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Here we report that the dimeric alkaloid stephacidin1fgnd Table 1. Measured Glso Values for 1 and 27
the monomeric alkaloid avrainvillamid@)(function equivalently natural enantiomer unnatural enantiomer
within experimental error to inhibit the growth of four different

cultured human cancer cell lines. We also show that the proportion celline : 2 e en
of the monomer greatly outweighs that of the dimer in the medium -N¢aP 4%22? 241 nM 952 nM 1514 nM
of incubation, and that the half-life for the transformationlaio ( ) (159-323) (638-1266) (1243-1786)
2 is short relative to the half-life of cell division. Finally, using a ~ #T-549 346nM 621 nM 550 nM 786 M
monomer-based affinity reagent, we provide evidence that the (321-372) (548-694)  (488-611)  (717-855)
monomer ) interacts with intracellular thiol-containing proteins, 147D 91 nM 205 nM 942 nM 1485 nM
likely by covalent modification. (30—152) (110-299) (583-1301) (1305-1665)
MALME-3M 289 nM 406 nM 987 nM 1854 nM

(108-469) (206-607) (727-1247) (1750-1957)

N O CHy 2Values in parentheses reflect the upper and lower limits for a 90%
CH?\IQ.O_ CHg confidence interval. The XLfit4 software package was used for curve-fitting
é@ o and estimation of confidence intervals.
N CHg

100% -
(+)-avrainvillamide (2) A B HGC,FH3 C.’N‘
(-)-stephacidin B (1) 80% 1" ’ O
HyC™-
Stephacidin B 1), isolated in 2001 from a culture broth of 60% - CH,

Glsp= 4.2 uMvs. LNCaP

Aspergillus ochraceud/C76466, was reported to inhibit the growth i

of a testosterone-dependent prostate cancer cell line (LNCaP) at
nanomolar concentratioAsyhile avrainvillamide ), isolated in

40%

. 20% CH, § N

2000 from a culture broth dkspergillus SpCNC358, was reported . HsC..J ° N '\ iCH,
to inhibit the growth of two breast cancer cell ling#T(549 and 0% . . i Q O ©
T-47D) as well as a metastatic malignant melanoma of the lung 0 50 g 1‘20_ ) 150 200 HsC &y

2 . T ime (min
(MALME-3M). It was reco_gnlz_ed .that stephgcu_jln El_;) (was B % (+)stephacidin B & % (_)-avrainvillamide G- 52 H:MSI LNGaP
potentially the product of dimerization of avrainvillamidg),t-2 (ent-1) (ent-2) 8.4 uMvs. T-47D
and some support for this hypothesis was presented in 2005, whengjgure 1. (A) Retrodimerization of {)-stephacidin Bént-L) to form (~)-
two groups, having reported laboratory synthetic routesdnd?2, avrainvillamide ént-=2) in cell culture medium containing 6% DMSO at 23

described mild, albeit abiological conditions for their interconversion °C: (B) structures and activities of simplified avrainvillamide analogues.
(upon standing on silica gel or in the presence of triethylamine in ~ We followed the transformation of the dimeric alkaloitt)¢1
acetonitrile}*® To our knowledge, side-by-side comparisonslof  to the monomeric alkaloid<)-2 in cell culture medium (10% fetal
and2 in antiproliferative assays have not been reported, nor have bovine serum in RPMI 164®¢containing 6% DMSO to solubilize
the rates of interconversion df and 2 been established in a the alkaloids) by HPLC analysis (Figure 1A), and found tRa)L
physiologically relevant setting. was converted to)-2 with a half-life of ~50 min at 23°C, and

We first evaluated the growth-inhibitory properties Joind 2 ~10 min at 37°C.” Given these data, and the time necessary to
in parallel, in the four cultured cancer cell lines for which potent prepare solutions of the four compounds in cell culture medium,
inhibition had been reported for either compound alone (Table 1). serially dilute the solutions, and then add the diluted solutions to
In the same study, we measured the activities of the pure the cells ¢3 h at 23°C), it is unlikely that there was a substantial
enantiomers oflL and 2 (entl and ent2, respectively). All four fraction of the dimeric alkaloid present by the time drug effects
compounds tested were synthesized by a stereodefined*rdége.  were first observed (morphological changes in the growing cells
observed thatl and 2 exhibited a range of growth-inhibitory = were evident within hours at 37C; final measurements of cell
potencies (G values) from 93621 nM, depending on the cell  viability were performed after 48 h at 3TC).
line (see Supporting Information). Notablgnt-1 and ent2 were Further evidence that the growth-inhibitory activity of the dimeric
hardly inactive, and in thggT-549 cell line in particular, the alkaloid stephacidin B1) arises from the monomeric alkaloid
unnatural enantiomers were onh2-fold less potent inhibitors of avrainvillamide ) comes from our discovery that a number of
growth. In all cell lines, and in both enantiomeric series, the dimeric structurally simpler analogues, incapable of dimerization, exhibit
alkaloids (¢+)- or (—)-1) were approximately equipotent to the considerable potency in antiproliferative assays. Two representative
monomeric alkaloids (€)- or (+)-2) in the corresponding series  examples from several that we have identified are the 3-alkylidene-
when corrected for stoichiometry (i.e., solutionslofere twice 3H-indole 1-oxides3 and4, both micromolar inhibitors of LNCaP
as potent as equimolar solutions 2)f and T-47D cell lines (Figure 1B). Compougdfirst prepared in a
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Figure 2. Western-blot detection following affinityisolations of four
cysteine-containing proteins with probgin the absence and presence of
competitors {)-avrainvillamide 2) and structural analogug

synthetic model studyjs comparable in activity in T-47D cells to
the unnatural enantiomer of avrainvillamide-§¢2), and is only
one order of magnitude less potent than natural avrainvillamide
(+)-2.° The data support the proposal tBas the biologically active
form of 1, but only insofar as it is true th&and4 function by the
same mechanism dsand2. Some evidence th&and4 bind to,

and perhaps target, at least a subset of proteins that interact with
and 2 was gained from affinity-isolation experiments using the

reagent5, synthesized (as a 1:1 mixture of diastereomers, and a

5.5:1 mixture of E/Z isomers; see Supporting Information) to
explore the hypothesis that the antiproliferative agéntd might
covalently modify nucleophilic residues of one or more proteins
by addition to the electrophilic 3-alkylidend43indole 1-oxide
function of these compounds.

To identify potential binding proteins, an LNCaP cell lysate was
treated with the activity-based prdBé'5 (Figure 2), in the presence
or absence of a 20-fold excess of compouds 3 as competitive

LNCaP cell lysate with an 1§ value of~125uM (see Supporting
Information). The inhibitory activity decreased with the addition
of glutathione disulfide, the natural substrate for GR, consistent
with active-site inhibition by2. (+)-Avrainvillamide @) was a poor
inhibitor of yeast GR.

Our results suggest that the antiproliferative activity of stepha-
cidin B (1) arises from its prior dissociation to form avrainvillamide
(2), which may then bind to one or more proteins with nucleophilic
cysteine residues, likely by covalent modification. The four specific
proteins identified here may or may not be important cellular targets
for 2 (the relatively weak inhibition of GR bg makes this protein
an unlikely candidate); further experiments are necessary. It is
interesting to note that while our early model studies showed that
both alcohols and thiols can add reversibly to the unsaturated nitrone
function of 2 and 3,48 thus far only cysteine-based nucleophilic
proteins have been identified as binding partners in our affinity
isolation studies.
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