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ABSTRACT

Lucensimycin A Lucensimycin B

Inhibition of protein synthesis is one of the validated and highly successful targets for inhibition of bacterial growth; this mechanism is a
target of a large number of clinical drugs. Ribosomal protein S4, a primary protein, is a potential target for the discovery of antibacterial
agents. We describe, using an antisense-sensitized  rpsD Streptomyces aureus strain, the discovery and activity of lucensimycins A and B.

The incidence of infections by drug-resistant bacteria con- small subunit is composed of 16S rRNA and 21 r-proteins,
tinues to grow and remains a serious threat to human lives.S1—S212 All but protein S1 of the small subunit appear to
Protein synthesis is one of the most effective antibacterial be essential for normal ribosomal functioning and protein
drug targets that has led to a number of clinically useful synthesig. The catalytic power of protein synthesis resides
agents. These include macrolides, aminoglycosides, tetra- in the ribosome itself. Ribosomal proteins help the ribosome
cyclines, streptogramins, lincosamides, and oxazolidinones.maintain its tertiary structure. Most of the drugs that are in
Protein synthesis is catalyzed by ribosomes which are clinical use today bind not only to rRNA but also to one or
composed of two asymmetric macromolecular components, more r-proteins. Alteration of the binding to either rRNA or
the large (50S) and small (30S) subunits. The large subunitr-proteins inactivates the action of drugsTherefore, it is
consists of two ribosomal RNAs (rRNAs), 23S and 5S, and expected that selectively altering the conformation of a

34 unigue ribosomal proteins (r-proteins),+£0134.122The particular r-protein or inhibiting the synthesis of an r-protein
would potentially result in the loss of function and may lead
; Corresponding author. Fax 1(732)594-6880. to the inhibition of protein synthesis. Small ribosomal protein
Merck Research Laboratories, Rahway, NJ. . . "

* CIBE, Madrid, Spain. S4 is encoded by thepsD gene in both Gram-positive and
(1) () Poehlsgaard, J.; Douthwaite N&it. Rev. Microbiol. 2005 3, 870 Gram-negative bacterfa.

881. (b) Singh, S. B.; Barrett, J. Biochem. PharmacoR006,71, 1006— . . . . . Lo

1015, S4 is a primary protein that is required for functioning of

(2) For reviews on ribosome and protein synthesis, see, for example: the ribosome. Its structure appears to be conserved across
(a) Ramakrishnan, VCell 2002, 108, 557—572. (b) Culver, G. M.
Biopolymers2003,68, 234-249. (c) Ogle, J. M.; Carter, A. P.; Ramakrish-
nan, V.Trends Biochem. Sc2003,28, 259—266. (3) Grundy, F. J.; Henkin, T. MJ. Bacteriol.1991,173, 4595—4602.
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Table 1. 'H and!3C NMR Data of Lucensimycin AXa) and B Ra) in CD;OD

