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ABSTRACT

Apoptolidin B: R = OH
O Apoptolidin C:R=H

Apoptolidin (1) is a promising new therapeutic lead that exhibits remarkable selectivity against cancer cells relative to normal cells. We report
the isolation, characterization, solution structure, stability, and biological activity of two new members of this family: apoptolidins B (2) and
C (3). These new agents are found to have antiproliferative activity on par with or better than apoptolidin itself in an assay with H292 lung
cancer cells.

Apoptolidin (1) is a structurally novel macrocyclic lactone independent studies, apoptolidin was proposed to operate
that exhibits remarkably selective activity against certain through inhibition of mitochondrial §F,-ATPase?

cancer cells. First isolated from the soil bactéfizcardiopsis The promising therapeutic potential of apoptolidin and its
sp. in 1997 by Seto and co-workérapoptolidin was shown  gxceptional selectivity have stimulated efforts to identify the
by NMR to possess a highly unsaturated 20-membered ringsirctural basis for its activity and its mode of action. While
core with hydropyranyl appendages attached at positions C-9;4¢5| synthesis studies are making important progress toward
and C-1¢ Of special significance in current efforts 10 yhos0 00146 the ready availability of apoptolidin from its

e_lc_hleve greater selecy\{lty In cancer chemotherapy, apOpto-g \rce organism (109 mg/L of fermentation medium) offers
lidin shows no cytotoxicity against normal cells even at high

concentrations (>1 mM) but induces apoptosis in E1A- :
. (3) (a) Salomon, A. R.; Voehringer, D. W.; Herzenberg, L. A.; Khosla,
transformed rat glia cells at nanomolar concentratiolms. C. Proc. Natl. Acad. Sci. U.S.2000,97, 14766—14771. (b) Salomon, A.
studies at the National Cancer Institute, apoptolidin was R.; Voehringer, D. W.; Herzenberg, L. A.; Khosla, Chem. Biol 2001,8,
R 0 : 71-80.
found to b_e in the top 0'1@ of the most SeIeCtl_Ve agents (4) Total syntheses: (a) Nicolaou, K. C.; Fylaktakidou, K. C.; Monen-
screened in the NCI-60 cell line ass®By comparison to  schein, H.; Li, Y.; Weyershausen, B.; Mitchell, H. J.;Wei, H.-X.; Guntupalli,

activity profiles of other compounds in this assay and through P-; Hepworth, D.; Sugita, KI. Am. Chem. S02003,125, 1543315442,
(b) Nicolaou, K. C.; Li, Y.; Sugita, K.; Monenschein, H.; Guntupalli, P.;
Mitchell, H. J.; Fylaktakidou, K. C.; Vourloumis, D.; Giannakakou, P.;

(1) Kim, J. W.; Adachi, H.; Shin-ya, K.; Hayakawa, Y.; Seto, H. O’Brate, A.J. Am. Chem. So003,125, 15443—15454 and references
Antibiot. 1997,50, 628—630. therein. (c) Wehlan, H.; Dauber, M.; Mujica Fernaud, M. T.; Schuppan, J.;
(2) Hayakawa, Y.; Kim, J. W.; Adachi, H.; Shin-ya, K.; Fujita, K.; Seto, Mahrwald, R.; Ziemer, B.; Juarez Garciz, M. E.; Koert,Ahgew. Chem.,

H. J. Am. Chem. S0d.998,120, 3524—3525. Int. Ed.2004,43, 4597—4601.
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facile access to apoptolidin as well as to various derivatives
through semisynthesis.

Implementation of this “top down” strategy in our labora- CH
tory has thus far led to a higher yielding isolation procedure,
to the identification of isoapoptolidindj,” an isomer of
apoptolidin that forms during isolation and assay, and to the
synthesis and biological evaluation of numerous semisyn-
thetic analoguéswhich have uncovered new aspects of its
mode of action. In the course of these studies, we have also
identified several new apoptolidins. We describe herein the
isolation, structural characterization, stability, solution struc-
ture, and biological evaluation of two new members of this
family: apoptolidin B (2) and apoptolidin C3).

