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S ince the dawn of medicine, compounds derived
from animals, plants, and microbes have been
used as therapeutic agents. Prior to the 1800s,

the active constituents of most medicines, which were
generally plant-based, were unknown. Isolation of the
well-known drug, morphine, from the opium poppy oc-
curred in 1817 (1, 2). Commercialization of the antibiotic
penicillin in the 1940s was arguably the most signifi-
cant milestone in drug discovery research, as it spurred
an enormous amount of effort in this field. As a result,
about 40% of today’s therapeutic agents are derived
from biological sources (3–5). These compounds can
be derived directly, by use of semisynthetic natural prod-
uct analogs, or indirectly, through the use of synthetic
compounds based upon natural product pharmaco-
phores. Interest in natural product-based drug discov-
ery experienced a decline in the 1980s and 1990s due
in large part to the advent of combinatorial chemistry
coupled with high-throughput screening methods. The
accompanying marked decline in the number of new
drug candidates, however, has rekindled interest in ex-
panding natural product-based efforts (6).

Natural products have long been recognized as privi-
leged scaffolds because they have evolved specifically
to interact with biological macromolecules, especially
proteins (7, 8). As evidence of this fact, natural product-
based screening libraries routinely yield higher hit rates
than synthetically produced small molecule libraries (9).
The exquisite selectivity of many natural product–
protein binding events often results from a polyvalent
network of noncovalent interactions (7). A proportion-
ally smaller, but equally important group of natural
products also bind to their targets through a covalent
interaction (7, 10). Namely, they utilize a highly
reactive functional group, such as an epoxide or a
lactone/lactam, to covalently modify their target
protein(s), the most famous example being the anti-
biotic penicillin.
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ABSTRACT Natural products have evolved to encompass a broad spectrum of
chemical and functional diversity. It is this diversity, along with their structural
complexity, that enables nature’s small molecules to target a nearly limitless num-
ber of biological macromolecules and to often do so in a highly selective fashion.
Because of these characteristics, natural products have seen great success as
therapeutic agents. However, this vast pool of compounds holds much promise be-
yond the development of future drugs. These features also make them ideal tools
for the study of biological systems. Recent examples of the use of natural products
and their derivatives as chemical probes to explore biological phenomena and as-
semble biochemical pathways are presented here.
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Although the therapeutic value of natural products is
clear, use of these structurally complex compounds pre-
sents a number of challenges (7). First, accessing suffi-
cient quantities of a given natural product using either
isolation strategies or (bio)synthetic methods is often
difficult. Thus, full characterization of both the biologi-
cal and chemical properties of lead compounds can be
problematic. However, this complexity, in combination
with the success of natural products in the development
of therapeutic agents, has long attracted the attention
of synthetic chemists. Accordingly, many elegant strate-
gies to generate a growing number of natural products
have been reported. In addition, biosynthetic and semi-
synthesis techniques play a critical role in providing an
adequate supply of many natural products. A compre-
hensive review of these areas cannot be presented here,
but several recent reviews are provided (11–14).

As with most drug candidates, deconvolution of the
molecular target of a natural product is one of the great-
est challenges. The process is often time-consuming
and labor intensive. Additionally, natural product–
protein interactions that occur with low affinity and/or
specificity can complicate interpretation of experimen-
tal results (15, 16). Recent advances in proteomics,
three-hybrid systems, phage and mRNA display tech-
nologies, chemical synthesis, and affinity
chromatography-based methods have greatly acceler-
ated target identification (16–20). Most of these meth-
ods require derivatization of the lead compound to facili-
tate either covalent interactions between the natural
product and the target biomolecule(s) or conjugation of
the natural product to a read-out tag, such as biotin or a
fluorophore. Ideally, a natural product would be func-
tionalized at a discrete position to produce a derivative
with an activity profile that is comparable to the parent
structure. In reality, this process often requires either to-
tal synthesis or semisynthesis of lead structures to en-
able installation of a chemical handle. In addition, the
functionalized natural products can suffer from a dra-
matic decrease in the desired bioactivity. Researchers
are working to address this barrier by development of
chemo- and/or regioselective functionalizations (21–
23). Such transformations facilitate the direct functional-
ization of natural products and eliminate the need for
development of lengthy syntheses to access each ana-
log of interest.

Largely due to the aforementioned challenges, the ex-
ploration of natural products as therapeutics has seen

variable interest. However, many believe that com-
pounds devised by nature are often far superior to even
the best synthetic moieties in terms of diversity, speci-
ficity, binding efficiency, and propensity to interact with
biological targets (7, 8). It is these same characteristics
that have piqued the interest of many researchers to the
possibility of utilizing natural products in studies that
go beyond the identification of potential therapeutic
agents. That is, to use them as chemical probes: small
molecules that facilitate exploration of a biological sys-
tem (24).

