabolite, deriving from dimerization, allows it to interact with the antiparallel symmetry of
DNA and affect cleavage of the duplex.

Graphical Abstract

(-)-lomaiviticin A (4)-DNA complex
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INTRODUCTION

“Emergence” is the phenomenon by which novel properties arise from a given level of
hierarchical complexity. Although atoms interacting in molecules, which in turn interact
with each other, is the very definition of both emergence and of chemistry,! emergence per
se is not a concept that is typically discussed (or taught) by chemists. For example, chemists
agree that benzene is aromatic and that this property is not possessed by the six carbon and
hydrogen atoms that constitute it. Chemical ligands bind biological targets with specificity
due to their particular arrangement of atoms, while fragments or individual atoms of the
same ligands have little or no target affinity. Similarly, emergent properties cannot be
understood by a reductionist approach, and they are difficult or impossible to predict
because of the diversity of molecular architectures that are accessible from a small number
of fragments. It could be argued that emergence is an obvious element of organic chemistry.
However, our work to elucidate the mechanism of action of (-)-lomaiviticin (4) (Figure 1), a
Cy-symmetric dimeric cytotoxin, exemplifies (in my mind) an instance where we would not
have understood the most important aspects of the chemical system without thinking
carefully about emergence per se. (-)-Lomaiviticin A (4) and the related monomeric isolates
known as the kinamycins contain diazotetrahydrobenzo[ 4] fluorene (diazofluorene)
functional groups. These groups comprise redox-active naphthoquinone, cyclopentadiene,
and diazo residues fused in a o- and r-bonding network. I will describe the manner in which
lomaiviticin’s complex properties are more than the sum of its functional group parts and the
way in which conceptualizing the system using the idea of emergent properties helped us see
this system clearly and may help in other similar cases. Thinking carefully about how we
generate chemical insight in these complex systems advances our understanding of structure,
bonding, and reactivity and, in the case of (-)-lomaiviticin A (4) and other bioactive
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molecules, has obvious potential benefits to pharmaceutical development. The extent to
which the work described herein could potentially ever be automated is an interesting
question.

The kinamycins were first isolated in the 1970s by Omura and co-workers.2 Their absolute
stereochemistry was established by X-ray crystallography. For nearly 25 years the
kinamycins were believed to possess a cyanamide in place of the diazo substituent; the
circuitous path to the correct structures has been reviewed.3 (-)-Lomaiviticins A (4) and B
(5) were discovered by George Ellestad (Wyeth), Chris Ireland (University of Utah), and co-
workers.# The absolute stereochemistries of the aglycon residues of 4 and 5 were assigned
by analogy to the kinamycins, but the stereochemistry of the carbohydrates was not
determined. In 2012 we reported the isolation and structure determination of (-)-
lomaiviticins C-E (6-8) and the relative and absolute stereochemical assignments of (-)-
lomaiviticins A (4) and B (5).° Shortly thereafter, Moore and co-workers reported the
isolation and some key elements of the biosynthesis of 4-8.6 Other elements of lomaiviticin
biosynthesis, including insights into the origin of the diazo group, have been elucidated.”
Kinamycin biosynthesis® and our synthetic work and important contributions from other
laboratories? have been reviewed.

(-)-Lomaiviticin A (4) is a potent cytotoxin, with half-maximal inhibitory potency (ICsq)
values in the nanomolar—picomolar range against many cancer cell lines. It was noted that
(-)-lomaiviticin A (4) damaged DNA,* but no details of this study were disclosed.
Kinamycins possess ICsg values in the hundreds of nanomolar range.

OVERVIEW OF THE SYNTHETIC STRATEGY

Scheme 1 shows the strategy that we developed to access the diazofluorene. A key step,
finding precedent in the synthesis of diazocyclopentadiene by von Doering in 1953,10
involves diazo transfer to hydroxyfulvene 12 to install the dinitrogen substituent. Although
unknown at the time, diazofluorenes 13 are converted to hydroxyfulvenes 12 under
nucleophilic or reductive conditions. The transformation of 12 to 13 completes a redox cycle
between these two states.

We adapted this chemistry to the synthesis of ()-kinamycin F (3)1! and the chain and ring
isomers of lomaiviticin aglycon (21 and 22, respectively).1211b (—-)-Kinamycin F (3) was
prepared in seven steps from ketone 15 and juglone 16 (Scheme 2A). We pursued the
oxidative coupling of two monomeric diazofluorenes to access lomaiviticin aglycon (21/22,
Scheme 2B). In exploratory experiments we found that the oxidative coupling of
enoxysilanes derived from monomeric diazofluorenes was relatively efficient and general.
The primary obstacle to the synthesis of 21/22 was diastereocontrol. The lomaiviticins
possess the “syn,syn” stereorelationship with respect to the cojoining bond and the adjacent
tertiary carbon-oxygen bonds (blue bonds in 4-8; Figure 1). This arrangement calls for bond
formation to the more hindered face of each monomer in the coupling.