la
no. dc Ou (J in Hz) all HMBC dc Ou (J in Hz) key HMBC
1 32.2 1.12, m 32.5 1.16, m
1.00, m 1.06, m
2 76.7 4.32,dt, 4.5, 11 C-1, 3,4, 10, 26, 1' 77.6 4.09, dt, 4.5, 11
3 45.8 1.55, m C-1,2,4,5,26 45.8 1.56, m
4 77.2 2.94,t, 10 C-2,3,5,6, 10 77.5 291,t, 10
5 45.3 1.80, m C-4,6,7,10 45.5 1.79, brt, 10
6 127.4 6.06, brd, 10 C-4,5,8,10 127.2 6.04, brd, 10
7 130.2 5.83,ddd, 10, 4.5, 2.5 C-5,9 130.4 5.83,ddd, 10, 4.5, 2.5
8 44.7 2.47, md, 13 C-6,7,10, 13,14 44.9 2.43, md, 13
9 53.3 -- 53.7 -
10 32.9 2.19, dt, 2.5, 12 C-1,2,5,6,8,9,11 33.3 2.06, dt, 2.50, 12
11 202.1 - 201.7 -
12 72.8 -- 73.6 -
13 46.0 3.29, ddd, 12, 8, 3.5 C-8, 11, 12, 14, 16, 22, 25 45.6 3.21,ddd, 13,9, 4 C-8, 12, 15, 16, 23, 25
14 32.7 2.44, q, 13 C-7,8,9,12,13,15 31.6 2.44,q,13
1.99, m C-7,8,9,12,13, 15 1.96, m
15 134.0 5.69, dd, 15,9 not used due to overlap 133.9 5.75,dd, 15,9
16 135.2 6.33,dd, 15, 11 C-13, 15,17, 18 135.7 6.28, dd, 15, 11
17 139.9 6.51,dd, 15, 11 C-15, 16, 18, 19 140.7 6.47,dd, 15, 11
18 132.8 6.41,dd, 15, 11 C-16, 17, 19, 20 131.8 6.36, dd, 15, 11
19 145.3 7.25,dd, 15, 11 C-17, 18, 20, 21 145.4 7.22,dd, 15, 11
20 123.8 5.93,d, 15 C-17, 18, 21 123.5 5.90,d, 15
21 170.7 -- 171.1 -
22 190.1 - 203.1 -
23 151.1 -- C-2,3,4 86.0 4.72,t,2.5 C-12, 22, 25
24 99.2 5.29,d, 3 C-12(w), 22, 23, 25(w) 60.2 3.92,dd, 13, 2.5 C-12 (w), 22, 23
5.62,d, 3 not used due to overlap 4.04, dd, 13, 2.5 C-22, 23
25 169.4 -- 172.3 -
26 14.7 1.07,d, 6.5 C-2,3,4 14.7 1.09,d, 6
27 16.9 1.11,s C-8,9, 10, 11 16.6 1.10, s
1 172.0 -- 172.6
2' 20.9 2.00, s C-1 21.0 C-1

a2a exhibited HMBC correlations identical to those fba. Only key correlations are listed here.

bacterial species and therefore represents a broad spectrurwith hexanes, and chromatographed on Sephadex LH20 in
target. In a genomewide strategy for the identification of methanol and by reversed-phasg BPLC to afford 3.6 mg
essential genes iBtreptomyces aureugsing antisense,
Forsyth et af. showed that thepsD gene function is essential
for bacterial growth.
Recently, we reported the design and application of a two-
plate whole-cell differential sensitivity screening assay using
an antisense-sensitiz&l aureusstrain in which the FabF
target was dialed downh.This led to the discovery of
platensimycin, a novel and potent FabF inhibitor with in vivo
antibiotic propertie§.A similar two-plate assay with a dialed
down rpsD gene by antisense was used to screen natural
product extracts. This strategy led to the identification of an
extract derived from a strain oStreptomyces lucensis
MA7349. Bioassay-guided fractionation of this extract led
to the isolation of lucensimycin Al@) and B Ra). The
isolation, structure elucidation, and activities of these com- 547.1944) suggesting 14 degrees of unsaturatiband!3C

pounds are herein described.
Streptomyces lucensiA7349 was isolated from a soil
sample collected in Martinique Islafidne liter of fermen-

concentrated and dissolved in methanehter (4:1), washed

5450

(3.6 mg/L) of 2a and 21.8 mg (21.8 mg/L) ofla as

amorphous colorless powdérs.
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2a: R1 = R2= H
2b:R1=D,Ry = CD3

HRESIFTMS analysis ofa produced a molecular formula
of CygH309 (Obsd m/z 547.1952; calcd for M+ Na,

NMR spectral data were in full agreement with the assigned
molecular formula. The UV spectrum showed an absorption
maximum atimax 280 nm suggesting a high degree of

tation broth (pH 5.0) was extracted with ethyl acetate, conjugation. The IR spectrum showed key absorption bands

for hydroxy (3417 cm?), ene-y-lactone (1816 cm), and
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ester (1740 cm') groups. Thé3C NMR spectrum in CEOD
(Table 1) displayed signals for 29 carbons which when

the molecule was connected to the COSY-derived fragment
by HMBC correlations. The downfielH NMR shift of H-2,

coupled with a DEPT spectrum suggested the presence ofits HMBC correlation to C-1(d¢ 172.0), and its HMBC
three methyls, three methylenes (one is olefinic), 15 methinescorrelation of CH-2' to C-1' confirmed the location of the