A BRIEF HISTORY OF NATURAL PRODUCTS AS CHEMICAL
PROBES
One of the first studies to utilize a natural product-
based chemical probe was published in 1996 by
Schreiber and co-workers (25, 26). At the outset of
their work, it was known that trapoxin (Figure 1, panel a),
a cyclotetrapeptide isolated from the fungus Helicoma
ambiens (27), caused cell cycle arrest in mammalian
cells and inhibited histone deacetylation. It was not
clear, however, what the molecular target of this natu-
ral product was or how the state of acetylation of the
histones might be related to the observed phenotype.
The authors hypothesized that the electrophilic epoxy-
ketone moiety may be important for inhibition as it could
participate in a covalent interaction with the protein tar-
get, particularly given the similarity of this fragment to
the endogenous substrate, N-acetyl lysine (Figure 1,
panel a). They took advantage of this electrophilic cen-
ter by developing a trapoxin-based affinity resin, known
as K-trap, to facilitate the enrichment and identification
of the protein target (25). Using this resin, they detected
a protein possessing histone deacetylase activity that
was 60% identical to Rpd3, a transcriptional repressor
found in yeast (26). Rpd3 was not known to have his-
tone deacetylase activity. Thus, these studies brought
to light the relationship between histone deacetylases
(HDACs) and transcriptional regulation and cell cycle
progression. Ultimately, this knowledge led to the devel-
opment of HDAC inhibitors for cancer treatment.

Another example of a natural product that has
changed our understanding of biology is rapamycin, a
macrolide produced by Streptomyces hygroscopicus.
Rapamycin and its derivatives have played important
roles in the clarification of several cellular processes in-
cluding cell growth, proliferation, and survival as well as
protein synthesis and transcription (28, 29). Rapamy-
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cin was first identified as an antibiotic/antifungal agent
(Figure 1, panel b) (30, 31); however, this compound
has become most well-known for its potent immunosup-
pressive and antiproliferative properties. These charac-
teristics have led to the current use and study of rapa-
mycin and several analogs (“rapalogs”) as drugs and in
clinical trials (32).

The activity of rapamycin is governed by interaction
with a peptidyl–prolyl cis/trans isomerase, FKBP (FK506
binding protein). FKBP had previously been identified
as a target of the immunosuppressive drug, FK506 (33,
34). Despite the similarity in structure of rapamycin and
FK506 (Figure 1, panel b), the FKBP–FK506 complex in-
hibits calcineurin and reduces T-cell signal transduction
and interleukin-2 (IL-2) production, whereas the FKBP–

rapamycin complex targets mTOR (mammalian target
of rapamycin; Figure 1, panel c) inhibiting response to
IL-2 (35, 36). mTOR is currently being targeted for treat-
ment of transplant rejection (37) and is under investiga-
tion for cancer therapy (38). Thus, the two natural
product–protein complexes, FK506–FKBP and
rapamycin–FKBP, influence discrete T-cell signal trans-
duction pathways (34).

Although proteins were once thought to act as dis-
crete entities, performing their functions without signifi-
cant crosstalk with other macromolecules, today it is
widely recognized that proteins function through a com-
plex network of biomolecule interactions, the so-called
interactome (39, 40). Accordingly, development of tools
either to study natural protein–protein interactions or

Figure 1. Early examples of natural products that were utilized as chemical probes. a) A derivative of trapoxin was
used in studies to identify the first HDAC. Trapoxin was immobilized on a matrix, resulting in the conjugate called
K-trap, to enable enrichment of its binding partners. The electrophilic epoxyketone in trapoxin mimics the acety-
lated lysine substrates of these enzymes and promotes covalent modification of this natural product’s protein
targets. b) Rapamycin and FK506 have similar structures but influence T-cell signal transduction by distinct mech-
anisms. c) Rapamycin binds to FKBP forming a complex that subsequently interacts with TOR through the FKBP–
rapamycin-binding (FRB) domain. d) Rapamycin can be used to dimerize two proteins by conjugation of the target
proteins to FKBP and FRB. Treatment with rapamycin enables temporal control over association of the target
proteins or promotes interactions between two proteins that do not ordinarily associate.
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to bring together two proteins that are not known to be
associated to create unique functions has been an area
of intense interest (41, 42). In the case of rapamycin,
its innate ability to promote protein–protein interactions
or to act as a “chemical inducer of dimerization” has
been exploited in many of these studies (Figure 1,
panel d) (41−43). Additionally, investigations involving
two other natural products, FK506 and brefeldin, have
been instrumental in highlighting the utility of natural
products, not only to uncover new therapeutic targets
but also to bring to light fundamentally new strategies
for drug development and to facilitate study of complex
biological processes.

The preceding examples
highlight several influential
studies involving natural
product-based chemical
probes. In the remainder of
this review, instead of pro-
viding an exhaustive discus-
sion of myriad roles that
natural products can play,
the focus will be placed on
recent examples of creative
and significant utilization of
natural product-based
probes. These studies can
be categorized into three
general themes: use of natu-
ral product probes to map
biochemical pathways, utili-
zation of natural product-
based tools to study poorly
characterized biological pro-
cesses, and development of
natural product tools for pro-
teomic profiling and biomar-
ker identification.