In early experiments we prepared the unnatural anti,ant/ coupling product (not shown), but
efforts to invert the stereochemistry were unsuccessful. The bridging bond is hindered, and
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the nucleophile and base sensitivity of the diazofluorene constrained the scope of viable
experimental conditions. Accordingly, we focused on attaining substrate control. We found
that the enoxysilane derived from exo-mesityl diazofluorene 18 underwent oxidative
coupling with manganese tris(hexafluoroacetylacetonate) (19) in benzene to provide the
syn,syn product 20 with 1.5-3:1 selectivity versus the antf,anti product. The C;-symmetric
syn,anti product was not formed under these conditions. This suggests, surprisingly, that the
transition state giving rise to the syn,anti-product is higher in energy than that giving rise to
the syn,syndiastereomer. In dichloromethane the anti,anti dimer was formed exclusively.
The stereoselectivity may derive in part from tight ion pairing after electron transfer, which
drives bond formation to the concave face of the oxidized substrate (see the Scheme 2B
inset). The basis for stereoselectivity in the incoming (unoxidized) monomer is less
apparent. The coupling product 20 was deprotected under acidic conditions; neutralization at
low temperature provided the aglycon chain isomer 21, which cyclized to the ring isomer 22.

Isolation of (-)-Lomaiviticin C (6) and Semisynthesis of (=)-Lomaiviticin A (4)

Our attention then turned to synthesis of (-)-lomaiviticin A (4). As noted, the absolute
stereochemistries of the carbohydrates were unknown.# The presence of D- and L-
oleandrose in nature and the unique nature of the aminosugar made it impossible to advance
a plausible assignment. We sought to obtain natural (-)-lomaiviticin A (4) but learned
through conversations with Dr. Jeff Janso (Pfizer), who was part of the Wyeth natural
products group, that the natural material was depleted. Dr. Janso granted us permission to
request the producing strain from the USDA. This change in direction proved more enabling
than a small sample of (-)-lomaiviticin A (4) itself, as it ultimately provided a renewable
source of material.

We were looking for (and identified) (—)-lomaiviticin A (4) in the bacterial cultures, but our
attention was drawn to a more abundant metabolite, which we named (-)-lomaiviticin C (6)
(Scheme 3).56 (—)-Lomaiviticin C (6) is identical to (-)-lomaiviticin A (4) save for the
conversion of one diazofluorene to a hydroxyfulvene. The L configuration of the
carbohydrates was elucidated by acidic hydrolysis, isolation, and comparison to standards.13
Using ROESY analysis and the absolute stereochemistry of the aminosugar, we deduced the
aglycon configuration, thereby completing the stereochemical assignment. Treatment of (-)-
lomaiviticin C (6) with trifyl azide and trifluoroacetic acid provided semisynthetic (-)-
lomaiviticin A (4), which was indistinguishable from a fully natural sample. Thus, this
transformation allowed us to relay our stereochemical assignments from (-)-lomaiviticin C
(6) to (-)-lomaiviticin A (4) and provided a renewable source of (-)-lomaiviticin A (4)
[yields of (-)-lomaiviticin C (6) are up to 120-fold higher, and it is stable toward storage].
We believe that (=)-lomaiviticin C (6) is produced from (-)-lomaiviticin A (4) during the
fermentation. This degradation may constitute a fortuitous detoxification pathway for the
producing strain, as (-)-lomaiviticin C (6) is several orders of magnitude less cytotoxic. We
also identified the mono- and dimethylated derivatives (=)-lomaiviticin D (7) and E (8)
(Figure 1).
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THE DIMERIC DIAZOFLUORENE IS REQUIRED FOR POTENT
CYTOTOXICITY

Earlier we attempted to deduce structure—function relationships from monomeric
diazofluorenes, but extrapolating these results to (-)-lomaiviticin A (4) seemed tenuous. We
now know that there is no reason to expect any monomeric diazofluorene to approach the
potency of (-)-lomaiviticin A (4). Table 1 shows that (-)-lomaiviticin A (4) possesses ICgq
values in the picomolar-nanomolar range against the K562, LNCaP, HCT-116, and HeLa
cancer cell lines. (-)-Lomaiviticin C (6) is several orders of magnitude less potent. Also
worthy of note is the surprising determination that (-)-kin-amycin C (2) is more potent than
(-)-lomaiviticin C (6) in three of these four cell lines. While the additional structural
elements of (-)-lomaiviticin C (6) may influence properties not captured in this assay, from
the perspective of cell viability these are insufficient to provide a potent cytotoxin. These
results directed our attention toward the dimeric diazofluorene of (-)-lomaiviticin A (4).