(seven spincluding two oxygenated and eight%pthree

acetate group at C-2. The angular methyl protogH (dx

quaternary carbons (one olefinic), three ester/lactone carbo-1.11) displayed two- and three-bond HMBC correlations to
nyls , and two ketones (an enone and a saturated ketone)C-10 (& 32.9), C-9 (& 53.3), C-8 (& 44.7), and C-11{c

The *H—H spin-coupling network was determined by a
DQCOSY experiment, and one-bond protararbon con-
nectivity was determined by an HMQC experiment. THe
NMR spectrum ofLadisplayed a doublet for a methyl a4

202.1) thus linking three additional carbons and producing
ring B. H-13 showed HMBC correlations to C-8, C-11, C-12
(6c 72.8), C-22 (¢ 190.1), and C-25 (§169.4) along with
correlations from both protons of the olefinic methylene to

1.07 (J= 6.5 Hz) suggesting the presence of a secondary C-22 and C-23dc 151.1), and a four-bond correlation, albeit
methyl group. The remaining methyl groups appeared asweak, to C-25 helped in assembling the C-ring and)ttac-

singlets, one resonating &t 1.11 and the other &k, 2.00,
indicating an angular and an acetyl methyl, respectively.
These methyls correlated ta: 14.7, 16.9, and 20.9 ppm,
respectively, in the HMQC experiment. Six of the eight
olefinic methines provided extended conjugation terminating
with a doublet for H-20 §4 5.93,J = 15 Hz) at one end
and a doublet of doublets for H-19( 5.69,J = 15, 8.5
Hz) at the other. The H-15 exhibited COSY correlation to
the H-13 (& 3.29, ddd,J = 12, 8, 3.5 Hz) which showed
correlations to 14 that in turn displayed COSY cross peaks
to the H-8 (& 2.47, md,J = 13 Hz). Careful analysis of the
COSY correlations of H-7 led to its connectivity to H-8
H>-14—H-13 on one side and to H-61-5 on the other
leading to the formation of ring A (H-5[H-10]—H-4—H-3—
H-2—H-1—[H-10]) and establishing the connectivity of the
major part of the molecule (Figure 1).

— DQCOSY, TOCSY
—= HMBC

Figure 1. COSY and HMBC correlations dfa.

The COSY/HMQC correlations also established the oxy-
genations at C-204 4.32, dt,J = 4.5, 11 Hz,0c 76.7) and
C-4 (04 2.94, 1,3 = 10 Hz,d¢ 77.2). The remaining part of

(4) Forsyth, R. A.; Haselbeck, R. J.; Ohlsen, K. L.; Yamamoto, R. T ;
Xu, H.; Trawick, J. D.; Wall, D.; Wang, L.; Brown-Driver, V.; Froelich, J.
M.; Kedar, G. C.; King, P.; McCarthy, M.; Malone, C.; Misiner, B.; Robbins,
D.; Tan, Z.; Zhu, Z.-Y.; Carr, G.; Mosca, D. A.; Zamudio, C.; Foulkes, J.
G.; Zyskind, J. WMol. Microbiol. 2002,43, 1387—1400.

(5) (@) Young, K.; Jayasuriya, H.; Ondeyka, J. G.; Herath, K.; Zhang,
C.; Kodali, S.; Galgoci, A.; Painter, R.; Brown-Driver, V.; Yamamoto, R.;
Silver, L. L.; Zheng, Y.; Ventura, J. |.; Sigmund, J.; Ha, S.; Basilio, A;
Vicente, F.; Tormo, J. R.; Pelaez, F.; Youngman, P.; Cully, D.; Barrett, J.
F.; Schmatz, D.; Singh, S. B.; Wang, Antimicrob. Agents Chemother.
2006,50, 519—-526. (b) Ondeyka, J. G.; Zink, D. L.; Young, K.; Painter,
R.; Kodali, S.; Galgoci, A.; Collado, J.; Tormo, J. R.; Basilio, A.; Vicente,
F.; Wang, J.; Singh, S. Bl. Nat. Prod.2006,69, 377—380.
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tone enone leading to the assignment of the planar structure
of 1a. The downfield*C NMR shift of C-12 {c 72.8) was
initially surprising; however, a similar shift is not unprec-
edented (for example, synthetic compoB)dc 73.7, C-2
and the acid-catalyzed product of delaminomycin4}) £°

