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Abstract—The benzo[b]acronycine derivative S23906-1 has been recently identified as a promising antitumor agent, showing
remarkable in vivo activities against a panel of solid tumors. The anticancer activity is attributed to the capacity of the drug to
alkylate DNA, selectively at the exocyclic 2-amino group of guanine residues. Hydrolysis of the C-1 and C-2 acetate groups of
S23906-1 provides the diol compound S28907-1 which is inactive whereas the intermediate C-2 monoacetate derivative S28687-1 is
both highly reactive toward DNA and cytotoxic. The reactivity of this later compound S28687-1 toward two bionucleophiles, DNA
and the tripeptide glutathion, has been investigated by mass spectrometry to identify the nature of the (type II) covalent adducts
characterized by the loss of the acetate group at position 2. On the basis of NMR and molecular modeling analyses, the reaction
mechanism is explained by a transesterification process where the acetate leaving group is transferred from position C-2 to C-1.

Altogether, the study validates the reaction scheme of benzo[b]acronycine derivative with its target.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The need for new anticancer agents is pressing. Much
effort is currently directed toward the discovery of
cytostatic agents targeting the cell-cycle pathway,
angiogenesis, or cell differentiation, but conventional
cytotoxic agents interfering with DNA metabolism
remain actively searched as well.! Promising anticancer
agents that bind directly to DNA or inhibiting DNA-
binding enzymes such as topoisomerases and telomerase
have been identified over the past few years.” The recent
development of small molecules like ecteinascidin 743,
brostacillin,*> pyrrolobenzodiazepines,®’ CC-1065 and
duocarmycin analogues,®® and irofulven!® clearly indi-
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cates a resurgence of interest in DNA alkylating agents.
This is also the case for the benzo[b]acronycine deriva-
tive S23906-1 [(=)-cis-1,2-diacetoxy-6-methoxy-3,3,14-
trimethyl-1,2,3,14-tetrahydro - 7H - benzo[b]pyrano[3,2 -
hlacridin-7-one; Fig. 1], which has revealed promising
antitumor activities!' '3 presumably as a result of its
capacity to bind covalently to the 2-amino group of
guanine residues in DNA.!* The chemical pathway
leading to the formation of S23906-1-guanine adducts is
not yet fully elucidated but a very recent structure—
activity relationships study demonstrated that the reac-
tion of the drug with DNA involves the acetate group at
position 1 as an efficient leaving group.!'> $S23906-1 can
undergo two types of reactions. Direct interaction with
DNA leads to the formation of guanine adducts (here-
after referred to as type I adducts) which have not yet
been isolated but nevertheless characterized by fluores-
cence studies.'* Similarly, the drug can react with other
biological nucleophiles such as the tripeptide glutathion
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(GSH) to form the S-linked drug adducts which may
correspond to a cellular detoxification pathway.!® In
both types of adducts, be it with DNA or GSH, the
acetate group at position 2 on the pyrano ring of the
tetracyclic chromophore is preserved (type I adducts in
Fig. 1). Alternatively, S23906-1 can hydrolyze to give
the corresponding monoacetate derivative S28687-1
which is considerably more reactive toward DNA and
GSH than the parent diacetate drug. A further hydro-
lysis furnishes the diol compound S23907-1 which does
not bind to DNA and is totally inactive in the cytotoxi-
city assays.!” We knew that monoacetate derivative
S28687-1 rapidly forms covalent complexes with DNA
and GSH'*'® but a more detailed analysis of the reac-
tion products by means of mass spectrometry reveals
that this compound never gives type I adducts with
DNA or glutathion. All S28687-1 adducts are of type 11
characterized by the loss of the acetate group at position
2, as depicted in Figure 1. The reaction mechanism
proposed for the exclusive formation of type II adducts
with S28687-1 implies a transesterification step where
the acetate leaving group is transferred from position 2
to position 1 (Fig. 2). This reaction was characterized
here by NMR and is consistent with a molecular mod-
eling analysis to rationalize the reaction scheme of
S23906-1 with its target. Altogether, the results reported
here establish the nucleophilic reactivity of S23906-1
and S28687 toward DNA and glutathion.
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2. Results
2.1. Bonding of S28687-1 to DNA