(-)-Lomaiviticin A (4) Induces Double-Strand Breaks in DNA in Vitro through a Single
Binding Event

(-)-Lomaiviticin A (4) was discovered during an effort to identify enediynes from a strain of
Salinispora symbiotic with a marine ascidian.# The molecule was isolated by activity-guided
fractionation using the biochemical prophage induction assay (BIA), a sensitive method for

the detection of DNA-damaging agents.14 It was noted that “lomaiviticin A cleaved double-

stranded DNA under reducing conditions”, but these studies were never disclosed.*

We evaluated the activity of (-)-lomaiviticin A (4) in an in vitro plasmid DNA damage
assay!® employing the 4361 base pair (bp) supercoiled resistance plasmid pBR322. The
induction of DNA single-strand breaks (SSBs) and double-strand breaks (DSBs) results in
relaxation (unwinding) and linearization, respectively, of the supercoiled plasmid. The
plasmid, relaxed, and linearized DNA can be separated by electrophoresis and visualized.
This assay does not require radiolabeled material and is easily modulated to gain insight into
the mechanism of DNA damage.

Figure 2A shows that incubating pBR322 (38 1M in base pairs) with (-)-lomaiviticin A (4)
(2.0 pM) and dithiothreitol (DTT) (0.5 mM) at 37 °C for 16 h resulted in consumption of the
supercoiled plasmid and a large proportion of linearized DNA.26 Nicking and linearization
was also observed using 0.5 ¢M (-)-lomaiviticin A (4), although some unmodified plasmid
remained. SSBs predominated in the absence of DTT.

DNA damage by the kinamycins is mediated by reactive oxygen species (ROS), hydrogen
peroxide, and/or iron.3 Surprisingly, control experiments indicated that DNA damage by (-)-
lomaiviticin A (4) is independent of these factors. This is consistent with the studies outlined
below, which support nucleophilic addition to (-)-lomaiviticin A (4) as a step preceding
DNA cleavage. The less electrophilic diazofluorene of the kinamycins may render
alternative pathways, such as ROS production by redox cycling of the naphthoquinone, more
favorable. Other classes of quinonoid natural products, such as the anthracyclines, generate
ROS by redox cycling.l’
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A Freifelder-Trumbo analysis!8 was used to determine whether DNA DSBs induced by (-)-
lomaiviticin A (4) derive from a single binding event (“first-order mechanism”; Figure 2B)
or from an accumulation of closely spaced SSBs (“second-order mechanism™). This assay
has been used to assess the nature of DNA DSBs induced by bleomycin.18¢ The fractions of
relaxed and linearized DNA that remained after treatment with (-)-lomaiviticin A (4) were
quantified, and the numbers of SSBs and DSBs per DNA molecule were determined.18
Consistent with a “first-order mechanism”, the ratio of SSBs to DSBs was constant (5.3

+ 0.6):1 over a 70-fold concentration range and lower than that expected if DSBs arose from
an accumulation of closely spaced SSBs (red series). DNA DSBs were not observed in
parallel experiments using 1 mM (=)-lomaiviticin C (6) or (-)-kinamycin C (2) in the
presence or absence of DTT. These experiments provide the outlines of a mechanistic model
wherein the potency of (-)-lomaiviticin A (4) derives from the induction of highly toxic!?
DNA DSBs. Metabolites containing one diazofluorene do not induce DSBs and are orders of
magnitude less potent.

(-)-Lomaiviticin A (4) Activates the DNA Damage Response

We sought to determine whether the DNA cleavage activity of (—)-lomaiviticin A (4) is
recapitulated in tissue culture. Pulsed-field gel electrophoresis (PFGE)?? and the neutral
comet unwinding assay?! are related methods for detecting DNA DSBs. They are based on
the selective migration of DNA fragments during electrophoresis (undamaged DNA is
immobile). The comet assay is more sensitive and was used in our studies.16:22 Following
exposure, the cells were embedded in agarose on slides, lysed under neutral conditions, and
subjected to electrophoresis. We visualized the DNA by staining with SYBR Green. The
“head of the comet” consists of a circular spot of undamaged DNA, while the “tail”
comprises DNA fragments. The amount of DNA damage can be expressed quantitatively as
the tail moment, defined as the product of the tail length and the fraction of fluorescence in
the tail.

