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Chemical and biological studies of reveromycin A

Hiroyuki Osada

The research on antibiotics requires the integration of broad areas, such as microbiology, organic chemistry, biochemistry and
pharmacology. It is similar to the field of chemical biology that is recently popular as an approach for drug discovery. When we
isolate a new compound from a microorganism, we can pursue the interesting research on chemistry and biology. In this review,
| would like to introduce our achievements in relation to reveromycin A.
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INTRODUCTION

Currently, antibiotics are widely used in medicine and agriculture
as antimicrobial compounds. Selman A Waksman (1888-1973)!
originally defined an antibiotic as a substance produced by one
microorganism that interferes with the growth or function of other
microorganisms. Since the mid-1950s, several antitumor compounds
and molecules with other bioactivities have been isolated from
microorganisms, broadening the definition of antibiotics to include
antitumor compounds, enzyme inhibitors and other compounds.
Despite this broadening of the recognized biological activities of
microbial metabolites, the term ‘antibiotic’ should be used to refer
to an antimicrobial substance to eliminate confusion. From a different
perspective, ‘antibiotics’ can be understood as the name of an
academic field in the same sense that economics, physics, and
mathematics are academic fields. Thus, we recognize ‘antibiotics’ as
an academic area that integrates broader areas, such as microbiology,
organic chemistry, biochemistry, and pharmacology. Recently, the
field of chemical biology, which integrates chemistry and biology, has
provided a productive approach to drug discovery. The concept of
‘antibiotics’ is similar to the concept of ‘chemical biology.’

In this review, I would like to introduce our achievements in
relation to reveromycin A that was isolated from a soil microbial
strain. The starting point of our research is always the isolation of new
compounds. Once such a compound is identified, we can pursue
unique lines of research, including studies of its mode of action
and biosynthesis. Our chemical biology research thus originates in
antibiotics research.

THE ORIGIN OF CHEMICAL BIOLOGY IN RIKEN

I would first like to describe RIKEN, the abbreviation for the Japanese
name for the Institute of Physical and Chemical Research. RIKEN was
modeled on the Kaiser Wilhelm Society and was formally founded in
1917. In 2003, Nobel laureate Dr Ryoji Noyori assumed the presidency
of RIKEN. In 2015, RIKEN became one of the national research and
development institutions and Dr Hiroshi Matsumoto succeeded
Dr Noyori as the president. RIKEN is the largest comprehensive

research institution in Japan, with a diverse range of scientific
disciplines.

When we trace the history of chemical biology in RIKEN, we recall
two pioneers of ‘Nogei Kagaku’, a discipline that is similar to
agricultural that
biological phenomena by understanding chemical compounds.>?
Umetaro Suzuki (1874-1943) aimed to cure beriberi and he isolated
oryzanin from rice bran; this compound is now known as thiamine
(vitamin B1). This was the first vitamin to be identified and
its discovery initiated the field of vitaminology. Teijiro Yabuta
(1888-1977) revealed the cause of bakanae (or ‘foolish seedling’)
disease in rice plants. Bakanae disease is caused by a fungal infection
by Gibberella fujikuroi. Yabuta isolated gibberellin from the fungus, a
molecule that was subsequently detected ubiquitously in plants and
was ultimately recognized as a plant hormone. Our chemical biology
research at RIKEN has developed from the foundations established by
these scientists. Kin-ichiro Sakaguchi (1897-1994) was an applied
microbiologist who proposed the establishment of a culture collection
to provide a central microorganism stock for Japan. This collection has

chemistry and aims to explain unsolved

ensured that important microorganisms are safely stored and can be
readily accessed by researchers who want to use them for
their investigations or inventions. Storage and distribution of these
microorganisms support the work of both basic and industrial
research. This pioneering work encouraged me to establish the
chemical bank, a natural product depository (NPDepo) at RIKEN.
Saburo Suzuki and Kiyoshi Isono were former directors of the
RIKEN Antibiotics Laboratory that I currently direct. In the 1960s,
they discovered polyoxin, an antifungal compound that was
marketed worldwide.* Moreover, the studies that resulted in the
discovery of polyoxin initiated various lines of basic research, such as
mode of action and total synthesis studies.>®

BIOPROBES
When I became the director of the Antibiotics Laboratory at RIKEN,
I focused on microbial metabolites that were active against cancer
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cells. We isolated novel compounds from microorganisms, and tested
these using chemical and biological approaches.”