During our efforts to obtain apoptolidin AL} (the “A” MeO
appended to differentiate members of this now expanding
family) through fermentation ofNocardiopsis sp., we
detected the existence of compounds similar in molecular
weight to apoptolidin A but lacking one or two oxygen mass
equivalents as determined by MS analysis of the crude ethyl
acetate extract of the fermentation medium. While apopto-
lidin A can be obtained in an improved yield of 130 mg/L
of medium in our studies, the newly discovered compounds
were present in amounts of only-8 mg/L. Isolation of the
two new apoptolidins was achieved using flash chromatog-
raphy (silica gel) for initial purification followed by prepara-
tive RP-HPLC for final purification. Both compounds were
less polar than apoptolidin A as indicated by TROvalues
and RP-HPLC retention times.

The molecular formulas of these agents, named apoptolidin
B (2) and apoptolidin C3) due to their structural relationship
to the parent compound, were determined to lggH6sO20
[M/z1135.6448 (M+ Na)t] and GgHoeO10 respectively f/z
1119.6462 (M+ Na)'] by high-resolution mass spectro-
metric analysis of the purified samples. The primary struc-
tures of these new apoptolidins (Figure 1) were established
by two-dimensional NMR experiments (COSY, TOCSY,
HMQC, HMBC) in CD;OD on a 600 MHz spectrometer.
Proton and carbon NMR spectra show extensive similarities
to apoptolidin A with respect to chemical shifts and coupling
constants (Figure 2). While the overall spin systems for the
macrolactone ring, the hemiketal moiety, and the three
glycoside linkages remain unchanged according to COSY
and HMBC experiments, differences were found in additional

apoptolidin A 1: R;, R, = OH
apoptolidin B2: R, =H, R, = OH
apoptolidin C 3: R, R,=H

Figure 1. Apoptolidins A—C and isoapoptolidin.

methylene groups within the macrolactone structure. In
particular, unlike apoptolidin A, apoptolidin B lacks a
hydroxyl group at position C-16 and apoptolidin C lacks
hydroxyl groups at positions C-16 and C-20. All three
structures are consistent with a polyketide biosynthesis with
additional oxygenation arising from monooxygenases.

The secondary structures of apoptolidins B and C were
established with ROESY experiments and coupling constants
in combination with Monte Carlo conformational search
calculations using Macromodel 7.0. In both cases, strong
ROESY cross-peaks between H-3 and H-5 as well as H-5
and H-7 indicate that the methyl groups of the triene portion
point in the same direction as observed for apoptolidin A.
The E)-geometry of all five double bonds of the macrolac-
tone is supported by additional ROESY correlations between
H-9 and H-11 and between H-11 and H-13 as well as large
vicinal coupling constants for H-11.

The chairlike structure of the hemiketal ring of apoptoli-
dins B and C follows from strong ROESY correlations
between 1,3-diaxial substituents (e.g., H-23/H-25 and H-22/

(5) Apoptolidinone: (a) Nicolaou, K. C.; Li, Y.; Weyershausen, B.; Wei,

H. Chem. Commur200Q 307—308. (b) Schuppan, J.; Wehlan, H.; Keiper,
S.; Koert, U.Angew. Chem., Int. EQ001,40, 2063.

(6) Synthesis studies: (a) Schuppan, J.; Ziemer, B.; Koeifgttahedron
Lett. 2000,41, 621—624. (b) Sulikowski, G. A.; Lee, W.-M.; Jin, B.; Wu,
B. Org. Lett.2000,2, 1439—1442. (c) Toshima, K.; Arita, T.; Kato, K.;
Tanaka, D.; Matsumura, Setrahedron Lett2001,42, 8873—8876. (d)
Chng, S.-S.; Xu, J.; Loh, T. A.etrahedron Lett2003,44, 4997—-5000. (e)
Chen, Y.; Evarts Jr. J. B.;, Torres, E.; Fuchs, P.Qrg. Lett. 2002, 4,
3571—-3574. (f) Paquette, W. D.; Taylor, R. @rg. Lett.2004,6, 103—
106. (g) Abe, K.; Kato, K.; Arai, T.; Rahim, M. A.; Sultana, |.; Matsumura,
S.; Toshima K.Tetrahedron Lett2004,45, 8849—8853. (h) Jin, B.; Liu,
Q.; Sulikowski, G. A.Tetrahedron2005,61, 401—408.