NATURAL PRODUCT PROBES
TO MAP BIOCHEMICAL
PATHWAYS
Natural product discovery ef-
forts are largely focused on
the utilization of bioactivity-
guided isolation. Once
samples have been pro-
cured from a natural source,

the material is screened for bioactivity. Cell-based as-
says are often used and identify compounds that, for ex-
ample, inhibit growth or prompt apoptosis. The active
component of the crude natural product mixture is then
purified and structurally characterized. In most cases,
however, little is known about the exact mechanism by
which these natural products produce the observed bio-
activity. Thus, mode of action studies are required to re-
veal the protein target(s) of each natural product.
Nature continually presents compounds that do not
function through known mechanisms/pathways. This
section will highlight examples of natural products that
elicit bioactivity in a novel fashion. These studies serve
to illustrate the role that natural products have and will
continue to play in mapping important biochemical net-
works and identifying novel therapeutic strategies.

New Function for an Old Enzyme. Much of what is cur-
rently known about the structure and organization of the
mitotic spindle was determined by the use of small mol-
ecules. Generally, these compounds are tubulin-binding
agents (e.g., taxol), and in some cases, they have been
developed into successful cancer therapeutic agents.
However, given the importance of mitosis in all cells that
are undergoing division, it is not surprising that treat-
ments that interfere globally with microtubule formation
are also associated with serious side effects, such as
weight loss and a dramatic decrease in the level of neu-
trophils (i.e., neutropenia) (44). Thus, exploration of
compounds that selectively target spindle assembly or
components other than the tubulins may provide highly
efficacious drugs with fewer side effects than the cur-
rently utilized treatments.

Recent research has shown that diazonamide A, a
natural product isolated from the marine ascidian Dia-
zona angulata (45), may possess these desired features
(Figure 2, panel a). Initial studies of its bioactivity re-
vealed that, like tubulin poisons, diazonamide A inhib-
its the growth of several cancer cell lines. Unlike these
agents, however, no evidence that diazonamide A di-
rectly interacts with tubulin or the microtubules in vitro
was observed (46). In addition, treatment of nude mice
with therapeutically relevant doses of this compound re-
vealed that it does not cause the side effects so com-
monly observed with tubulin-interacting antimitotics
(47). These data suggest that diazonamide A may func-
tion by a previously unknown mechanism and prompted
further study of its mode of action. Harran, Wang, and
co-workers utilized a biotinylated diazonamide A ana-

KEYWORDS
Activity-based protein profiling: Chemical

proteomics strategy that utilizes small
molecule probes to tag active enzymes but
not their inactive precursors or inhibitor
bound forms. This technology provides
information about the functional state of an
enzyme.

Affinity tag: A moiety, often biotin, which is
added to a natural product to facilitate its
immobilization onto a solid support by
interaction with avidin. The resulting
functionalized resin is used in mechanism of
action studies to identify the binding partners
of the natural product of interest.

Chemical probe: A small molecule utilized in the
exploration of biological phenomena and/or
assembly of biochemical pathways. These
compounds can either be natural products or
produced synthetically.

LC/LC-MS/MS: Liquid chromatography (LC) and
mass spectrometry (MS). LC-MS analysis is
commonly utilized for the identification of
proteins and peptides in proteomics studies.
LC/LC refers to tandem chromatography steps
that enable better resolution of the sample
contents. MS/MS refers to analysis of the
parent species followed by fragmentation of
the ion to enable peptide sequencing.

Mechanism of action: Studies to determine the
biological target(s), typically a protein, of a
natural product that elicits an effect on an
organism or pathway.

Natural product: A secondary metabolite
produced by a living organism ranging from
plants and animals to bacteria and fungi.
Absence of these compounds does not result
in the immediate death of an organism unlike
the loss of primary metabolites.

Natural product biosynthesis: Synthesis of
secondary metabolites by an assembly line of
enzymes. Some natural products, including
polyketides and nonribosomal peptides, are
produced by a series of modular enzymes.
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log to identify the binding partner of this natural prod-
uct (Figure 2, panel a) (48). Unexpectedly, they found
that it targets an enzyme not known to be involved in mi-
tosis. This receptor, ornithine �-amino transferase (OAT),
was previously characterized as a mitochondrial en-
zyme essential in ornithine catabolism (49). OAT is not
required for survival (nonlethal in knockout mice or in
humans with mutant inactive forms), suggesting that it
is not essential for normal cell development (50, 51).
OAT knockdown in several cancer lines inhibited cell di-
vision, which suggests that this enzyme may offer a se-
lective way to target rapidly dividing cells, such as can-
cer cells, in preference to normal cells (48).

Further studies will be required to determine the ex-
act role of OAT in cancer cell mitotic function. However,
these thought-provoking data and a subsequently pub-
lished study examining a diazonamide A analog suggest
that these compounds may be cancer-selective agents
(47). In addition, these studies highlight the important
roles that chemical probes can play in understanding
biological processes. Here, use of diazonamide A en-
abled identification of a potentially important player in
cancer therapeutic development that was unlikely to
have been otherwise discovered, given that OAT func-
tion was not known to be associated with
mitosis.