We employed K562 leukemia cells since this cell line was sensitive to monomeric
diazofluorenes. Figure 3A shows that extensive DNA damage was observed after cells were
exposed to 5 or 50 nM (-)-lomaiviticin A (4) for 30 min. Figure 3B shows that 5 nM (-)-
lomaiviticin A (4) was comparable to 40 Gy of ionizing radiation (IR) or 100 M hydrogen
peroxide. (-)-Lomaiviticin C (6) and (-)-kinamycin C (2) did not damage DNA at
concentrations of 300 nM.

The comet assay is a widely used molecular biology method, but the interpretation of the
results is not free from debate.23.210 To corroborate our findings, we probed for activation of
the DNA damage response (DDR), a signaling network that detects DNA damage and
rapidly repairs it. DNA DSBs are resolved by the nonhomologous end joining (NHEJ)?* or
homologous recombination (HR)2° repair pathways. We interrogated the DDR factors
phospho-SER139-H2AX (yH2AX)26 and p53 binding protein 1 (53BP1).27 yH2AX is a
phosphorylated form of the histone protein H2AX that is generated for a megabase region
surrounding a DSB. It amplifies the DDR signal and localizes NHEJ and HR repair proteins
around the lesion.26 53BP1 is a nuclear protein that translocates to the site of cleavage,
activates checkpoint signaling, and initiates repair.2’ Both yH2AX and 53BP1 form foci that
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can be visualized. Figure 4 shows that yH2AX and 53BP1 foci were observed following
incubation of K562 cells with 0.5 nM (-)-lomaiviticin A (4) for 4 h.16:22 Treatment with 300
nM (=)-lomaiviticin C (6) or (-)-kinamycin C (2) did not generate similar responses. Ataxia
telangiectasia mutated (ATM) kinase2® and DNA-dependent protein kinase (DNA-PK)2° are
mediators of H2AX phosphorylation in response to DSBs. Pretreatment with inhibitors of
ATM or DNA-PK abolished the »H2AX response,2 further linking this phenotype to DSB
repair. Parallel results were obtained in HeLa cells.16 These assays provided conclusive
evidence that (-)-lomaiviticin A (4) induces DNA DSBs and activates the DDR at low-
nanomolar concentrations.

(-)-Lomaiviticin A (4) Cleaves DNA by a Hydrogen Atom Abstraction Pathway

These data establish DNA DSBs as the likely biological basis for the potency of (-)-
lomaiviticin A (4) but provide little insight into the molecular mechanism of DNA cleavage.
The relative potencies of (-)-lomaiviticin A (4) and (-)-lomaiviticin C (6) provided evidence
that hydrodediazotization diminishes the activity (Table 1 and Figure 5A). Earlier
mechanism of action studies employing synthetic diazofluorenes (e.g., 25 and 26) or the
kinamycins implicated ROS, covalent adducts 27, vinyl radicals 28, and addition to
hydroxyfulvene 29 or acylfulvene 30 electrophiles as underlying sources of cytotoxicity
(Figure 5B).3

Our data supported vinyl radicals (as first proposed by Dmitrienko3? and Feldman3! on the
basis of studies of 25 and 26) as the most significant for cytotoxic effects. As discussed
above, the plasmid-damaging activity of (-)-lomaiviticin A (4) was independent of ROS, and
covalent adducts were excluded on the basis of semipreparative DNA cleavage experiments
in which >90% mass recovery was attained (vide infra). The decreased potency of (-)-
lomaiviticin C (6) relative to (-)-lomaiviticin A (4) (Table 1; a similar trend was observed
for pairs of synthetic monomeric hydroxyfulvenes—diazofluorenes) excluded
hydroxyfulvenes and the acylfulvenes that form from them.32

Isotope labeling experiments were conducted to probe for the production of vinyl radicals 4-
and 6 in the presence of DNA (Scheme 4). We removed all exchangeable protons in calf
thymus (CT) DNA and DTT by repeated lyophilization from D,0 and incubated a mixture
of DTT-dj (1 equiv), CT DNA-d), and (-)-lomaiviticin A (4) for 48 h at 37 °C in D,0. We
isolated (-)-lomaiviticin C (6) and the double reduction product 31 in 34% and 37% vyield
containing 67% and 39% hydrogen atom incorporation at the vinylic positions, respectively.
In the absence of DTT-dj, (-)-lomaiviticin C (6) and the double reduction product 31 were
isolated in 81% and 18% yield and contained 88% and 60% hydrogen atom incorporation at
the vinylic positions, respectively. A two-electron process would involve N-D or O-D bond
cleavage, resulting in deuteration of the vinylic position. The preponderance of protiation
implicates removal of a non-exchangeable hydrogen atom by the vinyl radicals 4- and 6,

most likely from the deoxyribose backbone, a process that is known to initiate strand breaks.
33

