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Abstract
Despite the long history of drug discovery from natural sources, the marine environment, which
covers 70% of the Earth’s surface, is still relatively unexplored. Intense competition for limited
resources drives the evolution of specific and potent chemical defenses distinct from their
terrestrial counterparts. Based on this rationale, we recently began screening extracts derived from
marine invertebrate and cyanobacterial samples for BACE-1 inhibitors in a chemiluminescent
enzyme-fragment complementation (EFC) assay. The results of this broad screening are presented
here, along with our progress towards the development of a secondary LC-MS homogeneous
affinity assay. Incubation of the extracts active in the EFC assay with BACE1, subsequent
isolation of the enzyme-inhibitor complex and then analysis of the small molecule inhibitor by
LC-MS rapidly links a chemical structure to biological activity. This approach enables the rapid
target-orientated discovery of BACE-1 inhibitors from marine sources.
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Alzheimer Disease is a progressive neurodegenerative disorder for which there is no cure. It
affects approximately five million people in the US alone. Worldwide a new case is
diagnosed every 70 seconds [1]. Recent studies have begun to unravel the cellular processes
that lead to the development of Alzheimer’s disease, which has provided a wealth of
potential therapeutic targets. Despite these advances, there is still a critical need to develop
effective therapeutics for the treatment of Alzheimer’s disease. The question is how to find
them?

NATURE AS A SOURCE OF DRUG LEADS
The discovery by Fleming and Florey that microbial metabolites could exert profound
biological effects on human pathogens, catalyzed 50 years of intensive research exploring
Nature for cures to many human ailments [2]. Modern pharmacology is founded on drugs
derived from natural sources and the fundamental biological insights gleaned from their
mechanism of action studies. By a recent estimate, 60% of all currently approved antibiotics
and over 50% of all anti-cancer agents are derived from microorganisms or plant products
[3]. Of the four commonly prescribed drugs for the treatment of Alzheimer’s Disease in the
US [Donepezil (Aricept), Rivastigmine (Exelon), Memantine (Namenda) and Galantamine
(Razadyne)], two are derived from natural sources. Galantamine is produced by daffodils
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(Narcissus sp.) and several other plants within the order Amaryllidaceae. Extracts of these
plants were widely used in Europe as a traditional medicine before the development of
galantamine by Janssen Pharmaceutica as a medication to treat Alzheimer’s disease [4,5].
Rivastigmine, developed by Novartis, is a simplified analogue of physostigmine, which is
produced by the West African perennial climbing plant Physostigma venenosum [6]. Despite
these years of research, only a small fraction of the Earth’s total biodiversity has been
examined. For example, the oceans cover over 70% of the Earth’s surface yet we know
comparatively little about the biology, chemistry, and even the identity of its inhabitants.
Undoubtedly, a wealth of therapeutics remains to be discovered from the oceans [7].

MODERN DAY NATURAL PRODUCTS LEAD DISCOVERY
Why should any organism produce small molecules to treat human disease? Does a sponge
develop Alzheimer’s Disease? The answer to the latter question is clearly, no, but the
production of these compounds in the host organism is driven by an evolutionary pressure.
While these compounds are most often produced for a defensive purpose, a number of other
functions have been ascribed including the promotion of wound healing [8] and the
modulation of biological signaling [9,10]. Natural products have been preselected to interact
with specific biological targets that often share structural and mechanistic features with
macromolecules relevant to maintaining proper human health or to the development of
disease states [11]. These similarities in protein structures and biochemical pathways,
enabled Nobel Laureate Eric Kandel’s pioneering work with the marine sea slug Aplysia that
defined memory functions due to the changes in the form and function of synapses [12]. So
while a marine invertebrate would not have specifically evolved a small molecule to slow
the development of Alzheimer’s Disease, it is under constant evolutionary pressure to
produce a diverse array of biologically active compounds, such as protease inhibitors, which
improve the overall fitness of the organism by interacting with targets similar to those
involved in human diseases.

Extracellular Aβ is believed to trigger a neurotoxic cascade leading to the observed
behavioral effects that are hallmarks of Alzheimer’s disease [13]. Thus, reducing the rate of
Aβ formation represents one potential therapeutic strategy. This reduction could be effected
by inhibiting the aspartic protease BACE1 [memapsin], as cleavage of its substrate APP is
the penultimate step in the formation of Aβ [14]. The development of viable BACE1
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inhibitors has been difficult though, and a greater diversity of high quality lead structures is
required. Naturally occurring compounds produced by marine organisms are rich sources of
potential lead chemicals covering a chemical space complementary to synthetic chemical
libraries, and, in many cases, enhanced potency, cell permeability, selectivity, and
proteolytic stability have been designed into these natural products through evolutionary
pressures [15].