We have been investigating and controlling protein activities using
small molecules. In molecular biology, gene mutation, gene knockout
and RNA interference are the major strategies used to analyze protein
function.® Although these methods are reliable and specific to the gene
of interest, they can take a long time to produce results. Chemical
biology or chemical genetic approaches use small molecules that alter
protein function rapidly and conditionally, just by their addition or
removal. We named these ‘bioprobes’ and they provide useful tools to
investigate the biological functions of proteins.®® Some of these
compounds are commercially available (Figure 1).

THE MODE OF ACTION OF REVEROMYCIN A
During an antitumor compound screening study, reveromycin A was
isolated from a soil bacteria, Streptomyces reveromyceticus SN-593,
and found to inhibit mitogenic activity induced by epidermal
growth factor.! We subsequently examined the antitumor activity
of reveromycin A in vivo and revealed its mode of action.'!"14

Reveromycin A showed potent in vivo antitumor activity against
hormone-dependent tumors, such as ovarian cancer and prostate
cancer, but was not as active against other types of tumors.1* However,
even in mice where reveromycin A did not cure the tumors, it did
protect from terminal-stage cachexia and hypercalcemia. This
observation indicated that reveromycin A might be involved in
calcium homeostasis. Bone provides a calcium reservoir and its
remodeling is regulated by osteoblasts and osteoclasts. We evaluated
the effects of reveromycin A on osteoclasts and osteoblasts. As shown
in Table 1, reveromycin A was not strongly cytotoxic to tumor cells,
but it did have potent and selective effects on osteoclasts. When
reveromycin A was added to a coculture of osteoclasts and osteoblasts,
the osteoclasts were killed and the osteoblasts survived. The data
clearly demonstrated this selective toxicity of reveromycin A toward
osteoclasts (Figure 2).1

Next, we wanted to know why reveromycin A selectively killed
osteoclasts. We assumed that reveromycin A did not penetrate the cell
membrane because of the acidity derived from three carboxylic acid
residues (Figure 3). In general, acidic compounds show poor
membrane permeability under normal conditions because the plasma
membrane consists of negatively charged phospholipids. However,
mature osteoclasts form an acidic environment to resorb bones. Under
these acidic conditions, the protonation of carboxylic acid in
reveromycin A is suppressed and reveromycin A can enter osteoclasts.
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Figure 1 Commercialized compounds developed by the Osada group.
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To test this hypothesis, we synthesized [*H]-labeled reveromycin A
and demonstrated its selective incorporation into osteoclasts.
As shown in Figure 4, reveromycin A was incorporated into
the mature osteoclasts in their acidic environment, but not into the
macrophages; these are the osteoclast precursor cells and they do not
produce acid. Reveromycin A also failed to enter other cell lines. These
observations suggested that the selective toxicity of reveromycin A
related to its membrane permeability. The low membrane
permeability of osteoblasts and osteoclast precursor cells rendered
them resistant to reveromycin A, but the acidic environment formed
by mature osteoclasts made them highly sensitive to reveromycin A.

To reveal the molecular target of reveromycin A, we collaborated
with Dr Miyakawa’s group in Hiroshima University.!!7 The target
was identified as isoleucyl-transfer RNA (tRNA) synthetase using a
genetic approach in Saccharomyces cerevisiae.’” One amino acid
substitution, from asparagine to aspartic acid at position 660 in the
yeast isoleucyl-tRNA synthetase gene (ILSlp), produced a
reveromycin-resistant enzyme (Figure 5). Later, we carried out
biochemical analyses that revealed that isoleucyl-tRNA synthetase is
also the target of reveromycin A in osteoclasts. Isoleucyl-tRNA