Remarkably, the hydrodediazotization of (-)-lomaiviticin A (4) to form (-)-lomaiviticin C
(6) is several orders of magnitude faster than the transformation of (-)-lomaiviticin C (6) to
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the double reduction product 31.34 Thus, addition of A-acetyl-L-cysteine methyl ester and
triethylamine (40 equiv each) to a solution of (-)-lomaiviticin A (4) in methanol-dj at 5 °C
resulted in instantaneous conversion to (-)-lomaiviticin C (6) (97%). This solution slowly
converted to the double reduction product 31 with a half-life of 5 h at 5 °C (87% yield of 31
based on 4). In this experiment, the reduction products contained >95% deuterium atom
incorporation at the vinylic positions. Isotope labeling experiments revealed that the vinylic
C-H/D bond in both products derived from C-H/D bond cleavage in methanol.

Figure 6A shows diazosulfide 32, which formed instantaneously in 81% yield at -50 °C
when benzylthiol was used as the nucleophile. Upon warming to —20 °C, diazosulfide 32
underwent decomposition to give (-)-lomaiviticin C (6) with a half-life of 49 min,
demonstrating it as a kinetically competent intermediate in this transformation.

Our data allow us to construct a mechanistic pathway to describe DNA cleavage by (-)-
lomaiviticin A (4), as summarized in Scheme 4. 1,7-Nucleophilic addition of thiol to a
diazofluorene of (-)-lomaiviticin A (4) forms a diazosulfide intermediate (e.g., 32; Figure
6A) that decomposes to give vinyl radical 4-. The couplings of arenediazonium ions with
thiolates to generate diazosulfides and their decomposition to form aryl radicals are well-
known.35 Although the diazofluorene is formally not an arenediazonium ion, Dmitrienko3°
had shown that this functional group displays enhanced (diazonium-like) electrophilicity.
Hydrogen atom abstraction from the deoxy-ribose backbone initiates SSB formation with
production of (-)-lomaiviticin C (6). In a parallel but slower transformation, vinyl radical 6
is generated and induces scission of the complementary strand (with production of 31)
leading to the DSB. Figure 2B shows that the ratio of SSBs to DSBs was (5.3 + 0.6):1 over a
70-fold concentration range.1® This could be explained by competitive dissociation of (-)-
lomaiviticin C (6) from the duplex before the second cleavage occurs. The antitumor agent
bleomycin cleaves DNA by the stepwise introduction of SSBs,36 and the ratio of SSBs to
DSBs produced by bleomycin is in the range of 3.3-6.0:1 (depending on the assay
conditions).182:37 This too has been rationalized by invoking competitive dissociation of
bleomycin before the second strand break. We speculate that the enhanced reactivity of (-)-
lomaiviticin A (4) may be due to delocalization of the developing negative charge in the
transition state for nucleophilic addition into the adjacent diazofluorene. In the DFT-
minimized structure, the diazofluorenes of (-)-lomaiviti-cin A (4) are within 4 A (Figure
6B). Deprotonation of (-)-lomaiviticin C (6) by excess base in solution may further reduce
its electrophilicity.

(-)-Lomaiviticin A (4) Binds DNA by Penetration of Both Diazofluorenes into the Duplex

We initiated studies to determine the nature of the interaction of (-)-lomaiviticin A (4) with
DNA. Table 2 presents the results of fluorescence intercalator displacement assays, 38 which
revealed that (-)-lomaiviticin A (4) binds alternating AT regions preferentially.3® The
concentration of drug at which 50% of the fluorescent intercalator is displaced (DCsgg) using
the palindromic duplex d(CGCATATGCG), was 850 nM, and the ratio of duplex to ligand
(rq1) was 1.0, indicating a single binding site.
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We selected the 8 bp duplex d(GCTATAGC), for study because its *H NMR resonances had
been assigned.4? A 1:1 complex was obtained when equimolar amounts of the duplex and
(-)-lomaiviticin A (4) (1.1 ¢M each) were combined in phosphate-buffered D,O. Three
aspects of the complex were immediately obvious (Figure 7). First, binding lifts the
degeneracy of (-)-lomaiviticin A (4) and (fortuitously) resolves the aromatic C-H
resonances. Each was shifted upfield by 0.47-1.76 ppm, which is indicative of an
intercalative-like interaction.*! Second, the pairs of aromatic C—H resonances could be
assigned by COSY, which in turn allowed us to identify an interdiazofluorene NOE,
indicating that these residues were in proximity. Third, the other positionally equivalent sites
within (-)-lomaiviticin A (4) were within 0.20 ppm of each other, suggesting pseudo- C,-
symmetric binding. Collectively these observations suggest that (=)-lomaiviticin A (4)
adopts a conformation wherein the diazofluorene residues are in approximately parallel
planes. Additionally, both of these residues appear to penetrate the duplex, which was
unexpected.