HO
NH
@] (@] o
O,
\:\/\)j\ocsz TN
o ficozcsz o
3 4

The relative configuration ofta was determined by
NOESY, NOE difference, molecular modeling (ChemDraw
3D), and magnitude of the scalar couplings. H-2 exhibited
NOESY caorrelations to H-4 and H-10 suggesting their 1,3,5-
triaxial relationships in a chair conformation of ring A which
was further supported by the NOESY correlation of H-3 to

500 MHz, CD;0D
NOESY
mix time = 300 ms

Figure 2. NOESY and NOE difference data @f

H-5 (Figure 2). H-10 displayed a NOESY correlation to H-8
which in turn showed NOESY correlation to H-13 thus

(6) Wang, J.; Soisson, S. M.; Young, K.; Shoop, W.; Kodali, S.; Galgoci,
A.; Painter, R.; Parthasarathy, G.; Tang, Y.; Cummings, R.; Ha, S.; Dorso,
K.; Motyl, M.; Jayasuriya, H.; Ondeyka, J.; Herath, K.; Zhang, C.;
Hernandez, L.; Alloco, J.; Basilio, ATormo, J. R.; Genilloud, O.; Vicente,

F.; Pelaez, F.; Colwell, L.; Lee, S. H.; Michael, B.; Felcetto, T.; Gill, C.;
Silver, L. L.; Hermes, J.; Bartizal, K.; Barrett, J.; Schmatz, D.; Becker, J.
W.; Cully, D.; Singh, S. BNature2006,441, 358—361.
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establishing their 1,3-diaxial relationships and a trainans to the expected downfield shift of C-294 203.1). The
A/B/C ring fusion. The scalar couplings of these protons HMBC correlations of H-23 and H-24 to respective carbons
showed at least one large couplidg >10 Hz) confirming (Table 1) confirmed the hydration of C-2&-24 and
their axial assignments in chair-twisted-chair-twisted-chair confirmed the structur@a for lucensimycin B.
conformations. Th&-olefin geometry was assigned faf”, Lucensimycin A at 1Qg exhibited a 14 mm hazy zone
and an allE-geometry was assigned to the trienoic acid chain of clearance on agar plates seeded with a sensitized antisense
at C-13 by respectivévalues of 10 and 15 Hz. The relative rpsD strain compared to a 12.1 mm hazy zone of clearance
configuration of thespiro-y-lactone could not be determined. on a controlS. aureustrain. The zone of clearance was dose
Not surprisingly, the enone of-lactone showed reactivity = dependent with decreasing diameter and quality of zone of
to nucleophiles. For example, Michael addition of £ID clearance, tested at 2-fold dilutions. At 0.68, the zones
was observed when a solution (60 mg/mL)lafin CDsOD of clearance were 8 and 7.3 mm, respectively, with very hazy
was stored for 5 days leading to the formation of 30% of a qualities. Lucensimycin B was significantly less active and
deuterated adduct (2b, ESIM8/z578 (M + NH,4) and 559 only showed zones of inhibition of 9.3 and 6.8 mm,
(M — H)). Compoundla produced a monoacetateb respectively, at 1Qtg. These compounds did not show a
(ESIMSm/z567 (M + H); *H NMR (CD3;OD) 0n-4 4.53, t, significant zone differential between antisense and control
J = 10.5 Hz,0n-4ac 2.13, S) upon acetylation with A©/ plates indicating a lack of target specificity. Niether of these
CsDsN. On the basis of these data, structlisavas assigned  two compounds showed activity in a liquid MIC assay at

for lucensimycin A. the highest concentration of 25@)/mL against wild-type
Lucensimycin B (2a) was isolated as a minor congener S. aureus.
of la. Mass spectral analysis @ showed a molecular Delaminomycins A—C were reported froBtreptomyces

formula of GgH340,0 (0bsdm/z565.2024; calcd for Mt albulusMJ202-72F3 with antibacterial activity (MIC 29/

