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ABSTRACT

Lymphatic filariasis is caused by the parasitic nematodes Brugia malayi andWuchereria bancrofti, and asparaginyl-tRNA synthetase (AsnRS) is
considered an excellent antifilarial target. The discovery of three new tirandamycins (TAMs), TAM E (1), F (2), and G (3), along with TAM A (4) and B
(5), from Streptomyces sp. 17944 was reported. Remarkably, 5 selectively inhibits the B. malayi AsnRS and efficiently kills the adult B. malayi
parasite, representing a new lead scaffold to discover and develop antifilarial drugs.

Lymphatic filariasis (LF), also known as elephantiasis,
is caused by the parasitic nematodes Brugia malayi and
Wuchereria bancrofti and represents a worldwide health
crisis with over 200 million people infected and another
20% of the global population at risk for infection.1,2 In
1997, the World Health Organization (WHO) passed a
resolution, prioritizing “the elimination of LF as a public
health problem” andmore recently announced the discov-
ery of effective macrofilaricides, drugs that can kill adult

female worms, a top priority.3 This action was spurred by
concerns related to resistance to current antihelminth
agents in addition to the long-standing desire to impair
transmission amonghosts. Programsaimedat interrupting
disease transmission have been based onmass distribution
of ivermectin and albendazole.3-6 However, resistance to
both agents is well-known and both agents suffer from
serious limitations: neither agent is effective at killing adult
worms (macrofilariae) and serious side effects are asso-
ciated with both drugs.7-9 A clear need exists to identify
new antiparasitic agents with new, alternative modes of
action.9
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Aminoacyl tRNA synthetases (AARSs) were the first
filarial targets embraced by the WHO10 and are generally
regarded as excellent therapeutic targets because they (i)
perform important primary and secondary transforma-
tions within eukaryotes including filarial and other human
and veterinary parasites, (ii) are essential to microbial
viability, and (iii) demonstrate primary and secondary
structural heterogeneity while sharing a common catalytic
site topologycritical to recognitionby inhibitors thatblock the
synthesis or release of the aminoacyl adenylate intermediate.
Among the AARSs, asparaginyl-tRNA synthetase

(AsnRS) is, in particular, an excellent filarial target be-
cause (i) it is expressed in both sexes, adults, and larvae of
B. malayi;2,11 (ii) it is well-characterized biochemically and
structurally in several species, including B. malayi; and
(iii) a high-throughput screening (HTS) platform with
recombinant B. malayi AsnRS for inhibitors has been
developed.12 Most recently, the complete atomic structure
of the B. malayi AsnRS has been determined and the
structural basis of asparagine and false substrate recogni-
tion elucidated.13

Despite the rise to prominence of combinatorial chem-
istry, natural products remain a valuable source of new
drug leads and have demonstrated almost limitless poten-
tial in showcasing new molecular scaffolds with clinically
relevant biological activities.14 As part of a drug discovery
program targeting the B. malayi AsnRS, we recently
completed an HTS campaign of ∼73000 microextracts,
from a collection of 36 720 microbial strains, for activity
against recombinant B. malayi AsnRS. Of the extracts
screened, 199, representing 177 strains, induced at least
70% inhibition.We now report bioassay-guided dereplica-
tion of one of these active strains, Streptomyces sp. 17944,
discovering three new tirandamycins (TAMs), TAME (1),
F (2), andG (3) along with two knownTAMs, TAMA (4)
and TAM B (5) (Figure 1A). Remarkably, 5 selectively
inhibits the B. malayiAsnRS and efficiently kills the adult
B.malayiparasite. Toour knowledgeTAMshavenot been
recognized previously for use in the treatment or preven-
tion of LF. Consequently, 5 represents a new lead scaffold
for the discovery and development of antifilarial drugs.
The S. sp. 17944 strain was cultivated in the ISP2

medium, and natural product isolation was guided by
bioassay for inhibitory activity against recombinant B.
malayiAsnRS (see Supporting Information). Thus, a solid
phase extract of 7.2 L of the resultant fermentation,
prepared using 3% Amberlite XAD-16 resin and

previously described procedures,15 was subjected to silica
gel and Sephadex LH-20 chromatography, followed by
further purification with reversed-phase HPLC, to afford
1-5 (see Supporting Information). Analysis of high reso-
lution ESI-MS (HRESIMS) data and 1H and 13C NMR
spectra (Table S1) suggested 4 and 5 to be TAMA and B,
respectively, whose identities were unambiguously con-
firmed by extensive 1D and 2D NMR (gCOSY, gHSQC,
and gHMBC) analyses, as well as comparison to pre-
viously reported spectroscopic data (Figure 1A).16

The molecular formula of 1 was determined to be
C22H29NO7 by HRESIMS, affording an [M þ Na]þ ion
at m/z 442.18355 (calculated [M þ Na]þ ion at m/z
442.18362) and indicating that 1 differs from 4

