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Thiostrepton {, Figure 1) and its biological activities have
attracted considerable attention from the scientific and medical com-
munities. Among thiostrepton’s biological properties, those against
bacterial tumor cells? and Plasmodium falciparurf the parasite
responsible for human malaria, are the most prominent; immuno-
suppressive properties have also been repdi@iginally isolated
from Streptomyces azuredsTCC 149215 and subsequently from
Streptomyces hawaiien#g CC12236 andstreptomyces laurentii
ATCC 31255, this thiopeptide antibiofibas recently succumbed
to total synthesis in these laboratorids was during this research
program that we had the opportunity to design and synthesize an
array of fragments of thiostrepton representing its various regions
and structural motifs. In this communication, we wish to report on
the discovery of a biologically active thiostrepton fragment that,
despite its relatively small size, retains, and in some instances
surpasses, the biological properties of the natural substance.

Although the antibacterial action of thiostrepton was attributed
to its binding to the 23S region of the bacterial ribosomal RNA
and protein L11, thereby inhibiting the GTPase-dependent function
of the 50S ribosomal RNA and thus inhibiting protein biosynthgsis,
knowledge regarding the precise nature of the binding and structure
activity relationships within this area is lacking. Our synthetic
schemes developed for the total synthesis of thiostrepton allowed
us to access the four regions of the molec@e¥), representing
the dehydropiperidine cor@), the bis-dehydroalanine taiB), the
thiazoline-thiazole moiety 4), and the quinaldic acid subung)(
as shown in Figure 1. With the support of this enabling technology,
we initiated a program directed toward the construction of these
fragments and certain of their derivatives for biological screening
purposes, hoping to uncover a smaller pharmacaphore within the
structure of thiostrepton. Thus, starting with the previously syn-
thesized substrateza—5a,’2P compound2—5 were prepared in
one step in each case as shown in Figurd@2+ 2, PACL(PPh),
(cat.)n-BugSnH (100% yield);3a— 3, TBAF (90% yield);4a—

4, HFepy (78% vyield);5a — 5, HFepy (70% yield)].

Given the intriguing architecture of the dehydropiperidine core
2, we also chose to prepare a number of its derivatiges)(and
its 5S,6R isomer {), as shown in Figure 3. Thus, exposure2dab
pentafluorophenol acetate (PFPPfforded selectively, and in 73%
yield, the bis-acetat6. On the other hand, the imine functionality
within the N-Alloc-protected dehydropiperidinga was stereose-
lectively*! reduced by the action of NaCNBtdand AcOH to afford
the secondary amira (67% yield), from which thé\-Alloc group
was removed by treatment with Pd(EPh), (cat.)n-BuzSnH?
furnishing compound in 85% vyield. Finally, the 5,6R diastere-
omer77°4of the dehydropiperidine cor2was generated from its
N-Alloc derivative 7a by the action of PdG(PPh), (cat.)n-Bus-

SnH in quantitative yield.
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Figure 1. Molecular structures of thiostreptod)(and fragments2—5)
representing its four domains.

The synthesized compound3—8), together with thiostrepton,
vancomycin, and teicoplanin, were tested for their activity against
the two Gram-positive bacterial strains, methicillin-resistatd-
phylococcus aureudMRSA) and vancomycin-resistaBnterococ-
cus faecalifVREF), as well as againgscherichia coli(EC), a
Gram-negative strain. As shown in Table 1, the dehydropiperidine
core compound® and8 were found to possess significant activity
against MRSA, while they were proven to be not active (NA)
against EC, with the derivative with the imine functionality intact
(2) being the more potent of the two. The %M MIC value of 2
against MRSA is indeed impressive, given its molecular simplicity