Novel Strategy for Development of Neurotrophic
Agents. Interest in the marine natural product, fellut-
amide B (52), produced by the fungus Penicillium fellut-
anum (Figure 2, panel b), was spurred by the discovery
that this compound induces nerve growth factor (NGF)
secretion in fibroblasts and glial-derived cells (53). NGF
and other neurotrophins provide neuroprotective effects
that may be important in the development of treat-
ments for neuronal injuries or neurodegeneration
caused by stroke or central nervous system diseases,
such as Alzheimer’s and Parkinson’s disease (54). How-
ever, the mechanism of action of this fungal metabolite
was not understood. Crews and co-workers recently re-
ported evidence that the neuroprotective effect of this
natural product stems from an unanticipated action,
inhibition of the proteasome, a function not previously
associated with NGF secretion (55).

The investigations that lead to the discovery of this
seemingly disparate role for fellutamide B were inspired
by the observation that this natural product possesses
structural similarity to a known proteasome inhibitor,
MG132 (Figure 2, panel b). Like MG132, fellutamide B
targets the active site threonine in the chymotrypsin-like
site through covalent modification of its aldehyde war-
head. Fellutamide B was also found to inhibit the
trypsin- and caspase-like sites, although with lower effi-
cacy. In light of this result, the authors confirmed that

Figure 2. A diversity of natural products have been used as chemical probes to understand processes ranging from mitotic spindle as-
sembly to amyloid formation. a) Identification of the target of diazonamide A revealed the identity of an enzyme not previously known
to be involved in mitosis, ornithine �-amino transferase. b) The role of fellutamide B in nerve growth factor secretion was elucidated
following the recognition that this natural product resembled MG-132, a known proteasome inhibitor. The electrophilic aldehyde in
these compounds is involved in their inhibitory activity. c) A combination of epigallocatechin-3-gallate (EGCG) and 4,5-bis-(4-
methoxyanilio)phthalimide (DAPH-12) targets myriad mechanisms of prionogenesis. d) Methylene blue and myricetin both inhibit
Hsp70 ATPase activity resulting in � degradation, demonstrating that this protein may be a viable target for the treatment of neuro-
degenerative diseases.
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other proteasome inhibitors also promote NGF secre-
tion. These data suggest that the neurotrophic activity
of fellutamide B stems from inhibition of the protea-
some, which the authors hypothesize regulates NGF
gene expression by an unidentified transcriptional fac-
tor. Although additional studies will be required to char-
acterize the relationship between proteasome inhibi-
tion and NGF secretion fully, these results strongly
suggest that proteasome inhibitors, many of which
have been identified for other therapeutic applications,
will play an important role in the development of neuro-
trophic agents.

NATURAL PRODUCTS TOOLS TO STUDY POORLY
CHARACTERIZED BIOLOGICAL PROCESSES
The above examples highlight studies that were
prompted by the identification of natural products that
elicit a desired phenotype in a cell-based assay (e.g.,
cell death). This section will present examples of re-
search that stemmed from an interest in the understand-
ing of a particular biological process, such as the func-
tion of a specific enzyme. In these targeted studies,
natural products were identified, usually through the
use of a high-throughput screen, for their activity against
a discrete binding partner. Following identification,
these natural product probes were utilized to further
the understanding of the biological question of interest.

Natural Product Probes of Amyloid Formation. Many
neurodegenerative diseases, such as Alzheimer’s dis-
ease (AD) and Creutzfeldt–Jakob disease (CJD), are asso-
ciated with the formation of proteinaceous plaques,
known as amyloid, in the central nervous system (56).
Although significant progress has been made toward
the development of treatments, in all cases, neurode-
generative diseases are ultimately fatal. Amyloid struc-
tures, typically high in �-sheet content, can be formed
by a variety of normal, endogenous proteins (e.g., prion
protein in CJD and � and amyloid � (A�) in AD), giving
rise to the various symptomologies of the different dis-
eases. The plaques that result from the aggregation of
these distinct protein types are equally dissimilar, and
this conformational diversity complicates efforts to un-
derstand and prevent amyloidogenesis. Thus, continued
exploration of small molecule probes to further our un-
derstanding of protein oligomerization and plaque for-
mation is of paramount importance. Here, two recent ex-
amples of natural product-based probes that facilitated
substantial steps forward in the comprehension of neu-

rodegenerative disease progression and potential treat-
ment avenues are highlighted.

Prions represent one of the classes of proteins that
can undergo a dramatic conformational change leading
to amyloidogenesis. Prion-based plaques are associ-
ated with disorders such as CJD and mad cow disease.
Prion protein occurs naturally throughout the body and
in its normal, soluble form is called PrPc for “cellular” or
“common”. Prion proteins may also be present in an in-
fectious form called PrPSc, which can populate many dif-
ferent structural conformations and are the forms in-
volved in amyloid formation. Identification of a small
molecule that can effectively disrupt the highly stabi-
lized protein–protein interfaces in amyloids and ad-
dress these many isoforms is a daunting challenge.