Table 1 Cytotoxicity of reveromycin A against cell lines, bone marrow
cells, osteoblasts and osteoclasts

Cell Lineage ICs50 (um)
THP-1 Human monoblast 21.3
U937 Human monoblast 17.6
HL60 Human promyeloblast 21.2
K562 Human myeloblast 19.7
K549 Human lung carcinoma >100
Hela Human cervical carcinoma 78.0
MCF-7 Human adenocarcinoma >100
Jurkat Human T-cell lymphoma 52.5
Raji Human B-cell lymphoma 23.6
KYM-1 Human rhabdomyosarcoma 53.2
RAW264 Mouse monocyte 38.1
NIH3T3 Mouse fibroblast >100
EL4 Mouse T-cell lymphoma 64.5
BaF3 Mouse B-cell lymphoma 76.0
NRK Rat kidney cell 74.9
Bone marrow Purified from mouse bone >30
Osteoblast Purified from mouse calvariae >30
Osteoclast Purified from coculture 0.21
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Figure 2 The effect of reveromycin A on osteoblast and osteoclast cocultures
prepared from rodent bone marrow. Osteoclasts and osteoblasts were
cocultured in the absence (upper panel) or presence (lower panel) of
reveromycin A.
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synthetase is an essential enzyme for protein synthesis in prokaryotes
and eukaryotes. Analyses of one point mutation in this enzyme
indicated that the reveromycin A-binding site was located at the
editing domain of isoleucyl-tRNA synthetase. The amino acid
sequence of this domain is conserved in eukaryotic organisms, but
differs in prokaryotes. Therefore, reveromycin A inhibited the enzyme
activity of eukaryotic isoleucyl-tRNA synthetase, but not of bacterial
isoleucyl-tRNA synthetase. Moreover, the survival of osteoclasts is
more dependent on isoleucine and glutamine than on proline and
alanine. When isoleucine or glutamine is removed from the cell
culture medium, osteoclasts rapidly enter apoptosis.

Taken together, we could propose two mechanisms underlying the
specific effects of reveromycin A on mature osteoclasts. The first
relates to the membrane permeability of reveromycin A that does not
enter normal cells but can penetrate osteoclasts because of their

OCs:
Mouse osteoclasts
Mo :
Mouse macrophages
RAW264 :
Mouse macrophages
MC3T3-E1 :
Mouse osteoblastic cells
UAMS :
Mouse osteoblastic cells
MDCK :
Canine kidney epithelial cells
BG-1:
Human ovarian carcimona
Colon26 :

O, ¢, 8n Cp, Mouse rectum carcinoma
a1, 20 Y #4;,4233,314,‘;’0% 6 Vlopla tita:

7 Human cervical carcinoma
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Figure 4 Incorporation of [3Hlreveromycin A into cells. BG-1, human ovarian
carcinoma cells; Colon26, mouse rectal carcinoma cells; Hela, human
cervical carcinoma cells; M¢, mouse macrophages; MC3T3-E1, mouse
osteoblastic cells; MDCK, canine kidney epithelial cells; OCs, mouse
osteoclasts; RAW264, mouse macrophages; UAMS, mouse osteoblastic cells.
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Figure 3 The mode of action of reveromycin A that is selectively incorporated into osteoclasts.
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Identity % of aa
609-613 658-664
H. sapiens 100 | KMSKS WYNAYRF | 1262 aa
602-606 658-664
S. cerevisiae 54.1 [ KMSKS WWNSFYK [1072 aa
602-606 648-654
E. coli 27.7 | KMSKS AADSYRR |938 aa
N660D  (AAU= GAU)

Figure 5 Amino acid sequences of human, yeast and bacterial isoleucyl-transfer RNA (tRNA) synthetase. The yeast enzyme may be resistant to reveromycin A

because of the lack of a potential binding sequence of amino acids.

acidic environment. The second relates to the greater dependency of
osteoclasts on isoleucine for survival, as compared with other

cell types.

IN VIVO EFFICACY OF REVEROMYCIN A

Osteoporosis is caused by augmented osteoclast activity. Metastatic
bone disease is also mediated by osteoclast function.'® Therefore,
osteoclasts are the ideal therapeutic target to treat both osteoporosis
and bone metastasis.