Mass spectrometry was used to characterize the cova-
lent binding of the monoacetate compound to DNA.
The 7-bp hairpin oligonuclotide d(CTATGACTCTC
GTCATAG)(loop underlined) was incubated with
50 uM S28687-1 in 1 mM ammonium acetate pH 7.15
and the resulting products were analyzed by mass spec-
trometry with a negative ion mode detection. After a
30min incubation period (Fig. 3a), the mass spectra
show two sets of peaks corresponding to the free oligo-
nucleotide and 1:1 drug—-DNA complexes. Peaks at m/
z=777.3, 907.1 and 1088.6 refer to the unbound oligo-
nucleotide with the expected mass of 5448 for this
sequence. The smaller peaks at m/z=3832.7, 971.9 and
1066.1 illustrate the formation of 1:1 drug-DNA cova-
lent adducts for which the DNA-bound drug molecules
exclusively bear an OH group at position 2, as depicted
in Fig. 3a. After an overnight reaction period (Fig. 3b),
the extent of 1:1 drug-DNA complexes is much higher
and peaks corresponding to the formation of 2:1 drug—
DNA covalent adducts are also visible (m/z=2888.2,
1036.3 and 1243.8). Again these peaks coincide with the
loss of the acetate group at position 2. All adducts
detected are of the type I1. We could never identify type
I adducts with S28687-1, whatever the experimental
conditions used.
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Figure 1. Reaction scheme for S23906-1. Hydrolysis of the diacetate compound (S23906-1) affords the monoacetate (S28687-1) and diol (S23907-1)
derivatives. Covalent binding to guanine bases in DNA gives two types of adducts (type I) with an acetate or (type II) a OH group at position 2 on

the pyrano ring.
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Figure 2. Reaction scheme for the covalent binding of S28687-1 to glutathion. The intermediate transesterification step and the formation of a

carbocation are depicted.
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Figure 3. Electrospray ionization mass spectra of the 18-mer hairpin
oligonucleotide d(CTATGACTCTCGTCATAG) (duplex underlined)
incubated with S28687-1 (A) for 30 min or (B) overnight. Deconvolu-
tion of the spectra (negative ion mode) show the presence of three
species: (w) the uncomplexed oligonucleotide (M = 5448), (]) the 1:1
(M =5836) and (&) 2:1 (M =6224) drug-DNA covalent complexes.

2.2. Bonding of S28687-1 to glutathion

The reactivity of the monoacetate compound was
investigated further using the tripeptide glutathion (L-y-
glutamyl-L-cysteinyl-glycine) as a model bionucleophile.
We compared the nature of the reaction products
obtained after incubating S23906-1 or S28687-1 with
glutathion for 18 h at 37°C. Samples were analyzed by
EI-MS and typical spectra are shown in Fig. 4. The
diacetate compound provides two types of adducts with
a mass of 695 and 737 which respectively correspond to
the 2-OH and 2-acetate drug-glutathion adducts as
depicted in Figure 4. In sharp contrast, compound
S28687-1 gives exclusively one type of adducts for which
the glutathion-bound molecules all have an OH group
at position 2. Here again, as with DNA, we could never
detect adducts with an acetate group an position 2 when
the reaction was performed with S28687-1.

The two sets of mass spectrometry experiments, with
DNA and GSH, lead us to consider that the mono-

(a)

— 50+ 448
2 406 w
O 404 X
> 490 695
z * l
_;* 737
[72]
c 4
[
-
£

200 300 400 500 600 700 800
m/z, mass/charge

695
(b)
50~ v
n
Q. 308
O 40
(i)
=
T 304 448
> v
=
»n 20 406
S X
€ 10 \
(HJJL.JJ Lllll Lo b
i 1 1 T 1