Based on this rationale, we have established a screening protocol involving a BACE1
enzyme fragment complementation assay (referred to as EFC) [16]. In this assay, two
genetically engineered fragments of E. coli β-galactosidase recombine (“complement”) in
vitro to form an active β-galactosidase enzyme, which subsequently hydrolyses the
chemiluminescent substrate. One fragment, the ED, is initially bound within a small cyclic
peptide that contains the BACE1 proteolytic cleavage site. When conformationally
constrained, the two β-galactosidase fragments have little affinity for one another and
consequently, no signal is generated. However, after BACE1 acts on the cleavage site in the
cyclized peptide, the resulting linear peptide can complement, form the active β-
galactosidase, and generate a chemiluminescent signal. The system has proven easily
amenable to high-throughput screening, is ten times more sensitive than a comparable
FRET-based assay, and is not plagued by the autofluorescence issues common to FRET-
based assays [16]. The assay is reproducible (Z-factor of 0.7) and can reliably distinguish
hits from controls (signal window of 4 and a S/N ratio of 10:1). All these factors are
acceptable for high throughput screening.

Our initial studies focused on screening 130 prefractionated extracts in this assay. These
extracts were primarily derived from marine invertebrates and cyanobacteria collected in the
Pacific. Each extract was fractionated into four samples by reversed-phase chromatography
prior to screening. Fractionated samples were placed randomly in 96-well plates and
screened in triplicate at a fixed concentration of 50 μg/mL. In this initial EFC screen, 7% of
those extracts tested inhibited greater than 90% of BACE1 activity, while an additional 11%
reduced BACE1 activity between 70–89% (Fig. (1)). Separation of the first extract using a
traditional bioassay-guided approach ascribed the observed activity to a class of compounds
represented by Bastadin 9. At that time, the bastadins were a new structural class of
submicromolar BACE1 inhibitors, as no reports of other oxime (C=NOH) based inhibitors
had been disclosed. Interestingly, last year Bristol-Myers Squibb patented a series of oxime-
based cyclic nanomolar BACE1 inhibitors that resemble the upper half of bastadins [17],
which permeate the blood-brain barrier and display nanomolar potency. These data suggest a
critical evaluation of the BACE1 inhibitory effect of the bastadins is warranted and provides
additional support for our original hypothesis that screening chemical libraries derived from
marine sources for BACE1 inhibitors will lead to new inhibitors. Evaluation of the bastadin
class of compounds as BACE1 inhibitors is ongoing.

LINKING BIOLOGICAL ACTIVITY TO CHEMICAL STRUCTURE
Over the last two decades though, there has been a reduced emphasis on natural products as
a source of pharmaceutical leads. Ultimately, the modern drug discovery timeline of hit to
clinic in two years [18] is incompatible with the traditional iterative cycle of natural
products lead discovery. The initial biological testing using crude mixtures must be followed
by chromatography to separate the constituents and subsequent biological testing. This time-
consuming process is often repeated through several cycles before a pure chemical entity is
obtained for chemical and biological characterization. Fundamentally this iterative process is
necessary to link a specific chemical structure in the mixture to the observed biological
activity. Only through the repeated cycles of purification and testing can the activity be
linked to any particular compound in the mixture. Several strategies have been developed to
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accelerate this process. The most popular is automated purification of crude extracts to
generate pre-purified libraries before chemical screening [19], although this can also be
time-consuming.

Potentially another complementary method to link biological activity to a specific chemical
in a mixture are homogeneous affinity assays coupled to a LC-MS [20]. After initial testing
in our primary EFC assay, using this as a secondary assay would allow a rapid targeted
isolation of the inhibitor from the mixture using the high resolution molecular weight as an
unique identifier. In this vein, our recent efforts have focused on development of an indirect
BACE1 homogeneous affinity assay. Our preliminary results indicate the feasibility of this
approach. Briefly, samples active in the initial EFC screen are incubated with BACE1 for 24
hours, and then the enzyme-inhibitor complex is separated from the other small molecules.
After dissociation of the complex, the small molecule inhibitor is directly analyzed by LC-
MS (Fig. (2)). Once optimized and integrated into our discovery platform, this assay has the
potential to break the iterative cycle of natural products lead discovery and accelerate the
identification of potential novel Alzheimer’s drug leads from marine sources.
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Fig 1.
BACE1 EFC Screening Results of Marine Invertebrate Extracts
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Fig 2.
Indirect LC-MS Homogeneous Affinity Assay
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