Antiosteoporotic activity

We first examined the antiosteoporotic activity of reveromycin A using
an ovary-removed mouse model. The removal of the ovaries from
female mice causes similar symptoms as those seen in postmenopausal
human osteoporosis. Figure 6 shows the bone density of the trabecular
bone area!® that was markedly reduced in the ovary-removed mice.
However, this bone density loss was suppressed in mice treated with
reveromycin A. Similar protective effects were observed in mice
receiving a low-calcium diet.!>!°

Antimetastatic activity
We examined the antimetastatic activity of reveromycin A using a
bone metastasis model system, in collaboration with Dr Sone’s group
in Tokushima University.2 Human small-cell lung cancer SBC-5 cells
were injected intravenously in natural killer cell-depleted SCID (severe
combined immunodeficient) mice. In this model, the tumor cells
formed metastatic foci in the bone, as well as in the lungs, liver and
kidneys. Administration of reveromycin A inhibited the bone
metastasis, but not those located in other organs. These findings
clearly indicated that reveromycin A did not kill the tumor cells, but
inhibited bone metastasis, presumably via its antiosteoclastic activity.
Research conducted by our collaborators, Dr Len Neckers
and colleagues, at the National Cancer Institute, USA, found that
17-N-allylamino-17-demethoxygeldanamycin ~ (17-AAG),  which
shows potent antitumor activity against various tumors, unexpectedly
promoted bone metastasis of prostate tumors. These researchers
speculated that inhibition of Src-protein by 17-AAG activated
osteoclast function because the Src protein plays an important role
in osteoclast homeostasis. A tyrosine kinase inhibitor, dasatinib, was
found to inhibit the bone metastasis induced by 17-AAG in prostate
tumor-bearing mice. A combination therapy study was conducted
using 17-AAG and reveromycin A and this found that reveromycin A
had a potent suppressive effect on the effects of 17-AAG on prostate
tumor bone metastasis.?!

Antiperiodontitis activity
When we reported the antiosteoclastic activity of reveromycin A,
Drs Miyazawa and Goto in Aichi-Gakuin University were interested
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Figure 6 Reveromycin A prevented osteoporosis in ovariectomized mice. The
mouse trabecular bones are shown in the upper panel (soft X-ray). (a) Bone
prepared from a mouse without intact ovaries. (b) Bone prepared from
an ovariectomized mouse. (c) Bone from an ovariectomized mouse treated
with reveromycin A. Reveromycin A was injected intravenously at the
indicated dose twice daily. Quantification of trabecular density by peripheral
quantitative computed tomography (pQCT) is shown in the lower panel.
*P<0.05; **P<0.001.

in using reveromycin A to treat periodontitis, a gum disease.
They established a unique model of periodontitis in mice. It was
previously thought that microbial flora caused human periodontal
disease. However, even though these causal bacteria were absent from
the mouse mouth, symptoms similar to those of periodontitis were
observed in mice. This indicated that novel compounds that differed
from antibacterial agents such as minocycline were required to treat
periodontitis.22 At first, these researchers considered whether the
suppression of osteoclast function could cure periodontitis and used
bisphosphonates, analogs of pyrophosphate, to suppress osteoclast
activity. However, this approach did not produce the expected results.
Moreover, several reports describe adverse effects of bisphosphonates.
Bisphosphonates are firstly incorporated into bone and then into
osteoclasts. Therefore, these compounds can sometimes increase jaw
fragility. Thus, they wanted to investigate whether reveromycin



A provided effective treatment of periodontal disease, as an alternative
to the bisphosphonates.

When an elastic module was inserted between the teeth, the number
of osteoclasts increased and alveolar bone loss was observed. The
bone loss in osteoprotegerin-deficient knockout mice was similar
to that observed in periodontitis. Administration of reveromycin A
to osteoprotegerin-deficient mice reduced osteoclast counts and
suppressed alveolar bone loss.?>%

In summary, these in vivo evaluations of reveromycin A showed that
it was active against osteoclasts and had potent activity in animal
models of osteoporosis, bone metastasis of tumor cells and periodontal
disease.