An NOE walk established A4/T13 and T5/A12 as the binding site. The A~H protons of T5
and T13 resonated as broad singlets in the range of 11.2-11.7 ppm, which is indicative of
disruption of base pairing. Base pairing at the duplex ends remained, as evidenced by
minimal perturbations of the NOE contacts and nominal changes in chemical shifts.

Figure 8A—C shows the structural model that was generated using AMBER.#2 The structure
shows that (=)-lomaiviticin A (4) approaches from the minor groove. Both diazofluorene
residues penetrate the duplex, leading to significant distortion (Figure 8C). Binding flips A4,
T5, and T13 out of the duplex. The T5 and T13 exchangeable protons lost hydrogen-bonding
character and were observed as broad peaks in a & range typical of free thymine (11.2-11.7
ppm), indicative of complete disruption of A4/T13 and T5/A12 base pairing. Base flipping
has been observed for non-covalent (e.g., actinomycin)*3 and covalent (e.g., trioxacarcin
A)* DNA binders. It is likely that this mechanism is responsible for the sequence
preferences of (-)-lomaiviticin A (4). The enthalpic penalty associated with disruption
(flipping) of A-T pairs is less than that of G—C pairs because of reduced hydrogen-bonding
and base-stacking interactions.*® There are several interactions that may compensate for this
distortion of the duplex and render the overall binding favorable. The aminosugar residues
are within 4.3 A of the nearest phosphate group, and it is likely that they stabilize the
complex through an electrostatic interaction. Additionally, a 7z contact between A12 and the
bottom diazofluorene (as oriented in Figure 8A, distance = 3.3 A) may further stabilize the
complex. Finally, there appears to be an edge—face interaction between T13 and the top
diazofluorene (as oriented in Figure 8A, distance = 2.9 A).

This binding is compatible with the molecular mechanism of DNA cleavage outlined in
Scheme 4. A6 H5" and A6 H4" are located 4.2 and 4.3 A, respectively, from the nearest
diazo carbon while A14 H1” and T13 H4’ are located 4.2 and 4.9 A, respectively, from the
alternate diazo carbon atom. Comparison to literature data suggests that these distances are
compatible with the stepwise induction of DNA SSBs by hydrogen atom abstraction.
Bleomycin undergoes a translocation of 15-18 A between strand breaks.46
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The interdiazofluorene distance is compressed (by 0.3 A) upon binding. This compression
may increase the stereo-electronic activation outlined in Figure 6B, leading to heightened
reactivity on binding. Thus, this constitutes another example of shape-dependent catalysis,
which was beautifully elucidated in the context of DNA-mediated activation of CC-1065 and
duocarmycin by Boger and co-workers.#’ Finally, the bound conformation of (-)-
lomaiviticin A (4) is only 0.40 kcal/mol higher in energy than the free structure, suggesting
substantial preorganization. Nonbonded interactions between the oleandrose residues may
prevent rotation of the diazofluorenes away from each other (Figure 9).

Translational Development of (-)-Lomaiviticin A (4)