200 300 400 500 600 700 80
m/z, mass/charge

Figure 4. Electrospray ionization mass spectra of S23906-1 (A) or
S28687-1 (B) bonding to glutathion. The drugs (100 uM) were incu-
bated with 100 uM GSH (M =307), for 18h at 37°C in 1 mM ammo-
nium acetate pH 7.15 prior to the mass spectrometry measurements
(positive ion mode). Among the different species identified for each
spectrum, four species present the same molecular weight and corre-
spond to: the free GSH (MH ™ =308), (x) the diol form derived from
spontaneous hydrolysis of the drug (MH™ =406), (W) the mono-ace-
tate form (MH ™ =448) and (|) the covalent binding of the drug as a 2-
OH form (type IT) to GSH (MH * =695). Two other peaks are present
only in panel A: (x) the parent S23906-1 di-acetate form (MH* =490)
and () the covalent adduct as a 2-acetate form (type I) (MH™* =737).

acetate compound S28687-1 undergoes a transesteri-
fication reaction which shift the position of the acetate
group from position 2 to position 1 prior to the reaction
with the target nucleophile. This hypothesis is fully
consistent with the following NMR data.

2.3. NMR study

D,O (0.1mL) was added to solution of (=£)-cis-1-
hydroxy-2-acetoxy-6-methoxy-3,3,14-trimethyl-1,2,3,14-
tetrahydro - 7H - benzo[b]pyrano[3,2 - h]acridin - 7 - one
(15mg) in DMSO-ds (0.5mL). The 'H NMR spectrum
was recorded immediately and additional spectra were
recorded at intervals over a period of 72h when the
sample was kept at 20°C (Fig. 5). With time, char-
acteristic modifications were noticed, including: (i) the
appearance of an additional singlet corresponding to
the acetate group at C-1 at 1.95ppm, and (ii) the
appearance of two doublets (J=1.5Hz) at 4.05 and
6.15 ppm, corresponding to the signals of H-2 and H-1
of  (&)-cis-1-acetoxy-2-hydroxy-6-methoxy-3,3,14-tri-
methyl - 1,2,3,14 - tetrahydro - 7H - benzo[b]pyrano[3,2 -
h]acridin-7-one, respectively. After 72 h incubation, the
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Figure 5. 'H NMR study of S28687-1 transesterification in DMSO-ds/D,O solution at 20 °C. Spectra are recorded at (a) t=0 and (b) r=24h.

equilibrium was reached and the resulting solution con-
tained 19% of the Cl-monoacetate compound.

2.4. Molecular modeling

A Monte Carlo analysis performed with the SS_cis dia-
steroisomer of S23906-1 gave eight conformers of simi-
lar global minimum energy. The conformers only differ
by the relative orientations of the acetate and methoxy
groups, the main core of the molecule being essentially
rigid. The resulting structure was optimized at the DFT
B3LYP/6-31G** level for the ground state and the car-
bocation species (Fig. 6a). Calculation of the transition
state leading to the departure of the acetate at position 1
gives an imaginary frequency corresponding to the
elongation of the C-O acetate chemical bond. The
transition between the initial structure and this transi-
tion state conformation demands an energy gain of
+ 51 kcal/mol. The next step corresponding to the for-
mation of the carbocation species at position 1 requires
a formation energy of +101kcal/mol. A molecular
orbital analysis performed with this carbocation indi-
cates that the energy of the lowest unoccupied mole-
cular orbital (Epymo) is mainly localized on carbon 1
indicating a strong electrophilic reactivity at this site.
The C1 position of S23906-1 thus appears as a zone of
the molecule where electron interaction is most likely to
occur.

The alternative configuration with the carbocation at
position 2 was also calculated but it is considered
impossible for two reasons. First, the C2-carbocation
requires a 21 kcal/mol higher energy than the Cl-car-
bocation. Second, the LUMO energy remains mainly
distributed on the CI1 position. The C2-position is che-
mically inert. Moreover, an optimization of the C2-car-
bocation structure at the DFT level showed a
translocation of the acetate from position 1 to position

2 (data not shown). The modeling study leaves no room
for doubt that the most favorable structure corresponds
to the Cl-carbocation.

