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Abstract

Natural products have served humankind as drug leads for thousands of years. In the last century
natural products have not only served as drugs but have inspired the generation of countless
synthetic drugs and drug-leads around natural product pharmacophores. There are no disease
targets for which natural products have played a more significant role than in the case of malaria
and other parasitic diseases. In this review the significance of the manzamine class of marine
alkaloids is presented as an example of the future utility of the oceans in the development of
antiparasitics. The manzamines represent one of the few new structural classes identified in recent
decades with potential for the control of malaria and tuberculosis. While considerable work
remains to successfully optimize this class of drug-leads the novel pharmacophore and significant
metabolic stability combined with a rapid onset of action and long half-life all strongly support
further investigations of this group of potential drug candidates.
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1. INTRODUCTION

Recent decades have revealed an array of unique and bioactive structural classes from the
world’s Oceans. A number of recent reviews provide a general discussion of the promise of
marine natural products against an array of disease targets [173] as well as specific
infectious diseases such as for antiparasitic drugs, [4] antinematodal drugs, [5]
antituberculosis agents, [6] and antifungal agents [7]. In addition there are a number of
extensive reviews focusing on marine natural products such as “The influence of natural
products upon drug discovery” by Newman, Cragg and Snader, [8] “Marine natural
products” by Faulkner [9] and “Indole alkaloid marine natural products: An established
source of cancer drug leads with considerable promise for the control of parasitic,
neurological and other diseases” by Gul and Hamann [10]. Therefore, the primary focus of
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this review is regarding the use of the manzamine class of marine natural products for the
control of malaria. Manzamines are a specific example of how a unique group of highly
active marine natural products can be optimized to yield promising candidates for the
control of parasitic diseases with a clearly new but still undefined mechanism of action.

From a historical point of view there are few examples in which natural products have
played a more vital role in therapeutic intervention than in the treatment of malaria. This is
due in part to the significant level of effort utilizing traditional medicines for a disease target
which also frequently occurs in regions rich in diverse terrestrial natural products. Malaria
also represents one of the oldest examples involving the use of a natural product as
chemotherapy. The use of quinine for the control of malaria dates back greater than 350
years [11: 12]. One of the greatest historical challenges for the control of malaria which still
remains an obstacle is providing inexpensive drugs to individuals who are in need of
treatment. Past demands for quinine have resulted in shortages of supply and promoted the
eventual development of synthetic aminoquinolines in the early 19t century. These drugs
represented significant advances in less expensive and readily available treatments and
prophylactics for the control of malaria. Unfortunately, in recent decades most of the malaria
endemic regions are now faced with chlorogquine and multidrug resistant forms of the
parasite. As a result there remains a significant need for novel antimalarial chemotypes to
help overcome the challenge of resistance while providing cost-effective alternatives to
current drugs. The least explored of the planet’s naturally occurring drug leads are the
chemically defended organisms of the oceans and particularly fruitful have been the
invertebrates, algae and microbial communities. Typically overlooked and the focus of this
short review is the value that small molecules from the ocean offer in regard to unique
opportunities for lead optimization and pharmaceutical product development. In addition
there is a significant and unexplored potential for the creative application of semisynthetic
and biocatalytic transformations to the generation of countless analogs from marine natural
product leads for evaluation in malaria and other neglected disease lead discovery and
development programs.