10.1021/ja0552803 CCC: $30.25 © 2005 American Chemical Society
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Figure 2. Synthesis of thiostrepton fragmerfts-5. Reagents and condi-
tions: (a) TBAF (1.2 equiv), THF, OC, 30 min, 90%; (b) PdG{PPh);
(0.1 equiv),n-BusSnH (50 equiv), CHClz, —45 °C, 10 min, then CC, 30
min, 100%; (c) Hepy:THF (1:4), 0°C, 5 min, then 25C, 24 h, 70%; (d)
HFepy (1:4), THF, 0°C, 5 min, then 25°C, 18 h, 78%. TBDPS-= tert-
butyl diphenylsilyl; TBAF = tetran-butylammonium fluoride; Alloc=
allyloxy carbonyl; Ph= phenyl; TBS= tert-butyl dimethylsilyl; Fm=
fluorenylmethyl; All = allyl; py = pyridine.
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Figure 3. Synthesis of thiostrepton fragmerfis-8. Reagents and condi-
tions: (a) pentafluorophenol acetate (5.0 equiv), DMF@518 h, 73%;
(b) PACL(PPh), (0.1 equiv),n-BusSnH (50 equiv), CHCI,, —45 °C, 10
min, then 0°C, 30 min, 100%,; (c) NaCNB§l(4.0 equiv), EtOH:AcOH
(4:1), 0°C, 1 h, 67%; (d) PAG(PPH), (0.1 equiv),n-BuzSnH (3.4 equiv),
CH.Cly, 0 °C, 30 min, 85%. PFPA= pentafluorophenol acetate; AcOH
acetic acid.

compared to that of thiostreptof)( being only 20 times less than

Table 1. In Vitro Antibacterial and Hemolytic Activities of
Thiostrepton (1) and its Synthetic Fragments (2—8)12
MIC (M)
compound MRSA? VREF¢ EC HDso® (uM)
vancomycin 1.0 NA NA ND9
teicoplanin 0.5 ND NA ND
thiostrepton {) 0.2 1.0 NA >200
5.0 5.0 NA 150
3 NA NA NA ND
4 NA NA NA >200
5 NA NA NA >200
6 NA NA NA ND
7 NA NA NA ND
8 15.0 ND NA >200

aMinimum inhibitory concentration? Methicillin-resistantStaphylococ-
cus aureusATCC 33591.¢ Vancomycin-resistanEnterococcus faecalis
ATCC 51575.9 Escherichia colIATCC 29425.¢ Concentration required to
hemolyze 50% of human red blood celldA: not active at the highest
concentration tested (5M). 9 ND: not determined.

only 5 times less than that observed for vancomycin (see Table 1).
Furthermore, compour@iexhibited the same activity against VREF,
being only 5 times less potent than thiostrepton in that test (Table
1). Importantly, the dehydropiperidine core compo@showed a
pronounced ability to differentiate between human and bacterial
cells, as the concentration required to hemolyze 50% of a sample
of human red blood cells (Hdg) was found to be 15@M (Table

1). This 30-fold difference in antibacterial and hemolytic activity
may provide a useful therapeutic window for a potential drug
candidate, should one be pursued. It is noteworthy that two earlier
studies focusing on the thiazolin¢hiazole domaitf2and the bis-
dehydroalanine side chd of thiostrepton failed to produce any
compounds exhibiting significant in vitro antibacterial activity. In
contrast, the present investigation, expanded to include all four
regions of thiostrepton, expeditiously resulted in the discovery of
a relatively potent antibacterial lead, which by virtue of its low
molecular weight as compared to the natural product may lead to
an improved pharmacological profile.

Compound2 may or may not exert its antibacterial activity
through the same mechanism of action as thiostrepton, and further
studies will be needed to answer that question. However, the fact
that bis-acetate derivativiedoes not exert any activity against these
bacterial strains, while the triamir@ does retain some activity,
suggests that an aminoglycoside-like mechanism of détimay
be operating whereby dehydropiperidine compo@ninds to a
specific RNA site. Tha® binds to a specific site, rather than a
random binding pocket, is also corroborated by the inability of its
5S6R diastereomer (i.e., compoui@ito mimic its biological action.

Encouraged by these results and the single report attributing
antitumor activity to thiostreptoh,we proceeded to test the
synthesized compound2-8) against a set of tumor cell lines,
including human non-small cell lung cancer (NCI-H460), human
colon cancer (HCT-116), human ovarian cancer (SK-OV-3), human
breast cancer (MCF-7), and human chronic myelogenous leukemia
cancer (K-562) cell lines. Shown in Table 2, the results were
interesting, for dehydropiperidine compougdexhibited higher
potency than thiostrepton against all cell lines tested (average LC
= 0.9uM for 2 and 2.3uM for thiostrepton; see Table 2). The
reduced compoun8 was also active against the same cell lines
with an average L& value of 2.0uM (see Table 2). Significantly,
the quinaldic acid subund, which was devoid of any antibacterial
action, exhibited considerable activity against these tumor cells
(LCso = 8.8 uM average value; see Table 2).