As regards the monoacetate derivative, the energetic
analysis shows very little difference between the experi-
mental drug S28687-1 having the acetate at position 2
and the analogous virtual drug with the acetate at posi-
tion 1 (Fig. 6b). The energy barrier between the two
conformations is minimal (A pr= —1 kcal/mol), con-
sistent with a facile trans-esterification. The energy
required for the formation of the Cl-carbocation is
+89 kcal/mol, as opposed to +152kcal/mol with the
diacetate. This theoretical observation agrees with our
previous experimental results showing that the mono-
acetate derivative S28687-1 reacts more strongly with
DNA than the diacetate S23906-1.'4

3. Discussion

The plant alkaloid acronycine, initially isolated from the
bark of Acronychia baueri (also known as Sarcomelicope
simplicifolia),'”-'® is probably a natural toxin produced
by the tree (a Rutaceous) to combat herbivores and/or
microorganisms. Our goal is to convert this plant toxin
into a useful therapeutic agent for the treatment of
cancer. Acronycine displays antitumor activities in
vivo'? but the use of this tetracyclic compound in cancer
chemothrerapy was unsuccessful. Clinical trials initiated
in the mid-1970s showed insufficient response and the
development of acronycine was arrested in the early
1980s. The exact mechanism of action of this natural
product remains obscure. Acronycine does not bind to
DNA but it inhibits DNA synthesis in tumor cells.?%-?!
It is suspected that acronycine is bioactivated in cells
into a DNA-reactive intermediate.”> The most likely
metabolite is acronycine epoxide (Fig. 7) which has been
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of the Cl-carbocation is indicated. (b) Conformational and molecular orbital analyses of the C2-monoacetate compound S28687-1 and the analo-
gous Cl-monoacetate derivative. The energy required for the formation of the Cl-carbocation is indicated.
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Figure 7. Structure of acronycine and derivatives.

isolated in small quantities during the purification of
acronycine from the plant.>®> The epoxide derivative
may well represent the bioactived form of acronycine
responsible for DNA alkylation. This hypothesis is all
the more plausible that epoxide functions are frequently
encountered in DNA reactive drugs, such as the
pluramycins,?*2° azinomycins?>”?® and clerocidins?®-3°
for examples.

Over the past 10 years, a variety of acronycine deriva-
tives have been synthesized.!>??31737 Two important
observations have emerged from the structure—activity
relationship studies. First, the convertion of the tetra-
cyclic chromophore into a pentacyclic system reinforces
antitumor activity. Benzo[b]acronycine derivatives
usually present higher cytotoxic potential than the cor-
responding acronycine derivatives. The gain of cyto-
toxicity conferred by the additional benzo ring is not yet
fully understood but the presence of a larger planar
chromophore certainly reinforces stacking interaction
with DNA bases. Second, a significant gain of cytotoxi-
city was observed when introducing ester functions at

positions 1 and 2 on the pyrano ring. The diacetate
compound S23906-1 was selected for a preclinical
development but other bisubstituted analogues (e.g.,
dicarbamates) also showed interesting cytotoxicity pro-
files. The most cytotoxic compounds in the series are the
cyclic carbonate derivatives (Fig. 7) which are tre-
mendously toxic to tumor cells in vitro.?> Unfortu-
nately, they are also toxic to animals and do not show
better in vivo antitumor activity compared to S23906-1.
The in vitro cytotoxic potential of the diacetate com-
pound is not very potent, the ICsps being in general in
the 0.1-1 uM range. However, S23906-1 is 5-10-fold
more potent than cisplatin.

Benzo[bJacronycine derivatives highly reactive toward
DNA, such as the dicarbamates, are generally too toxic
and the safety margin is too weak for use in vivo. On the
opposite, unreactive benzo[b]acronycine derivatives,
such as the diol S23907-1 or the 1-keto derivatives, are
devoid of cytotoxicity and show no antitumor activity.
We have now good evidences that DNA alkylation is
necessary for antitumor activity in this series.!> The
diacetate derivative S23906-1 optimally combines reac-
tivity and stability. It is sufficiently activated for cova-
lent reaction with DNA but its intrinsic reactivity is
sufficiently moderated so that the compound is not
trapped by other bionucleophiles before reaching its
primary target in the cell nuclei. With S23906-1, the
DNA alkylation potential is judiciously controlled. This
compound can be considered both as a drug and a pro-
drug because it is active by itself, generating type I
adducts with DNA, and further activated by hydrolysis,
giving type II adducts.