(C22H27NO7) by the presence of two additional protons.
The 1H and 13C NMR spectral data (Tables 1 and S1)
supported a close structural relationship between 1 and 4,
demonstrated by the consistent appearance of the olefinic
and methyl signals of the dienoyl acyl chain and the
geminal protons of the tetramic acid methylene carbon.
Correlations observed in gDQCOSY, gHSQC, and
gHMBC experiments further confirmed 4 and 1 have
identical carbon backbones except for the oxygenation
patterns of the bicyclic ketal moiety. Close examination of
the NMR data for 1 and 4 (Tables 1 and S1) revealed
that the disappearence of the C-10 carbonyl carbon of 4

Figure 1. Isolation and structural determination of TAMs from
S. sp. 17944: (A) structures of the three new TAMs, TAME (1),
F (2), and G (3), and the two known TAMs, TAM A (4) and B
(5); (B) keyCOSY andHMBC correlations for 1-3; and (C) key
NOESY correlations for 1 and 3.
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(δC 202.8) with the concomitant appearance of the oxyge-
nated methine carbon (δC 67.3, C-10) and an additional
proton signal (δH 4.41, H-10), together with the MS data,
suggests that 4 was likely a C-10 reduced congener of 1
(Figure 1A). This conclusion was further confirmed by
gHMBC correlations ofH-10 (δH 4.41) withC-8 (δC 36.6),
C-9 (δC 71.8), C-11 (δC 64.2), and C-12 (δC 56.4) and the
COSY correlation between H-10 and H-9 (Figure 1B).
Since the absolute stereochemistry of 4 was known,17 1,
with the exception of C-10, was assigned the same stereo-
chemistry as that of 4 on the basis of its biosynthetic origin.
Finally, the C-10 stereochemistry of 1 was deduced on the
basis of the NOESY spectrum. Key correlations between
H-10/H-9, H-11/H-18, and H-9/H-8 (Figure 1C) are con-
sistent with the assignment of an R configuration to C-10
of 1, which we named TAM E (Figure 1A).
The molecular formula of 2 was determined to be

C21H27NO7 by HRESIMS, yielding an [M þ Na]þ ion at
m/z 428.16998 (calculated [M þ Na]þ ion at m/z
428.16797), which differs from 1 by the absence of a CH2

unit. The structure of 2was established by careful compar-
ison of the NMR data between 1 and 2 (Table 1). The
absence of a doublet methyl signal and a methine signal
with the concomitant presence of onenewmethylene signal
suggested 2 as a desmethyl congener of 1. This conclusion
was further supported by a gHMBC correlation of Ha-8
(δH 1.66) with C-6 (δC 39.2), C-7 (δC 71.1), and C-10 (δC
63.7) and COSY correlations among Ha-8 (δH 1.66), H-7
(δH 3.93), and H-9 (δH 4.15) (Figure 1B). Thus, 2 was

finally assigned as 8-desmethyl TAME, hereafter regarded
as TAMF, with the same absolute stereochemistry as that
of 1 on the basis of their common biosynthetic origin
(Figure 1A).
The molecular formula of 3 was determined to be

C22H31NO7 by HRESIMS, giving rise to an [M þ Na]þ

ion at m/z 444.19900 (calculated [M þ Na]þ ion at m/z
444.19927), which differs from 1 by the presence of two
additional protons. Careful analysis of the 1H and 13C
NMR data for 1 and 3 indicated that the characteristic 11,
12-epoxide resonances in 1 (δC 64.2 for C-11 and δC 56.4
for C-12) were replaced by a downfield shifted oxygenated
methine signal (δC 75.8 for C-11) and an upfield shifted
methine signal (δC 47.1 for C-12) in 3 (Table 1). Together
with the MS data, 3 was suggested to be the epoxide ring-
reduced congener of 1, which was further supported by
gHMBC correlations of H-11 (δH 3.95) with C-9 (δC 73.2)
andH-12 (δH 1.78) with C-10 (δC 77.1) andC-13 (δC 99.3),
as well as COSY correlations among H-12 (δH 1.78), H-11
(δH 3.95), and H-18 (δH 1.14) (Figure 1B). The stereo-
chemistry of 3 was assigned as 10R, 11R, and 12R on the
basis of a NOSEY experiment, and key observations
included correlations between H-10/H-7, H-12/H-18, and
H-12/H-14 (Figure 1C). Finally, 3 was named TAM G,
with the rest of its stereochemistry to be the same as that of
4 on the basis of their common biosynthetic origin
(Figure 1A).
Having each of the TAMs purified and their structures

established, we re-evaluated their inhibitory activity
against the B. malayi AsnRS, taking advantage of our
recently reported nonradioactive assay that uses malachite
green to measure rates and yields of phosphate generated

Table 1. Summary of 1H (500 MHz) and 13C (125 MHz) Spectroscopic Data for 1, 2, and 3 (in CDCl3)