Prompted by the observation of the promising cytotoxic proper-

that for thiostrepton, 10 times less than that for teicoplanin, and ties of compound®, we then proceeded to test its action against
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Table 2. In Vitro Anticancer Activities of Thiostrepton (1) and its
Synthetic Fragments (2—8)12

of Health (USA) (to A.A.E.), and grants from Amgen, Merck,
Novartis, and Pfizer.

LCsp (uM)? . . . .
; - = ; . Supporting Information Available: Experimental procedures and
compound NCI-H460>  HCT-116°  SK-OV-37  MCR7® K562 compound characterization. This material is available free of charge
doxorubicin 0.042 0.12 0.075 0.36 0.08 via the Internet at http://pubs.acs.org.
Taxol 0.043 0.017 0.042 0.018 0.021
thiostrepton ) 15 1.6 2.8 3.8 1.7
2 0.9 0.6 1.2 0.9 08 References
3 NA9Y NA NA NA NA (1) Dennis, S. M.; Nagaraja, T. G.; Dayton, A. Res. Vet. Scil986 41,
4 5.7 7.3 8.0 17.0 6.0 251—-256.
5 NA NA NA NA NA (2) Jonghee, KPCT Int. AppIWO 2002066046, [CAN 137: 195555], 2002.
6 NA NA NA NA NA (3) (a) McConkey, G. A.; Rogers, M. J.; McCutchan, T.J Biol. Chem.
7 NA NA NA NA NA 1997 272, 2046-2049. (b_) Hardman, J. G.; leb_lrd, L. E.; Molinoff, P.
B.; Ruddon, R. W. A.; Gilman, GGoodman & Gilman's The Pharma-

8 19 16 2.7 2.0 17 cological Basis of Therapeutic8th ed.; The McGraw-Hill Companies:

a Concentration required to kill 50% of the céllHuman nonsmall cell
lung cancer cell line¢ Human colon cancer cell liné.Human ovarian
cancer cell line¢ Human breast cancer cell lineHuman chronic myel-
ogenous leukemia cancer cell lifeNA: not active at the highest
concentration tested (50M).

Table 3. In Vitro Activities of Thiostrepton (1) and its Synthetic
Fragment 2 against Ovarian Cancer Cell Lines?

New York, 1996; pp 965985.
(4) Ueno, M.; Furukawa, S.; Abe, F.; Ushioda, M.; Fujine, K.; Johki, S.;
Hatori, H.; Ueda, JJ. Antibiot.2004 57, 590-596.
Isolation: (a) Pagano, J. F.; Weinstein, M. J.; Stout, H. A.; Donovick, R.
Antibiot. Ann.1955-1956 554-559. (b) Vandeputte, J.; Dutcher, J. D.
Antibiot. Ann.1955-1956 560-561. (c) Steinberg, B. A.; Jambor, W.
P.; Suydam, L. O.Antibiot. Ann. 1955-1956 562-565. Structure
determination: (d) Bond, C. S.; Shaw, M. P.; Alphey, M. S.; Hunter, W.
N. Acta Crystallogr 2001, D57, 755-758. (e) Anderson, B.; Hodgkin,
D. C.; Viswamitra, M. A.Nature 197Q 225 233-235. (f) Hensens, O.

G

~

D.; Albers-Scliaberg, G.J. Antibiot. 1983 36, 799-813. (g) Hensens,

1Cso (uM)” 0. D.; Albers-Schnberg, GJ. Antibiot.1983 36, 814-831. (h) Hensens,
O. D.; Albers-Schnoberg, G.J. Antibiot. 1983 36, 732—845.
compound 1A% PTX10" AE? ADLOf (6) The chemistry, biology, and medicine of the thiopeptide antibiotics have
epothilone A 0.0024 0.0051 0.041 0.029 recently been reviewed: Bagley, M. C.; Dale, J. W.; Merritt, E. A.; Xiong,
; X. Chem. Re. 2005 105, 685-714.
$potr;|lone B 0060001150 006030278 000%1008 >0 105'025 (7) (a) Nicolaou, K. C.; Zak, M.; Safina, B. S.; Estrada, A. A.; Lee, S. H,;
axo : - - - Nevalainen, MJ. Am. Chem. So2005 127, 11176-11183. (b) Nicolaou,
thiostrepton {) 0.96 11 0.9 91.0 K. C.; Safina, B. S.; Zak, M.; Lee, S. H.; Nevalainen, M.; Bella, M.;
2 0.07 0.1 0.2 0.4 Estrada, A. A.; Funke, C.; Zei, F.; Bulat, S.J. Am. Chem. So2005