Recently, Shorter, Duennwald, and co-workers
examined the effects of epigallocatechin-3-gallate
(EGCG), an antioxidant found in tea (57), and 4,5-bis-(4-
methoxyanilio)phthalimide (DAPH-12; Figure 2, panel c)
on amyloidogenesis of different strains of the well-
studied yeast prion protein, Sup35 (58). Discrete infec-
tious structures or “strains” of pure Sup35 can be
readily generated, providing an ideal platform for study.
The research team found that, although neither com-
pound alone could address all of the prion strains, treat-
ment with both EGCG and DAPH-12, each of which an-
tagonizes prionogenesis by a distinct mechanism,
inhibited and reversed amyloidogenesis in a range of
prion strains. These studies provide the first example of
synergistic inhibition and reversal of prion formation
with two mechanistically distinct small molecules and
show promise for the development of small molecule
treatments for amyloid-associated diseases.

The most well-known of all neurodegenerative dis-
eases is AD. AD is characterized by the formation of
amyloid plaques composed of A� peptide and intra-
cellular “tangles” of protein � (59). Current evidence sug-
gests that generation of therapeutic strategies to facili-
tate the removal of abnormal � may be efficacious.
However, the ideal target for this goal is not known,
making full characterization of � processing mecha-
nisms essential. To achieve this goal, identification of
selective inhibitors of the potential players will be re-
quired. In a recent study, Dickey, Gestwicki, and co-
workers focused their efforts on characterization of
Hsp70, a heat shock protein that is associated with
protein folding (60). This molecular chaperone is ex-
pressed in response to stress and is emerging as a po-
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tentially important target in not only therapeutic devel-
opment for neurodegenerative diseases but also cancer,
infectious disease, and immunity (61, 62). In particular,
the authors sought to examine the role that Hsp70s
ATPase activity might play in the stability of �.

Recent development of a high-throughput screen for
Hsp70 (63) facilitated the examination of a 2800-
member library of known bioactive compounds. Sev-
eral inhibitors and activators of Hsp70 were identified,
including the antioxidant dye, methylene blue, and the
flavonoid, myricetin (64) (both are inhibitors; Figure 2,
panel d). Interestingly, inhibitors of Hsp70 ATPase activ-
ity promoted � degradation, while activators elevated
the level of �. These modulating agents were shown to
affect the rate of ATP consumption of this enzyme, a pro-
cess that is intimately associated with the release or
the sequestration of the protein client, in this case �.
This suggests a model in which Hsp70 inhibitors hold
the enzyme in a conformation that accelerates the re-
leasing and targeting of � to the proteasome for degra-
dation. Although the authors had originally anticipated
that activation of Hsp70 would increase � degradation,
they found exactly the opposite. This finding strongly
suggests that inhibition of the ATPase activity of Hsp70
may provide a viable therapeutic strategy.

In subsequent studies, the identified compounds
have been utilized in research aimed at understanding
the relationship between Hsp70 enzymatic activity and
clearance of another protein, the cancer-associated ki-
nase, Akt (65), and between Hsp70 and polyglutamine
protein degradation (66).

Characterization of Unannotated Enzymes. The era
of proteomics has made possible the identification and
study of thousands of proteins. One of the major chal-
lenges remaining in this field is the astounding number
of proteins, estimated to be 30–50% of the human pro-
teome (67), whose functions have yet to be annotated.
All too often, proteins are identified to be important in a
particular cellular process or disease state, but the man-
ner in which these proteins contribute is poorly under-
stood. Unannotated enzymes are generally challenging
to study since identification of selective chemical
probes is difficult without the use of high-throughput
substrate-based assays. Recently, Cravatt, Rosen, and
co-workers reported a novel strategy for the identifica-
tion of small molecules that can be applied to the study
of uncharacterized enzymes (68). To accomplish this
goal, the authors take advantage of probes developed

for the chemical proteomics method, activity-based
protein profiling (ABPP). This technology utilizes chemi-
cal probes that have been designed to target large
classes of mechanistically related enzymes. Probes la-
bel proteins in an activity-dependent fashion by cova-
lent interaction with an active site residue (69).

To enable the identification of selective small mol-
ecule inhibitors of a given enzyme, compound libraries
can be screened in competition with ABPP probes to
identify molecules that prevent the proteomics probes
from labeling the enzyme (Figure 3, panel a). This
method, termed competitive ABPP, has been used to
identify selective inhibitors of, for example, unannotated
serine hydrolases (70). However, this approach is in-
compatible with high-throughput screening (HTS), as it
requires the use of one-dimensional sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gels. To address this challenge, Cravatt and Rosen
adapted competitive ABPP to a fluorescence polariza-
tion (FP)-based assay, where binding of the reactive
probe to the enzyme results in a lower depolarization
signal, while competition with a screening compound,
which results in a high concentration of free fluorescent
probe in solution, yields an elevated depolarization sig-
nal (Figure 3, panel a).