(7) (@) Wender, P. A.; Gulledge, A. V.; Jankowski, O. D.; SetoOg.

Lett.2002 4, 3819-3822. (b) Pennington, J. D.; Williams, H. J.; Salomon,

A. R.; Sulikowski, G. A.Org. Lett.2002,4, 3823—3825.
(8) (a) Salomon, A. R.; Zhang, Y.; Seto, H.; Khosla,@@g. Lett.2001,

3, 57-59. (b) Wender, P. A.; Jankowski, O. D.; Tabet, E. A.; Seto, H.
Org. Lett.2003,5, 487—490. (c) Wender, P. A.; Jankowski, O. D.; Tabet,

E. A.; Seto, H.Org. Lett.2003,5, 2299—2302.
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Me-24), coupling constants (e.dz4—25 = 2 Hz), and further
ROE signals with protons outside the hemiketal ring (e.g.,
H-20 and H-19). The same hemiketal structure and very
similar *H and '3C chemical shifts were also found for
apoptolidin A and isoapoptolidifi’?

The overall conformation of the macrolactone that includes
a turn from C-7 to C-11 and a loop-type region for C-13 to
C-16 was established by coupling constants (e.g., for H-9)
and transannular ROESY cross-peaks (e.g., between H-7 and
H-9 and between H-13 and H-16a). Furthermore, ROE
contacts of H-3 with both H-17 and H-18a as well as between
H-17 and H-19 indicate a zigzag-type conformation from
C-16 to C-19. The stereochemistry of C-17 and C-19 is
further supported by coupling constants within the C-17 to

Org. Lett, Vol. 7, No. 14, 2005
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Figure 2. H spectra of apoptolidins A (A), B (B), and C (C)
(*residual DCM). Expande#H and*C NMR spectra and tabulated
data can be found in the Supporting Information.

C-20 moiety and ROESY correlations with hydrogens of the

hemi-ketal. Superposition of the macrolactone structures of
all three apoptolidin analogues reveals a nearly perfect fit
with only minor differences in the C-13 to C-17 moiety due
to the missing C-16 hydroxyl group. Finally, coupling

constants, chemical shifts and ROE correlations indicate that
the hexose structures and stereochemistry of the glycosidic
bonds in apoptolidins B and C are the same as those found

in apoptolidin A and isoapoptolidin A. Additionally, the C-9

and C-27 stereochemistry are confirmed by transannular

ROESY cross-peaks (e.g. H-and H-9, H-1 and H-25).
The major difference between apoptolidin A/B and apo-

ptolidin C is the conformation from C-19 to C-21. While in

apoptolidins A and B the side chain from C-20 to C-28 is

Org. Lett, Vol. 7, No. 14, 2005

closely aligned with the triene moiety of the macrolactone
(shown by ROEs, e.g., between Me-2 and H-27), the same
side chain in apoptolidin C is flipped toward the methoxy
group at C-17. Evidence for the side-chain conformation in
apoptolidin C is given by several transannular ROESY
correlations between the hemiketal and the C-17 to C-20
moiety (e.g., Me-24 and H-19, Me-24 and H-18b, Me-22
and H-19). In addition, the optical rotation changes quite
drastically from+9° for apoptolidin B to—41° for apopto-
lidin C. The side-chain flip may be a result of the reduction
in steric hindrance from removal of the C-20 hydroxyl group.
A representative structure of apoptolidin C from the con-
formational search is depicted in Figure 3 and is fully
consistent with data from the ROESY experiment and the
coupling constants.