127, 11159-11175. (c) Nicolaou, K. C.; Zak, M.; Safina, B. S.; Lee, S.
H.; Estrada, A. A.Angew. Chem., Int. EQR004 43, 5092-5097. (d)
Nicolaou, K. C.; Safina, B. S.; Zak, M.; Estrada, A. A.; Lee, SArgew.
Chem., Int. Ed2004 43, 50875092. (e) Nicolaou, K. C.; Nevalainen,
M.; Zak, M.; Bulat, S.; Bella, M.; Safina, B. Angew. Chem., Int. Ed
2003 42, 3418-3424. (f) Nicolaou, K. C.; Nevalainen, M.; Safina, B.
S.; Zak, M.; Bulat, SAngew. Chem., Int. EQ002 41, 1941-1945. (g)
Nicolaou, K. C.; Safina, B. S.; Funke, C.; Zak, M.;&g F. J.Angew.
Chem., Int. Ed2002 41, 1937-1940.

(8) (a) Xing, Y.; Draper, D. EBiochemistry1996 35, 1581-1588. (b) Bowen,
W. S.; Van Dyke, N.; Murgola, E. J.; Lodmell, J. S.; Hill, W. E.Biol.
Chem.2005 280, 2934-2943.

(9) (a) de la Torre, B. G.; Torres, J. L.; Barda.; Claps, P.; Xaus, N.;
Jorba, X.; Calvet, S.; Albericio, F.; Valencia, G. Chem. Soc., Chem.
Commun.199Q 965-967. (b) For a review on the use and removal of

aCells were plated in 96-well plates and incubated with the test
compounds for 72 h. The cells were then fixed and processed for growth
using the sulfornodamine B ass®y.? Concentration required to inhibit
50% of cell proliferation Parental ovarian cancer cell lirf€Taxol-resistant
ovarian cancer cell line Epothilone A-resistant ovarian cancer cell line.
fP-glycoprotein (pgp)-overexpressing ovarian cancer cell line.

the human ovarian cancer cell line 1A9 and its drug-resistant
mutants PTX10 (taxol-resistant), A8 (epothilone A-resistant), and
AD10 (pgp-overexpressing). As shown in Table 3, this dehydro-
piperidine fragmentZ) exhibited remarkable potency against all

. K allylic protecting groups, see: GluipE. Tetrahedron1998 54, 2967—
these cell lines (average 4£= 0.19 uM; see Table 3), being 30}4’12_ P g group b 8
significantly more potent than its parent compound, thiostrepton (10) Strazzolini, P.; Verardo, G.; Giumanini, A. G. Org. Chem1988 53,

3321-3325.

(11) The configuration of the newly formed stereocenter was assigned by NOE
studies of a peptide-coupled derivative (see ref 7f).

(12) See Supporting Information for assay details.

(13) (a) Bower, J.; Drysdale, M.; Hebdon, R.; Jordan, A.; Lentzen, G.;
Matassov, N.; Murchie, A.; Powles, J.; RoughleyB®org. Med. Chem.

(2) (average 16 = 23 uM; see Table 3).

Combining significant antibacterial and antitumor activity,
compound2 represents an important finding in that it provides a
new lead for further exploration in chemical biology studies and
drug discovery efforts. The discovery @falso demonstrates the h?rtr'ﬁgr?r? %_3‘,3i20405r5- (r\%é\yigﬁé% KLe t%%%ﬂ'i‘gn,zﬁ%;z ngrloumis, D;
potential benefits of total synthesis endeavors and the power of (14 (a)Han, é.;ihao,g(j.; Fish, S.: Simonsen, K. B.: Vourloumis, D.: Froelich,
complex molecule construction in biology and medicine. Further J. M.; Wall, D.; Hermann, TAngew. Chem., Int. ER005 44, 2694~
studies to improve the potency of compouhend to elucidate its iﬁg%\,\f%ﬁgﬁfj ﬁ;{_zgtggbgf;f 'SE%‘_' (Ié'); E{Z&%@&?WYK.'?S??E?R&,T'
mode of action are warranted. E. S.; Sears, P. S.; Alper, P. B.; Rosenbohm, C.; Hendrix, M.; Hung,
S.-C.; Wong, C.-H.J. Am. Chem. Socl999 121, 6527-6541. (d)
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