To identify a small molecule useful for characteriza-
tion of the cancer-associated serine hydrolase RBBP9,
the authors screened a library of �19 000 compounds.
One selective inhibitor, the alkaloid emetine (71), which
is produced by the ipecac root was identified (Figure 3,
panel b). Emetine is known to be a highly cytotoxic
agent, but the mechanism of action of this natural prod-
uct has not been elucidated. Further examination of
�75 structurally related compounds demonstrated that
RBBP9 displays a high degree of binding specificity
even against closely related analogs, such as dehydro-
emetine (Figure 3, panel b). Thus, emetine will likely
serve as a useful tool for characterization of the biologi-
cal functions of this enzyme. Although there is still much
to be learned about the relationship between emetine
and RBBP9, this work suggests that the described high-
throughput competitive ABPP platform will see future
application to the study of unannotated enzymes.

Probe To Advance Understanding of Translation
Initiation. The mechanisms that regulate the transla-
tion of mRNA into proteins are highly complex and, to
date, only partially understood. Translation initiation has
been recognized as an important cancer therapeutic tar-
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get due to the success seen with small molecules, such
as rapamycin, that are known to affect this process
(72). Development of additional tools to tease apart
how translation is regulated is of critical importance.

The identification of the natural product pateamine A,
from the sponge Mycale sp. has provided such a chemi-
cal probe (Figure 4, panel a). Pateamine A was first
noted for its selective cytotoxicity profile against rapidly
growing cells, such as P388 leukemia cells (73). In
2005, it was demonstrated that this cytotoxicity is due
to inhibition of protein translation by interaction with

eIF4A, a component of the translation initiation com-
plex, eIF4F. This result was reported by two indepen-
dent research groups, one working to examine the
mechanism of action of pateamine A, and the other
that sought to identify inhibitors of eukaryotic protein
synthesis by performing a high-throughput screen (74,
75). Importantly, unlike other known inhibitors of
protein translation, pateamine A showed a high level of
selectivity for the eIF4A-based activity and did not ap-
pear to affect other steps of translation, making it an
ideal biological probe.

Figure 3. Development of a high-throughput screen enabled the functional annotation of a cancer-
associated protein. a) Enzyme inhibitors were identified using a fluorescence polarization (FP) assay.
Each compound was incubated with RBBP9 followed by addition of a reactive probe that specifically la-
bels the active site of the serine hydrolase. Active compounds prevented the probe from tagging the en-
zyme, leaving it free in solution where it tumbles quickly, causing light depolarization (top). Inactive
compounds do not bind the enzyme leaving it susceptible to probe labeling. The bound probe tumbles
more slowly than the free compound yielding a lower depolarization response (bottom). b) Using the de-
vised FP assay, emetine was identified as a selective inhibitor of RBBP9. Examination of �75 structur-
ally related compounds showed that this binding interaction is highly specific, even the dehydroemetine
analog, which differs by only one unit of unsaturation, was not bound by RBBP9.
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Pateamine A increases the ATPase and helicase ac-
tivities of eIF4A (74, 75). Recent studies have shed light
on the relationship between the enzymatic activity
and the complex formation, indicating that binding
of pateamine A induces a conformational change in
eIF4A that increases its enzymatic activity and thus, in-
creases its residence time on its mRNA substrates
(74). When bound to mRNA, eIF4A cannot participate
in the protein–protein interactions required for forma-
tion of the eIF4F initiation complex. Accordingly, pate-
amine A inhibits protein translation by sequestering
eIF4A and preventing formation of the initiation com-
plex (76, 77). This unique mechanism of action has
prompted great interest in both the continued study
of the role of eIF4A in translation initiation and
cancer and the potential therapeutic utility of

pateamine A and related analogs
(78, 79).

NATURAL PRODUCTS AS TOOLS FOR
PROTEOMIC PROFILING
In the above examples, natural products
were utilized as probes of a particular bio-
logical system. In general, these com-
pounds were highly specific for the protein
target of interest and promoted a deeper un-
derstanding of the role of that biological tar-
get in a disease state or cellular process.
This section focuses on research aimed at
the development of natural product-based
probes to facilitate the global analysis of a
target system. Such chemical proteomics
methods seek to identify new therapeutic
targets and/or assist in determination of the
activity, function, and regulation of a large
number of proteins. The final example pre-
sented in this review combines chemical
proteomics with the area of natural prod-
ucts discovery by development of natural
product-inspired probes to map the activi-
ties of the machinery involved in natural
product biosynthesis.

Probes To Target Antibiotic Resistance-
and Virulence-Associated Enzymes. Infec-
tious diseases are the second-leading
cause of death worldwide and the third-
leading cause of death in economically ad-
vanced countries. With the advent of the

“age of antibiotics” in the 1940s, many believed that
these dangerous microbes had been conquered. De-
spite early optimism, it quickly became apparent that
the ability of bacteria to evolve resistance had been
sorely underestimated. In fact, penicillin-resistant
strains were detected only months after clinical intro-
duction of this drug (80). Generally, resistant bacteria
are observed within four years of the introduction of a
new antibiotic. Accordingly, a dire need to identify new
therapeutic targets exists, particularly for the treatment
of resistant organisms.