Na, 565.2049) and differed frote by an extra molecule of ~ mL againstS. aureus), inhibition of cell adhesion to an
water. Comparisons dH and'3C NMR spectra indicated  extracellular matrix receptor, and immunomodulator and
the absence of signals for the olefinic methylene group of cytotoxicity activitiest! Acid treatment of delaminomycin
the enone and exhibited the presence of an oxymetidine (A produced compound. Lucensimycins are natural products
4.72,t,J = 2.5 Hz;6c 86.0) and an oxymethylenéy( 3.92, and are not derived from acid treatment during isolation as
4.04, each dd]) = 13, 2.5 Hz;0c 60.2) group. The hydration  evidenced by direct HPLC analysis of the EtOAc extfact.
of the olefin resulted in elimination of the conjugation leading  In summary, we have described here the discovery and

(7) It was identified asStreptomyces lucensiMA7349 by 16S rDNA Sthture of two ne.W natl.”al .prOdUCts by using a new
analysis. Phylogenetic analysis of the strain suggested a close relationshipdntisense-based antibacterial discovery method. Unlike plat-
with Streptomyces lucenddBRC13056 with a bootstrapping value of 85%. ensimycin that was identified in the FabF program using this

The strain was grown on a 10 mL seed medi{icomposition in grams/ - e .

liter: soluble starch 20.0, dextrose 10.0, NZ amine type E 5.0, Difco beef method’ these pompounds C,"Sp,'ay, Weak anthIOtI(': activity

extract 3.0, Difco Bacto peptone 5.0, Difco yeast extract 5.0, and gaCO and may potentially weakly bind/inhibit the S4 protein. Weak

1.0} for 3 days at 28C. A portion of 5% of seed inoculum was transferred  activity prevented additional work on these compounds.

to a 50 mL production mediuicomposition in grams/liter: yellow corn

meal 40.0, lactose 40.0, Amberex pid a 250 mL Erlenmeyer flask and . . .

was incubated at 28C for 7 days at 220 rpm while maintaining 70% relative Supporting Information Available: *H and!*C NMR

hu?g)dgsr/]- al fesl6): [o0%% +9 (¢ 4.75, MeOH), UV (MeOH) data of compound$aand?2a. This material is available free
ysical propertiesl@): [0]>% ¢ 4.75, MeOH), e h .

Jimax 280 (= 18 570) nM: IRvma, (ZNS€) 3417, 2937, 1816, 1740, 1690, of charge via the Internet at http://pubs.acs.org.

1648, 1618, 1451, 1380, 1238, 1219, 1137, 1098, 1072, 1008, 986, 934,

898, 860, 820, 740, 665 crh (2): [0]2p + 41.1 (1.8, MEOH):Amax 285 OL062041R
(e = 19150) nm; IRvmax (ZeSe) 3384, 2930, 1801, 1750, 1691, 1617,
1452, 1381, 1241, 1137, 1097, 1063, 1009, 984, 860, 809, 739.cm (11) Ueno, M.; Amemiya, M.; Yamazaki, K.; lijima, M.; Osono, M.;
(9) Schobert, R.; Siegfried, S.; Nieuwenhuyzen, M.; Milius, W.; Hampel, Someno, T.; linuma, H.; Hamada, M.; Ishizuka, M.; Takeuchi.Antibiot.
F.J. Chem. Soc., Perkin Trans.2D00, 1723—1730. 1993,46, 1156—1162.
(10) Ueno, M.; Someno, T.; Sawa, R.; linuma, H.; Nagakawa, H.; (12) Whether compoun®ais a natural product or an artifact of hydration
Ishizuka, M.; Takeuchi, TJ. Antibiot. 1993,46, 979—984. of lais not clear.
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