The marine animal species available for evaluation as antimalarial drug leads number in
excess of several million and the combination of an animal rather than plant dominated
environment with the availability of elements such as bromine has led to the biosynthesis of
classes of metabolites unique to marine environments [13]. In addition the oceans
encompass 70 percent of the earth’s surface and 95 percent of its tropical biosphere creating
a tremendous under utilized resource for the characterization of novel antimalarial structural
classes. A particularly important aspect of the marine environment in regard to sourcing
novel structural classes is the diversity at higher taxonomic levels, which generally yields
greater diversity in chemotypes. This biological diversity has already resulted in a vast array
of small molecule diversity and an incorporation of elements not readily available to
terrestrial species. Combing the most accessible levels of the oceans during the last thirty
years has provided an unparalleled succession of unique new compounds exhibiting
pharmacologically useful activities in which malaria has only become a significant focus in
recent years [14]. A small group of marine researchers has isolated over 12,000 compounds
from marine invertebrates (phyla: Annelida, Arthropoda, Brachiopoda, Bryozoa, Chordata,
Cnidaria, Echinodermata, Hemichordata, Mollusca, Nematoda, Platyhelminthes, Porifera),
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from algae, (phyla: Chlorophycota, Chromophycota, Chromophyta, Cyanophycota,
Euglenophycota, Rhodophycota) and from microorganisms (bacteria, fungi and protozoa)
[15]. It has been estimated that less than 0.5% of the marine animals have received even a
cursory effort to discover agents against malaria and other neglected diseases.

2. MALARIA DRUG RESISTANCE AND METHODS FOR REDUCING COST
OF TREATMENT

The failure rate for current antimalarial drugs now exceeds 25% in many countries [16].
Drug resistance for one of the drugs in a combination treatment compromises the
effectiveness of a new drug like artemisinin and as a result new effective classes of
antimalarial agents are desperately needed. The optimum scenario for the prevention of drug
resistance in malaria is the use of two or more drugs in combination for which no resistance
currently exist for either drug. Unfortunately due to the added cost of combination therapies
policymakers often elect to recommend single drug regimens despite the certainty for the
early development of resistance. There are now many artemisinin-based combination
treatments capable of 90% cure rates which include a fixed dosage of mefloquine,
piperaquine, lumefantrine, pyronaridine or chlorproguanil-dapsone (Fig. 1). Unfortunately,
despite the added cure rates new combination therapies increase costs. The price for a
treatment course of chloroquine is 0.15US$ and 0.25 for sulfadoxine-pyrimethamine. A
treatment course with artesunate is around 1.0US$ and combination therapies with
artesunate are in the range of 1.2-1.8US$. As a result the cost of goods for producing a
marine derived natural product has been a tremendous liability in the practical application of
marine natural products to diseases like malaria.

The most compelling reason for the development of antimalarial combination therapies is
improved efficacy and efficiency. Combination therapies are effective in reducing duration
of therapy and increasing compliance but certainly most important is the reduction in the
rate of developing resistance. Drugs with unrelated targets and in combination can decrease
the rate of resistance to a point at which a resistant parasite may only occur once in millions
of individuals. This is based on the principle that if the frequency of resistance to drug A is
108 and drug B is 1012 that multidrug resistance will only occur in one in 1020 parasites.
Since the maximum concentration per individual is 108 parasites a multidrug resistant
parasite should only occur once in many millions of infected individuals [1]. Although
deviation from this model is certain to occur, it is clear from the treatment of HIV,
Mycobacterium tuberculosis and cancer that multidrug combination therapies with unique
targets are much more effective in disease control while reducing the rate and likelihood of
resistance. As a result there is a significant unmet need for novel drug leads with new
mechanisms of action to control malaria.

While the oceans are now a well established resource for novel drug leads their application
to malaria has been hampered by methods for cost-effective production [17]. Recent efforts
by the Schmidt and Nelson group [18] involving the successful heterologous expression of
the biosynthetic pathways of marine invertebrate products in Escherichia coli indicates that
the production of these drug leads through fermentation will eventually be practical. In this
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example the cyclic peptides know as the patellamides (Fig. 2) were successfully expressed
from the biosynthetic gene cluster isolated from an obligate cyanobacterial symbiont.

Although the reported yields of patellamide produced through heterologous expression were
quite small, (20 pg/L) the successful expression of a complicated marine natural product in
E. colirepresents a remarkable achievement and promising step toward the discovery and
development of novel marine natural products as treatments for malarial and other neglected
diseases. The patellamide (pa?) pathway was successfully amplified from DNA using a
producing reef strain while no products were amplified from a closely related but non-
producing strain. The point of epimerization of amino acids from L to D still remains
unclear. The proposed biogenesis for the thiazole and oxazolines are presented in Scheme 1
along with the points of cyclization.