We have previously demonstrated that S23906-1 form
covalent complexes with DNA. The exocyclic 2-amino
group of guanines exposed in the minor groove of dou-
ble helical DNA is the reactive site.'* Very recently, we
found that this drug can also react with the tripeptide
glutathion which probably serves as a detoxification
system in cells.'® In both cases, with DNA and GSH, we
identified type I adducts characterized by the presence



28 M .-Hélene David-Cordonnier et al. | Bioorg. Med. Chem. 12 (2004) 23—-29

of an acetate group at position 2 on the pyrano ring.
Parallel experiments performed with the monoacetate
analogue S28687-1 afford a different type of adducts,
type II, characterized by a OH group at position 2. The
present study provides a sound explanation for the for-
mation of the two slightly different types of adducts. A
transesterification reaction, directly observed by NMR
with the free drug, is responsible for the shift of the
acetate from position 2 to position 1. The modeling
study affords an interesting theoretical support for the
transesterification reaction which accounts satisfactorily
for the production of type II adducts. The computer
study also serves to identify a potential reactive inter-
mediate, the Cl-carbocation. This highly reactive catio-
nic species can be generated easily from the
monoacetate S28687-1 and to a lower extent from the
diacetate S23906-1.

We have now acquired a solid knowledge of the chemi-
cal reactivity of S23906-1 and this molecular basis can
be use to generate superior analogues and/or to better
control the reactivity of the parent compound. The pre-
sent study further attests that benzo[b]acronycines
represent a very interesting series of molecules, both
from the therapeutic as promising anticancer agents for
the treatment of cancers and also from the basic points
of view to dissect the mechanism of DNA recognition
and alkylation by small molecules.

4. Experimental
4.1. Drugs

The synthesis of the benzo[bl]acronycine derivatives
S23906-1, S28687-1 and the diol S23907-1 has been
reported previously.3?

4.2. Electrospray ionisation mass spectroscopy (EI-MS)

The alkylation of the 18-mer oligonucleotide by S28687-
1 was monitored by EI-MS. Both drug and DNA
(50 pM each) were incubated for 30 min or overnight in
200 pL of 1 mM ammonium acetate, pH 7.15 prior to be
injected in a simple-quadrupole mass spectrometer API
I (Perkin-Elmer Sciex) equipped with an ion-spray
(nebulizer-assisted electrospray) source (Sciex, Toronto,
Canada) using a needle pre-washed with methanol. The
solutions were continuously infused with a medical
infusion pump (Model 11, Harvard Apparatus, South
Natick, USA) at a flow rate of 5 uL/min. Polypropylene
glycol was used to calibrate the quadrupole. Ion spray
mass spectra were acquired at unit resolution by scan-
ning from m/z 600 to 1300 with a step size of 0.1 Da
and a dwell time of 2ms. Twenty spectra were summed
and recorded at an orifice voltage of —60 V whereas the
potential of spray needle was held at —4.5kV.

To evidence the bonding of S28687-1 and S23906-1 to
glutathion by EI-MS, 100 uM of glutathion was mixed
to 100 pM of S23906-1 or S28687-1 compounds for 18 h
at 37°C in 200puL of 1mM ammonium acetate, pH
7.15. The samples were then injected as previously

described and the ion spray mass spectra were acquired
at unit resolution by scanning from m/z 200-800 with a
step size of 0.1 Da and a dwell time of 2ms. Twenty
spectra were summed and recorded at an orifice voltage
of + 50V whereas the potential of spray needle was held
at +5kV.

4.3. NMR study

'H NMR spectra were recorded at 400 MHz using a
Bruker AVANCE 400 spectrometer.

4.4. Computational chemistry

All calculations were performed on a NT workstation
(PIV-2.4 GHz processor) using the Spartan Pro V 1.0.1
and Gaussian 98 package softwares. A conformational
analysis was performed for the SS_cis compound on all
rotatable bonds using Monte Carlo implemented in
Spartan and then the resulting structures were mini-
mized using MMF94 force field and fully optimized at
the DFT level using hydrid B3LYP functional density
with 6-31G** basis set. The transition state calculations
were also performed with the Spartan package.
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