�-Lactam-containing compounds, such as the natu-
ral product penicillin, are one of the most commonly uti-
lized classes of antibiotics. These agents inhibit bacte-
rial growth by covalently modifying penicillin binding
proteins (PBPs), a class of enzymes that is required for

Figure 4. Natural product-based compounds often yield highly selective
chemical probes. a) Pateamine A targets eIF4A-based translation ac-
tivity but does not affect other steps in translation. b) A suite of natural
product-inspired probes was developed for profiling of penicillin bind-
ing protein (PBP) activity in vivo. The alkyne-functionalized natural
product analogs are depicted here. Together, these probes targeted
both the anticipated PBPs and a pool of virulence- and resistance-
associated enzymes.
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bacterial cell wall biosynthesis. Although it is widely
appreciated that PBPs are targeted by �-lactam anti-
biotics, little is known about how these enzymes are
regulated in vivo.

To address this challenge, Sieber and Staub gener-
ated a library of antibiotic-inspired chemical probes fea-
turing analogs of cephalosporin, isolated from Acremo-
nium (81), and aztreonam and ampicillin, synthetic
�-lactam-containing antibiotics (Figure 4, panel b) (82).
In addition, they generated six structurally simplified
�-lactam probes to potentially expand the scope of the
enzymes addressed in these studies. These �-lactam-
containing compounds will only label catalytically active
enzymes, making them ideal activity-based probes.
Each probe was functionalized with a bioorthogonal
alkyne moiety to enable conjugation of labeled proteins
to a read-out tag, such as rhodamine, following pro-
teome labeling. This small suite of probes was applied
to the exploration of the Pseudomonas putida,
Listeria welshimeri, and Bacillus licheniformis pro-
teomes. The four antibiotic-based probes labeled a di-
verse set of PBPs as anticipated. Intriguingly, the syn-
thetic �-lactams did not label any PBPs but instead a
pool of unrelated enzymes, including the virulence- and
resistance-associated enzymes ClpP and a �-lactamase
(�-Lact), respectively.

In a subsequent study, this probe library was ap-
plied to the comparative analysis of antibiotic-sensitive
Staphylococcus aureus and methicillin-resistant S. au-
reus (MRSA) to identify resistance-associated enzymes
(83). Several known resistance-conferring enzymes were
identified. In addition, three enzymes of unknown func-
tion, a dipeptidase (Dipep), an esterase (E28), and a
serine protease (SPD0), were detected only in the MRSA
proteomes. Preliminary characterization of the Dipep
and E28 proteins revealed that they display �-lactamase
activity with preference for the hydrolysis of antibiotics
in the penicillin family. Additionally, it was determined
that the dipeptidase is likely a metallo-�-lactamase, a
class of enzymes that are insensitive to the current rep-
ertoire of lactamase inhibitors, making them crucial for
bacterial resistance (84). These results highlight the
potential power of �-lactam-containing probes for the
identification of other unknown resistance-conferring
enzymes in pathogenic bacteria and suggest that devel-
opment of additional natural product-based proteom-
ics probes will also yield efficacious compounds for
functional proteomic studies (85).

Proteomic Profiling of Natural Product Biosynthesis.
Since the advent of the genomic era, more than 1000
bacterial genomes have been sequenced, enabling esti-
mation of the natural product biosynthetic pathways
available in a particular species (86, 87). These efforts
have revealed that there are many more biosynthetic
gene clusters in a given organism than there are known
secondary metabolites (88, 89). Thus, the biosynthetic
potential of microorganisms has been greatly underex-
plored. Researchers are making great strides in the char-
acterization and manipulation of many classes of bio-
synthetic enzymes (90–93). However, these efforts
generally examine one or a small number of enzymes
at a time making global exploration of the biosynthetic
machinery of an organism difficult. Recently, several
strategies for the proteomic profiling of natural product
biosynthesis have been reported (94–96).

One of these methods utilizes substrate analogs to
map biosynthetic pathways for two classes of natural
products: polyketides and nonribosomal peptides (96).
Together, these natural product families encompass a
significant percentage of known natural product-based
therapeutic agents, making continued study of their bio-
synthesis of great importance. The modular enzymes re-
sponsible for synthesis of these natural products (poly-
ketide synthases (PKS) and nonribosomal peptide
synthetases (NRPS)) can be “mixed and matched” to en-
able an organism to produce a disparate collection of
compounds. Thus, it is very difficult to predict the struc-
tures of natural products that may be produced by a
given species a priori.