3. SEMISYNTHETIC LIBRARIES USING NATURAL PRODUCT TEMPLATES

The combined application of combinatorial chemistry and high-throughput screening has
yielded significant opportunities to utilize novel marine natural products as starting materials
for lead optimization. In addition it has been suggested that combinatorial libraries may be
only as effective as the scaffold or template that is utilized to prepare them, hence the added
value for novel marine natural products [19]. While natural products clearly remain
unrivalled in their ability to produce sophisticated molecular architecture with outstanding
biological activity, their utility as drug leads is significantly improved through synthetic
modifications. Integrating the rational selection of natural products templates with
combinatorial chemistry is clearly the next logical step to expand the diversity space
occupied by natural products. In addition the selection of a natural product scaffold with
preexisting biological activity allows for the rational selection of high-throughput assays for
the evaluation of new analogs. There are numerous interesting and highly successful
examples of SAR studies that begin with the total synthesis of a template (i.e. the diterpene
in sarcodictyins), which is then followed by functional modifications to the core structure
which could also be produced through biosynthesis [20]. In other cases remarkable numbers
of compounds reminiscent of natural products have been created through a carefully
designed template. Schreiber’s group [21] has reported well over 2 million compounds
prepared from a single scaffold providing just three reactive sites. This approach can clearly
be applied to readily available natural product scaffolds provided in abundance from marine
invertebrates, algae and bacteria. Bioactive leads available in >50mg quantities are
extremely common and provide the opportunity for the preparation of numerous analogs
utilizing the bioactive marine natural products as startingproducts as starting materials. By
applying parallel synthesis to a marine derived natural product we have shown that it is
possible to generate libraries of compounds and provide preliminary SAR quickly after the
identification of an initial lead [22]. In addition a focus on natural product structures that are
exceptionally sophisticated but yet readily available eliminates the concerns regarding
shortages in supply during preclinical and clinical development.

Our selection of marine natural product scaffolds or templates is based on several basic
criteria including the drug-like properties of the class, the functional group characteristics
for the compound, its bioactivity and the capacity of the source organism to provide a
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sustainable supply of the starting material for semisynthesis with negligible impact on the
environment. In the example of the manzamine class the starting materials can be isolated in
kg or greater quantities and this molecule was selected due to its activity against malaria and
other infectious diseases [23].

Statistically it has been shown that when it comes to diversity, natural products remain an
unrivaled source of new lead molecules and novel pharmacophores [24]. Unfortunately
natural products do not yield certain key functional groups (arene, amine, amide) as
frequently as they are found in drug products [9]. For example natural products have been
shown to produce hydroxyl functionality >65% of the time, while this functional group is
only found in 40% of successful drugs.

Rifampicin (Fig. 3) is one of many examples resulting from a hybrid fermentation-synthetic
approach to the generation of drugs or drug leads. Rifampicin is a mycobactericidal (MIC
0.25 pg/mL) semisynthetic derivative of rifamycin which inhibits DNA-dependent RNA
polymerase in prokaryotic but not in eukaryotic cells. Rifampicin successfully enters
phagocytic cells and can Kill intracellular, intracavitary or even dormant 7uberculosis bacilli
[25]. This drug is noteworthy since it exemplifies the value that semisynthetics from a
bacteria scaffold can have on the development of clinically relevant drugs.