BIOSYNTHESIS OF REVEROMYCIN A

To pursue further in vivo evaluation, a large amount of reveromycin A
was required. Although we had succeeded in the total synthesis of
reveromycin A, this chemical synthesis method was unable to supply
sufficient quantities of reveromycin A.2°% One of the difficulties
associated with this synthesis was the instability of the spiroacetal ring;
this 6,6-membered ring was easily converted to a 5,6-membered ring.
It was also difficult to succinylate the tertiary hydroxyl residue
(Figure 7). We therefore executed this reaction under ultrahigh
pressure. To overcome these difficulties, we developed a biosynthetic
method by gene engineering of the reveromycin gene cluster.
This facilitated reveromycin A production by microorganisms at a
normal pressure and temperature.

We succeeded in the cloning of the reveromycin A biosynthetic
gene cluster among many similar polyketide synthase gene clusters.’
The key point was that we knew the specific medium that enhanced
reveromycin A production. Because the production titer of
reveromycin A was low initially, we tested several different kinds of
fermentation media in order to optimize fermentation of the
actinomycetes strain. This found that the V8 juice-containing medium
was the most effective. We then investigated which ingredient of
this juice had the greatest effect and found that tomato extract
enhanced the production of reveromycin A. Next, we studied which
specific polyketide synthase genes were induced by tomato extract.
After exploring the expression of genes encoding ketosynthase—
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acyltransferase and enoylreductase by reverse transcription-PCR, we
identified the reveromycin biosynthetic gene cluster that extended for
91 kb and contained 21 open reading frames (Figure 8).2°
Polyketide compounds including a spiroacetal moiety

The spiroacetal structure is widely found in natural products.
However, with the exception of several antibiotics, the biosynthetic
routes for spiroacetal ring formation have not been fully elucidated.
To date, two possible biosynthetic routes have been proposed: one
3031 and the
other one involves dehydrative cyclization.’> A polyether compound,

involves cyclization of epoxide/ketone intermediates

monensin A, is biosynthesized via cyclization of epoxide/ketone
intermediates.’®3! On the other hand, a protein phosphatase inhibitor,
tautomycin, and an anthelmintic antibiotic, avermectin, were reported
to be synthesized via dehydrative cyclization.>?

Regarding reveromycin A biosynthesis, we used a combination of
biochemical analyses and gene knockdown to identify two enzymes
(RevG and Rev]) that were involved in spiroacetal formation
(Figure 9).2° RevG acted as a dihydroxy ketone synthase and formed
the keto-diol product. Interestingly, this keto-diol intermediate under-
went dehydrative cyclization in the absence of the enzyme under acidic
conditions. However, in this noncatalyzed situation, both the native
(15S) and nonnative (15R) spiroacetal stereoisomers were detected in a
3:2 ratio. In the presence of Rev], stereocontrolled cyclization occurred
and only the native (15S) stereoisomer was produced.

Biochemical characterization of Revl

Next, I would like to describe hydroxylation at the C18 position. As
Revl was annotated to be P450, we examined whether this enzyme
catalyzed hydroxylation at the C18 position. P450 Revl was expressed
in Escherichia coli and purified to homogeneity. The correct folding of
the protein was confirmed by measuring the CO difference spectrum,
and the resulting protein efficiently introduced the C18 hydroxyl
residue, converting reveromycin T (a succinate-lacking reveromycin A
derivative) to reveromycin T1 (C18 hydroxyreveromycin T).33
Figure 10 shows the cocrystal structure of Revl complexed with
reveromycin T. This structure was determined at a resolution of
14A and solved by multi-wavelength anomalous diffraction.

Me
i o

COH
COH

i nBu n-Bu
£ " )
n-Bu B :

Me  Trans- H Me _ o
ketalization Epimerization

Figure 7 Difficulties in the chemical synthesis of reveromycin A. The succinylation step required high pressure (1.5 Gpa; upper panel). The spiroacetal ring
was easily converted from a natural conformation to an unnatural conformation during the chemical synthesis of reveromycin A (lower panel).
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Figure 8 The reveromycin A biosynthetic gene cluster.
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Figure 9 Spiroacetal ring formation by RevG and Revl.