Figure 3. Representative solution structure of apoptolidin3J. (
Oleandrose moiety and protons not shown.

In addition to expanding the family of naturally occurring
apoptolidins, these new compounds are of great interest with
respect to the goal of establishing the structural basis for
apoptolidin’s selectivity and mode of action and for advanc-
ing this therapeutic lead. Toward these ends, we were
interested in determining the solution stabilities and activities
of apoptolidins B and C. We had previously shown that
apoptolidin A isomerizes to a new compound, isoapoptolidin,
under cell assay conditions by an intramolecular transester-
ifcation from C-19 to C-202

To determine the stability of apoptolidins B and C under
assay conditions, each was evaluated as previously described
for apoptolidin A7® Solutions of2 and 3 in Dulbecco’s
phosphate-buffered saline (pH 7.4) were prepared and
incubated in sealed reaction vessels at °& and the
disappearance of the agents was monitored by RP-HPLC at
254 nM with benzoic acid as an internal standard. The rate
constants were obtained by fitting the data to the integrated
rate expressions for a simple equilibriur®) ©r for first-
order decomposition (3) (Figure 4).

The kinetic data suggests that apoptolidin B forms an
equilibrium mixture (6:4) with an isomérsimilar to that
observed for the equilibrium between apoptolidin A and
isoapoptolidin A. In the latter case, the time to reach the
equilibrium is about two times longer than with apoptolidin

(9) The isomer of apoptolidin B shows slightly lower activity in the H292
cancer cell assay. Structure determination is in progress.
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activity in this assay. Furthermore, apoptolidin B, which lacks
the C-16 hydroxyl group is more potent than apoptolidin A

1, k,=0.088h" in our cell-based assay (7 nM) despite the slightly lower
N stability compared to apoptolidin A. This suggests that the
081 ™, Keq=0.71 C-16 hydroxyl group in apoptolidin A might interfere with
064 e binding which is also consistent with our observation that
Q04_ the C-16 acetate of apoptolidin A has reduced biological
‘ + apoptolidin B activity in a cell assay with E1A transformed rat glia céfls.
024 e calculated
o |
0 5 10 15 20 25 30 Table 1. Growth Inhibition Assay Results with H292 Cells
: time (h) Glso (M)
09t k=0039h" e apoptolidin A (1) 0.032 + 0.003
084" apoptolidin B (2) 0.007 £+ 0.004
0.7 1 apoptolidin C (3) 0.024 + 0.005
06 - » apoptolidin C
Q0.5 + isomer of apoptolidin C
ot eacaed Apoptolidin C is less active than B but similar in potency
0.2 to A. This might be partly due to the transformation of
0'(1) - R apoptolidin C under the assay conditions or to the confor-

0 10 20 30 40 50 60 70 80 90 100
time (h)

Figure 4. Stabilities of apoptolidins B3) and C @) in PBS buffer
at pH 7.4 and 37C (Q = [XJ/[X] max-

B (ca. 20 and 10 h, respectively). This difference is also

evident from the rate constants & 0.063 h'* for apopto-
lidin A, k; = 0.088 h! for apoptolidin B).
The similar stability of apoptolidins A and B is not

mational differences in the C-20 to C-28 side chain.
Apoptolidins B and C are important new lead structures
for the treatment of cancer. Access to these new compounds
and importantly their derivatives through semi-synthesis is
proving to be of great value in efforts to elucidate the
structural basis for the remarkable activity and especially
the selectivity of the apoptolidins. Structural characterization
of less abundant apoptolidins and their isomers is underway.
Apoptolidin C is currently under investigation at the NCI in
the NCI-60 cancer cell line assay. These results and protein

surprising since the C-16 hydroxyl group is not directly ,qfijing of these new agents in human primary cells, and

required for isomerization. Interestingly, apoptolidin C Shows ¢ |ated mode of action studies will be reported in due course.
a completely different chemical behavior. Under the above
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