Many PKS and NRPS enzymes have been character-
ized using a combination of biochemical, genetic, and
structural-based techniques as well as small molecule
probes (97–99). However, a method for the global
analysis of the PKS and NRPS repertoire of a given or-
ganism is still required. Such a tool would enable com-
parative analysis of the functional state of PKS and NRPS
enzymes in various organisms and assessment of the
dynamics of biosynthetic enzymes. In addition, a glo-
bal profiling method would facilitate discovery of novel
compounds by enabling the optimization of natural
product production. As noted above, sequencing of a
number of bacterial genomes revealed that there are
many more biosynthetic gene clusters in a given organ-
ism than there are known secondary metabolites, mak-
ing development of tools to facilitate biosynthetic opti-
mization an important objective (88, 89).
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Figure 5. Chemical probes were developed to facilitate profiling of PKS and NRPS enzymes. a) Carrier proteins were
targeted with a coenzyme A precursor analog (CP probe), while thioesterase domains were tagged with a fluorophos-
phonate probe (TE probe) known to be specific for serine hydrolases. b) The OASIS method. Isolated proteomes were
tagged with either the CP or TE probe. Proteomes were conjugated to the biotin tag using copper-catalyzed click
chemistry. The biotin-labeled proteins were enriched on avidin beads and subjected to on-bead trypsin digestion. The
cleaved peptides were analyzed by liquid chromatography-mass spectrometry (LC/LC-MS/MS) to yield protein identifi-
cations. Utilization of these two probes enabled global analysis of PKS and NRPS enzymes. Note that some peptides
were common between the two probes, while many differed.
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With this goal in mind, Burkart, Cravatt, and co-
workers sought to develop an active site-directed strat-
egy for identification and analysis of PKS and NRPS en-
zymes called Orthogonal Active Site Identification
System (OASIS) (96). This technique utilizes a combina-
tion of substrate analogs and small molecule inhibitors
to label the carrier protein (CP) and thioesterase (TE) do-
mains of active enzymes. Probes were designed to take
advantage of the catalytic mechanisms of these do-
mains. Accordingly, CPs were targeted with a coenzyme
A (CoA) precursor (CP probe), while TEs were labeled
with a fluorophosphonate-containing probe (TE probe)
known to tag serine nucleophiles (Figure 5) (100). La-
beled enzymes were conjugated to the enrichment tag
biotin, using the Cu(I)-catalyzed [3 � 2] cycloaddition re-
action (“click chemistry”) (101) and identified by means
of the liquid chromatography-mass spectrometry
(LC/LC-MS/MS)-based method multidimensional
protein identification (MudPIT) (102). Using this plat-
form, the authors examined the proteome of a model
organism, Bacillus subtilis.

OASIS analysis with the CP probe facilitated the de-
tection of enzymes from all four known PKS and NRPS
gene clusters, identifying 12 of the 16 CP-containing en-
zymes found in the wild-type B. subtilis strain 6051. In
addition, comparative analysis of the activity of TE do-
mains in B. subtilis stains 6051 and 168, an organism
containing a deletion that affects synthase activation, re-
vealed an upregulation of the NRPS activities of four en-
zymes, SrfAC, SrfAD, PpsE, and DhbF in strain 168. This
result is consistent with what is known about strain 168.
For example, levels of SrfAC expression were previously
found to be higher in the wild-type strain 168 in gel-
based proteomic experiments; however, follow-up stud-
ies will be required to understand the biological signifi-
cance of this variation. One PKS, PksR, which is involved
in the biosynthesis of bacillaene showed upregulated
activity in strain 6051.

These proof-of-principle experiments suggest that
OASIS will represent a powerful new technology for com-

parative profiling of the biosynthetic capabilities of vari-
ous organisms, exploration of the dynamics of natural
product synthesis, optimization of natural product bio-
synthesis, and discovery of new compounds. Certainly,
work remains to develop OASIS into a global profiling
strategy and to further validate the ability of this method
to provide the quantitative data required for compara-
tive analysis. However, these preliminary studies sug-
gest that biosynthetic precursors will likely play an im-
portant role in future chemical proteomics studies.

SUMMARY AND FUTURE DIRECTIONS IN NATURAL
PRODUCT-BASED PROBE DEVELOPMENT
Although about 200 000 natural compounds are cur-
rently known (103), it is likely that this group encom-
passes only a small percentage of the biologically pro-
duced small molecule universe. The continued
exploration of the small molecule repertoire of many or-
ganisms, such as plants and microbes, is bound to
prove fruitful for the discovery of novel bioactive com-
pounds. Chemical probes are an essential component
of today’s research arsenal and are utilized to dissect
complex biological processes, to wield temporal con-
trol over biochemical pathways, and ultimately, to iden-
tify novel therapeutic targets. Natural products have
and will continue to play critical roles as biological
probes given their innate ability to interact with high af-
finity and selectivity with biological targets. The com-
plexity of natural products has decreased interest in
these compounds in the pharmaceutical realm. How-
ever, researchers are constantly working to provide new
tools to make identification, functional annotation, and
synthesis more straightforward. The power of nature’s
small molecules far outweighs their challenges, and it
has become clear that renewed interest in natural prod-
ucts will be essential to the future of both biological
studies and drug development.
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