This crystallography revealed that Revl formed a relatively large
substrate binding pocket that accommodated a bent reveromycin T
conformation. Two arginine residues interacted with the two carboxyl
groups of reveromycin T and the hydroxylated C18 faced the heme
group.’

Succinylation of C18 tertiary alcohol
During chemical synthesis, the succinylation of the tertiary alcohol
required ultrahigh pressure (1.5 Gpa).?® However, S. reveromyceticus
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Figure 10 X-ray crystallography of Revl and reveromycin T.

Table 2 Structure-activity relationship of reveromycin A and its
representative derivatives

ICs0 (ug mi1)

Osteoclasts

Compound HL60 K562 tsFT210  Yeast (0Cs)
Reveromycin A 2.7 4.9 8.5 4.3 0.06
Reveromycin Ala 209 >30 >30 >50 NT
Reveromycin Alb 7.4 21.1 17.4 >50 NT
Reveromycin Alc 6.3 3.4 6.4 >50 NT
Reveromycin T 0.2 0.7 11.4 >50 6.0
ethylester

Reveromycin T 0.2 0.7 0.4 0.05 6.2

Abbreviation: NT, not tested.

easily performed this reaction under normal culture conditions. We
investigated the genes required for tertiary alcohol succinylation in the
reveromycin A biosynthetic gene cluster. Based on gene disruption and
metabolites analyses, three genes (revK, revL and revM) were
speculated to be involved in the succinylation of reveromycin T1.

STRUCTURE-ACTIVITY RELATIONSHIP STUDY
Biosynthetic production enabled us to generate a variety of rever-
omycin derivatives and to investigate their biological activities, as
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Reveromycin A1b

Figure 11 Structures of reveromycin derivatives.

shown in Table 2 and Figure 11.>4 Reveromycin A and its intermediate
or shunt metabolites were obtained from the fermentation broth of the
wild-type reveromycin A-producing strain. In the rev-deleted mutant,
reveromycin T was accumulated. Reveromycin ethylester was accu-
mulated in the presence of ethanol.>*

Reveromycin A was most potent against osteoclasts, but was not
cytotoxic to tumor cells. On the other hand, reveromycin T, which
lacked a succinate moiety, had more potent effects than reveromycin A
on human leukemia cells.

CONCLUSION

I want to emphasize that the discovery of a new compound can open a
new door of scientific research. In this review article, I have introduced
the story of reveromycin A as an example of this, describing its
isolation, biological study and synthesis. Bioactive small molecules can
be used both as therapeutic agents and as bioprobes’™ to elucidate
complex biological functions.

Target identification is important because without it, we cannot
apply the compound to the appropriate disease. To my regret, we
wasted a lot of time before the discovery of the specific effects of
reveromycin A on osteoclasts. To avoid repeating this mistake, we
have established new systems to identify the targets of bioactive
compounds more rapidly. These integrated profiling systems using
MorphoBase and ChemProteoBase provide a powerful strategy to
elucidate bioactive compound targets.3>38

Recently, compounds synthesized by combinatorial chemistry have
been viewed as more suitable than natural products for investigation
using high-throughput screening that can process a large number of
samples. However, microbial metabolites still represent an important
resource for drug discovery because of their unique chemical
structures and potent biological activities. By overcoming the
drawbacks associated with natural products, biosynthesis enables us
to produce the desired derivatives and the most useful bioactive
microbial metabolites.

Incidentally, the Nobel Prize in Physiology or Medicine 2015 was
awarded to three scientists for the discovery of natural products with
activities against parasites that cause tropical diseases. Namely,

CO,Et

CO,H

Reveromycin T

Drs Omura and Campbell were recognized for their discovery of
anthelmintic antibiotics and Dr Tu was recognized for her discovery of
a novel antimalarial compound. This award reminds us of the
importance of drug discovery from natural sources.
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