Knowledge of the mechanism of action of (-)-lomaiviticin A (4) enables rational approaches
to translational development. Advances in genome sequencing indicate that many cancers
are driven by mutations in DNA repair pathways.*8 These mutations promote tumorigenesis
but also provide a therapeutic opportunity because they can sensitize tumors to DNA-
damaging agents.*? We hypothesized that DNA DSB repair-deficient cell lines may be
sensitized toward (-)-lomaiviticin A (4). In collaboration with the Glazer laboratory (Yale
School of Medicine), we evaluated (-)-lomaiviticin A (4) against paired cell lines that are
proficient or deficient in single DNA DSB repair factors but otherwise isogenic.22 Breast
cancer type 2, early onset (BRCAZ2)-deficient and phosphatase and tensin homologue deleted
on chromosome ten (PTEN)-deficient cell lines were sensitized toward (-)-lomaiviticin A
(4) with LCsq values of 1.5-2.0 pM. PTEN®? and BRCA251 are involved in DNA DSB
repair, and mutations in BRCA2! and PTENP? are widespread in cancers. The paired
BRCA2-proficient cell line was 12-fold less sensitive to 4 pM (-)-lomaiviticin A (4), while
the paired PTEN-proficient line was fully viable at this concentration. Sensitivity to (-)-
lomaiviticin (4) conferred by deficiencies in ATM- and X-ray repair cross complementing 5
(KUB8O) are also consistent with the involvement of DNA damage and DSB formation. We
also found that the ataxia telangiectasia and Rad3-related protein (ATR) inhibitor VE-82153
synergizes with (-)-lomai-viticin A (4).5* Exposure of K562 cells to either 10 M VE-821 or
500 pM (-)-lomaiviticin A (4) alone for up to 48 h was nonlethal. However, when treated
with 10 4/M VE-821 + 500 pM (-)-lomaiviticin A (4), the cells suffered 81% and 94%
killing after 24 and 48 h, respectively. Collectively these results suggest many exciting
directions for translational development, including systemic application of (-)-lomaiviticin
A (4) and VE-821 to treat DNA DSB repair-proficient tumor types and evaluation of (-)-
lomaiviticin A (4) against BRCA2- and PTEN-deficient tumors.

CONCLUSION

Through a combination of chemical, in vitro, and tissue culture studies, we have been able to
elucidate the emergent properties of (-)-lomaiviticin A (4). Understanding these properties
in turn has allowed us connect its potent cytotoxicity with its structure and chemical
reactivity. The key property of the diazofluorene is its ability to serve as a vinyl radical
precursor that can be unmasked under biological conditions. This property can be considered
emergent because it derives from the specific spatial configuration of the diazo,
cyclopentadiene, naphthoquinone, and D-ring ketone. Individually or in different spatial
configurations, these functional groups would not give rise to this behavior. Additionally, the
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combination of aminosugar residues and the aromatic diazofluorenes leads to the emergence
of a high-affinity ligand for DNA. Finally, the unique mode of C,-symmetric dimerization
gives (-)-lomaiviticin A (4) an element of rotational symmetry that allows it to interact with
the antiparallel symmetry of DNA. In this way, each radical precursor is positioned in close
proximity and in the correct orientation to C—H bonds of the deoxyribose backbones of
opposing strands. Ultimately this mode of interaction brings about hydrogen atom
abstraction and DNA cleavage. The absence of this symmetry in (-)-lomaiviticin C (6) and
(-)-kinamycin C (2) removes this property, leading to agents that are ultimately much less
potent. Moreover, the absence of aminosugar residues in (-)-kinamycin C (2) reduces the
affinity of this molecule for DNA. These remarkable properties of (-)-lomaiviticin A (4) are
reminiscent of other DNA-damaging agents, such as the enediynes,>® bleomycins,38 and
duocarmyins,®® which also possess emergent properties deriving from specific combinations
of functional groups.

Though we have made progress in the study of (-)-lomaiviticin A (4), several important
issues remain unresolved. First, as noted above, we observed hydro-dediazotization of (-)-
lomaiviticin A (4) in the presence of DNA but in the absence of added thiol nucleophile.
This raises the intriguing possibility that DNA itself may be reactive toward the first diazo
group of (-)-lomaiviticin A (4). Alternatively, other mechanisms such as electron transfer to
the diazofluorene may predominate in the absence of a strong nucleophile. Further study is
required to elucidate this point. In addition, much remains to be learned about the structure—
function relationships surrounding other regions of the molecule. For example, if the
aminosugar simply provides electrostatic stabilization to the DNA—(-)-lomaiviticin A (4)
complex, simpler substituents may be equally effective. Finally, the total chemical synthesis
of (-)-lomaiviticin A (4) remains an unsolved problem that we continue to investigate.
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Figure 2.

Ar?alysis of in vitro DNA damage by (-)-lomaiviticin A (4). (A) (-)-Lomaiviticin A (4)
induces DNA DSBs in vitro. (B) Freifelder—Trumbo analysis of DNA damage by (-)-
lomaiviticin A (4). Over a 70-fold concentration range, the ratio of SSBs to DSBs induced
by (-)-lomaiviticin A (4) was invariant (5.3 £ 0.6):1, indicating that DNA cleavage occurs
through a single binding event (“first-order mechanism”). See ref 16 for conditions.
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Figure 3.

Analysis of DNA damage by (-)-lomaiviticin A (4), (-)-lomaiviticin C (6), and (-)-
kinamycin C (2) using the neutral comet unwinding assay: (A) fluorescence images; (B) tail
moments. See refs 16 and 22 for conditions.
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Figure 4.