4. BIOTRANSFORMATIONS AND BIOCATALYSIS [26]

In addition to semisynthesis, biotransformation studies provide access to metabolites for
SAR and lead optimization. Metabolism studies are also an essential part of the process
leading to the approval of any clinically useful drug. Historically microorganisms have been
utilized as /n vitro models for the prediction of mammalian drug metabolism due to the
significant similarity of microbial enzyme systems, specifically fungi, with mammalian liver
enzyme systems [27]. An additional and significant application of biocatalysis is in the area
of lead generation and optimization of second-generation analogs with greater activity and
less toxicity than the parent marine natural product. Biocatalysis has a distinct advantage in
that it provides access to a broad spectrum of enzymatic activity and specificity [28]. The
advantages of applying enzymes to structural modifications lie in their high selectivity and
their ability to work under mild reaction conditions. These characteristics make them
particularly suitable for the modification of natural products, which may easily rearrange or
decompose with the application of inorganic catalysis [29]. The details of the microbial
metabolism studies utilized in the study of the manzamines as well as the microorganisms
(>30) utilized in screening have been previously reported [30~32].

5. MANZAMINE ALKALOIDS

The manzamines are a unique group of polycyclic marine-derived alkaloids first reported in
1986 from the Okinawan sponge genus Haliclona[33]. These compounds possess a fused
and bridged tetra- or pentacyclic ring system, which is attached to a p-carboline moiety
through an apparent Pictet-Spengler reaction with the aldehyde known as ircinal A shown in
the proposed biogenetic pathway in Scheme 2 [34]. Since the first report of manzamine A
(Fig. 4), an additional forty manzamine-type alkaloids have been identified from nine
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different sponge genera (four orders) [35' 36]. The occurrence of the manzamine alkaloids
from a diverse group of unrelated sponges has generated speculation that these metabolites
maybe of microbial origin. A microbial source for these compounds would clearly facilitate
their development as drug leads. The most impressive characteristic of this unusual group of
alkaloids is their potent activity against several infectious diseases. The need to discover new
lead compounds with improved activity against infectious diseases and less toxicity has
become increasingly urgent. Malaria accounts for over a million deaths each year worldwide
with 273 million cases reported in 1998 [37]. The most dangerous malaria parasite,
Plasmodium falciparum which causes cerebral malaria, is expected to spread in the central
or northern regions of Europe and North America within a few decades.

Several other important opportunistic infections such as those caused by Mycobacterium
tuberculosis and Toxoplasma gondii were also shown to be inhibited by the manzamine
alkaloids [38]. The pathogenic synergy of these infectious diseases with HIV has increased
significantly [39]. For example, the incidence of tuberculosis infection in HIV positive cases
is 50 fold over HIV negative ones and the same holds true in the case of 7. gondii [40]. One-
third of the global human population conceals latent tuberculosis, which generates more than
three million mortality cases annually. The increasing incidence of tuberculosis and
toxoplasmosis is also confounded by the emergence of drug-resistance and multidrug
resistance to M. tuberculosis as well as the lack of any current chemotherapy that targets the
latent form of 7. gondii. Therefore, it is quite important to continue to support the evaluation
of manzamine alkaloids as a novel class of antiinfectives for these diseases [38]. An array of
manzamine related molecules along with the unprecedented manzamine dimer, nec-
kauluamine, have been identified from an extremely common genus of Indo-Pacific sponge
called Acanthostrongylophorawhich has provided a very high-yielding source of this class
of compounds for biological evaluation [41: 42].

In vitro analysis of several manzamine analogs against 7. gondiiindicated significant
activity. Manzamine A displayed 70% inhibition of the parasite at 0.1 UM concentrations
without host cell toxicity. The activity is significantly increased at concentrations of 1 and 10
UM even though it was accompanied by an increase in host-cell toxicity. As a result
manzamine A was selected for /n vivo analysis since it was the most active and least toxic /in
vitro. A daily intraperitoneal (i.p.) dose of 8 mg/kg of manzamine A, for 8 consecutive days,
beginning on day 1 following the infection, prolonged the survival of SW mice to 20 days,
as compared with 16 days for the untreated control. Additional manzamine isolations, SAR
and optimized dosing studies will be of significant value to improve the /n vivo efficacy of
the manzamines against 7. gondii. All new and known manzamines, with the exception of
neo-kauluamine, induced 98-99% inhibition of My cobacterium tuberculosis (H37Rv) with
an MIC <12.5 pug/mL. Manzamine A, E and 8-hydroxymanzamine A exhibit MIC endpoints
of 1.56, 3.13 and 3.13 pg/mL, respectively.