1 (J in Hz) 2 (J in Hz) 3 (J in Hz)

position δH mult δC δH mult δC δH mult δC

1 175.7, s 175.7, s 175.5, s

2 7.15, d (16.0) 116.5, d 7.16, d (15.5) 116.6, d 7.14, d (16.0) 116.1, d

3 7.60, d (15.5) 150.6, d 7.58, d (16.0) 150.5, d 7.59, d (15.5) 150.5, d

4 134.7, s 135.3, s 134.4, s

5 6.29, d (9.5) 145.4, d 6.07, d (9.5) 147.0, d 6.24, d (9.5) 146.0, d

6 2.89, m 35.0, d 2.64, m 39.2, d 2.87, m 34.3, d

7 3.92, d (10.5) 76.2, d 3.93, m 71.1, d 3.58, d (11.0) 79.2, d

8 2.04, m 36.6, d 1.90, m

1.66, m

26.1, t 1.98, m 35.3, d

9 3.98, m 71.8, d 4.15, m 68.3, d 4.01, m 73.2, d

10 4.41, d (7.0) 67.3, d 4.30, d (6.5) 63.7, d 3.96, m 77.1, d

11 3.19, s 64.2, d 3.15, s 63.9, d 3.95, m 75.8, d

12 56.4, s 56.3, s 1.78, m 47.1, d

13 96.5, s 96.4, s 99.3, s

14 1.42, s 22.3, q 1.37, s 22.5, q 1.36, s 26.9, q

15 1.93, s 12.5, q 1.92, s 12.9, q 1.91, s 12.3, q

16 1.14, d (7.0) 17.3, q 1.08, d (7.0) 16.3, q 1.13, d (6.0) 17.1, q

17 0.96, d (7.5) 13.2, q - - 0.96, d (7.5) 12.8, q

18 1.40, s 16.6, q 1.35, s 16.7, q 1.14, d (6.5) 12.8, q

20 176.7, s 176.8, s 176.5, s

30 100.1, s 100.2, s 99.8, s

40 192.8, s 192.8, s 192.4, s

50 3.82, s 51.8, t 3.82, s 51.8, t 3.82, s 51.5, t
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by the recombinant AsnRS.12 This “pretransfer editing
assay” exploits the novel asparagine substrate mimic
L-aspartate β-hydroxamate to drive the enzymatic activity
ofAsnRS.Amolecular explanation forwhy this asparagine
mimic functions so efficiently in the assay has been provided
by our recently solved B. malayiAsnRS structure.13 Assays
of pure 1-5 revealed that 5 inhibitedB. malayiAsnRSwith
an IC50 of 30 μM; the other four TAMs showed IC50> 200
μM. Remarkably, under identical assay conditions, 5 ex-
hibited minimally 10-fold selectivity for the B. malayi
AsnRS over the human AsnRS (Figure 2A), suggesting 5

as a promising lead for antifilarial drug discovery.

Finally, we showed that 5 can efficiently kill the adultB.
malayi worm in vitro. Live adult female B. malayi worms
were maintained in 6-well plates, and 5 (100 μM) was
added to select wells compared with albendazole, a known

LF drug, serving as a positive control.8,9B.malayi are very
amenable to visual health assessment as healthy worms
are vigorously motile and coiled, whereas dead worms
assume an elongated morphology devoid of movement
(Figures 2B and 2C). Worm death can also be differen-
tiated from simple paralysis, using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT); live
worms reduce MTT to formazan, a spectroscopically
unique species whose absorption at 510 nm provides a
real-time measurement of filarial viability.18 As shown in
Figure 2D, 5 kills the adult worms with a yield similar to
that observed with albendazole. The efficiency with which
5 (100 μM) kills adult worms is remarkable: whereas 100
μM albendazole requires >10 days to effectively kill
worms, 5 induces dramatic filarial death after less than
24 h. The IC50 for 5 to kill the adult worms calculated using
the MTT assay was found to be 1 μM. This finding, in
combination with the ability of 5 to selectively inhibit the
filarial AsnRS, thereby targeting B. malayi, constitutes the
basis for continued chemical and biological efforts to
understand the mode of action of 5 and the application
of both combinatorial biosynthesis and medicinal chem-
istry methods to the 5 scaffold for a structure-activity
relationship study. The fact that the TAM biosynthetic
gene cluster has been recently cloned and partially
characterized19 further heightens enthusiasm for the ap-
plication of combinatorial biosynthesis strategies to over-
produce 5 and to enhance structural diversity. Although
other activities20 known for the TAMs may complicate
future drug development effort, 5 represents an outstand-
ing natural product lead scaffold that could be exploited to
combat the global health crisis of LF.
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Figure 2. Summary of antifilarial activity of 5. (A) In vitro anal-
ysis of AsnRS inhibition by 5 against human and filarial AsnRS
using pretransfer editing assay. Lane/Reaction contents: (1) human
AsnRS; (2) human AsnRS, 150 μM 5; (3) B. malayi AsnRS; (4)
B. malayi AsnRS, 150 μM 5. Assays employed limiting (50%)
maximal enzyme activity. (B) Live worms are coiled and motile,
whereas dead worms (C) are elongated and nonmotile. (D) Live
worms reduceMTTwhich leads to absorption at 510 nm. Lane/
Reaction contents: (1) B. malayi, DMSO; (2) B. malayi, 100 μM
albendazole as a positive control; (3) B. malayi, 100 μM 5.
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