Immunofluorescence imaging of yH2AX and 53BP1 foci in K562 cells treated with (-)-
lomaiviticin A (4), (-)-lomaiviticin C (6), or (-)-kinamycin C (2). See refs 16 and 22 for
conditions.
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important model systems
CH30 [o]

&t

CHO

prekinamycin dimethyl ether (26;
Feldman and Eastman

T~

ortho-quinone methide acylfulvene (30)

(hydroxyfulvene, 29)

(A) Hydroxyfulvenes 23 are less potent than the corresponding diazofluorene 24 (left).
Model systems 25 and 26 were studied in the first experiments implicating vinyl radicals in
diazofluorene toxicity (right). (B) Intermediates suggested by prior mechanism of action
studies? to form from the kinamycins and/or the lomaiviticins. Pathways for the generation
of 28, 29, and 30 directly from the diazofluorene or from the addition product 27 were

proposed in prior studies.3
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Figure 6.
(A) Structure of diazosulfide 32. (B) Minimized structure of (-)-lomaiviticin A (4) in water

[B3LYP/6-31G(d)].
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Figure?.
Key elements in the binding of (-)-lomaiviticin A (4) to the duplex d(GCTATAGC),.
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Figure8.
Structure of (-)-lomaiviticin A (4) bound to d-(GCTATAGC)s. (-)-Lomaiviticin A (4) is

shown in purple. The diazo nitrogen atoms are shown as yellow spheres. (A) Front view. (B)
Side view. (C) Ribbon view showing the distortion of the backbone.
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Figure9.
The oleandrose residues of (-)-lomaiviticin A (4) engage in nonbonded interactions as the

diazofluorenes are rotated away from each other.
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Scheme 1.
Convergent Assembly of the Diazofluorene

Acc Chem Res. Author manuscript; available in PMC 2018 October 17.



1duosnuey Joyiny

1duosnuely Joyiny

Herzon Page 26

A.
Cila MOMO O
oH, O__\\A\CH:, ook HO O N, 0:'1
six steps o) s seven steps OH
S s . + C( =Y e xw
CHs Br g Ho CHy
OH i H OH
o
14 15 16 (-)-kinamycin F (3)
B.
H CHy _(‘(
Et . TMsoTt CFa 0 CFs
nine steps ~ MOMOQ o EtsN PhH, 21 °C
Cits then o” | 26-33%
OH MOMO O JeHg CFB
17 18 Fa
19
Inset: leads to syn product

syn,syn-dimer 20

5 ,O\O _tBu
(260 equiv)
PTLC or TFA

- Ny

CDCly, 21 °C CH,Cl,, -35 °C
neutralize at -78 °C
39-41% overall 57
o
CH0%g)
H }CHs
22 21
ring isomer of lomaiviticin aglycon chain isomer of lomaiviticin aglycon

Scheme 2.
(A) Synthesis of (-)-Kinamycin F (3); (B) Synthesis of the Chain and Ring Isomers of

Lomaiviticin Aglycon (21 and 22, Respectively)
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Method To Produce Semisynthetic (-)-Lomaiviticin A (4); Pairs of Colored Balls in (-)-

Lomaiviticin C (6) Denote ROESY Interactions Used To Elucidate the Absolute
Stereochemistry of the Aglycon Residue
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Scheme 4.
Pathway for the Hydrodediazotization of (-)-Lomaiviticin A (4) and (-)-Lomaiviticin C (6)
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Table 1
I1C5g Values (in nM) of (-)-Lomaiviticin A (4), (-)-Lomaiviticin C (6), and (-)-Kinamycin C (2) against the
K562, LNCaP, HCT-116, and HeLa Cell Lines

compound K562 LNCaP HCT-116 HelLa
(9)-lomaiviticin A (4) 012 031 0.034 45
()-lomaiviticin C (6) 470 330 220 590
(-)-kinamycinC (2) 72 120 270 520
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DCgg and ry; Values for (-)-Lomaiviticin A (4)2

Table 2

entry oligonucleotide duplexes DCH50 (per base pair)

Fal

d(CGCGCGCBCGBLG),

1 183+ 1.4 M
d(CGCAAAAAAGCG) -

2 decaTTrrieeey 2 70+038uM

3 dCECAMATTTGCER: 144018 uM

A d(CGCATATATGCG: 1 g2 014

5 d(CGCATATGCG): 0,85 £ 0,05 uM

0.09

0.2

0.5

0.5

1.0

aFor the conditions, see ref 39.
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