Manzamine A and 8-hydroxymanzamine A were assayed /n vivo against Plasmodium
berghei with a single i.p. dose of 100 umoles/kg and exhibited no apparent toxicity. 8-
Hydroxymanzamine A efficiently reduced parasitemia with an increase in the average
survival days of £ berghei-infected mice (9-12 days), as compared with: untreated controls
(2-3 days), mice treated with artemisinin (2 days) and chloroquine (6 days). Three 50
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pumoles/kg i.p. doses of manzamine A were found to be curative and totally cleared the
parasite and two oral doses (100 umoles/kg) provided a notable reduction of parasitemia.
The pharmacokinetic properties of manzamine A and possibly the rest of the manzamines
with its rapid onset of action (2 hours) followed by continuous sustainable bioavailability
provides effective parasite eradication in rodents [43]. These data indicate that manzamines
are more active than the currently available antimalarial drugs artemisinin and chloroquine.
A continuing challenge of the manzamine class is cytotoxicity. The manzamine dimer nec-
kauluamine [44] is cytotoxic with an I1Csq of 1.0 ug/mL, against human lung and colon
carcinoma cells as compared with the first manzamine dimer kauluamine, which also
showed significant cytotoxicity [45].

The initial evaluation of the manzamine alkaloids in murine models proved that these
antimalarial leads are more effective than the currently used drugs, artemisinin and
chloroquine. The /n vivoimprovement in potency despite similar /n7 vitro activity is certain
to be due in part to the longer half-life [46]. The manzamines are clearly valuable candidates
for further investigation and development as promising leads against malaria and perhaps
other serious infectious diseases. The need for developing antimalarials from novel
structural classes and with unique mechanisms of action is extremely important for the long
term and sustainable control of drug resistant malaria. These compounds are currently under
investigation in our laboratory as scaffolds for the generation of optimized leads by
semisynthesis and biocatalysis.

6. CONCLUSIONS

The oceans clearly hold a tremendous potential for both the discovery of new leads as well
as the creation of novel or optimized chemotypes with a variety of potential therapeutic
applications. The fact that natural products are responsible for the genesis of 60% of our
cancer drugs and 75% of our infectious disease treatments attests to the significant role
natural products have played historically [47]. Within the vast resource of marine flora and
fauna are novel and bioactive structural classes to stem the tide of drug resistant parasites as
well as controlling chronic illnesses including cancer, cardiovascular, neurological and
metabolic diseases. The rational and efficient application of this biological and chemical
reservoir depends on the technology to collect, rapidly recognize, characterize and modify
these secondary metabolites. The recent advances in life support systems combined with
analytical and synthetic instrumentation have made it possible to utilize these resources for
the creation of tremendous numbers of unusual and bioactive molecules. The manzamine
class stands out as a unique group of metabolites with significant potential for the control of
parasitic diseases. Although considerable effort remains to provide an optimized and safe
drug from the manzamine class, their novel mechanism of action, chemical and metabolic
stability as well as their significant activity in animals makes them an outstanding lead class
for the control of malaria.
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Fig. (1).
Currently available antimalarial drugs and new drug combinations.
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Fig. (2).

The chemical structures of Patellamide A and C.
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Fig. (3).
Chemical structure of Rifampicin.

Curr Pharm Des. Author manuscript; available in PMC 2016 June 23.

Page 13



1duosnuep Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hamann

Fig. (4).
Chemical structure of Manzamine A.
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Proposed biosynthetic pathway to the Patellamides [18].
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Biogenetic path of manzamines A, B, and C proposed by Baldwin and Whitehead [34].
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