
9.14 Modern Methods for the Isolation of Natural Product
Receptors
Peter Karuso, Macquarie University, Sydney, NSW, Australia

ª 2010 Elsevier Ltd. All rights reserved.

9.14.1 Introduction 513

9.14.2 Traditional Approaches 516

9.14.3 Genome-Wide Approaches 518

9.14.3.1 Chemical Proteomics 518

9.14.3.1.1 Affinity chromatography 520

9.14.3.1.2 Fluorophore tags 527

9.14.3.1.3 Protein arrays 529

9.14.3.1.4 Photoaffinity labeling 530

9.14.3.1.5 Isotope labeling 534

9.14.3.1.6 Drug western 535

9.14.3.2 Reverse Chemical Proteomics 535

9.14.3.2.1 Phage display 535

9.14.3.2.2 Retroviral display 544

9.14.3.2.3 Yeast three-hybrid screening 545

9.14.3.2.4 Yeast display 546

9.14.3.2.5 Bacterial display 547

9.14.3.2.6 Human cell display 548

9.14.3.3 In Vitro Display Technologies 549

9.14.3.3.1 Ribosome display 549

9.14.3.3.2 mRNA display 553

9.14.3.3.3 DNA display 555

9.14.3.3.4 Plasmid display 557

9.14.3.4 Reverse Genetics 557

9.14.3.4.1 Small interfering RNA 557

9.14.3.4.2 Drug-induced haploinsufficiency 558

9.14.4 Future Prospects 560

References 561

9.14.1 Introduction

Humans have probably made use of natural products for tens of thousands of years. Certainly, by the time writing

was invented the human pharmacopeia already contained thousands of plants, oils, and extracts. The

Mesopotamians (2600 BC) recorded approximately 1000 plant substances on clay tablets in cuneiform.

The Egyptian use of medicinal plants dates back to 2900 BC and the Ebers papyrus (1500 BC) records over 700

medicines derived from natural sources (mostly plants). Similarly, the Chinese Materia Medica records prescriptions

from at least 1100 BC and the Ayurvedic system in India dates back to the same period (1000 BC).1 These systems

were based around supernatural beliefs and in many ancient societies, such as the Australian aboriginals, medicine

and religion are closely bound.2 In ancient Greek society, medicines and religion began to separate as the action of

medicines began to be understood. Hippocrates (�400 BC) believed that health was based on the balance of black

bile, yellow bile, phlegm, and blood (the four humors) and that natural products could be used to restore a balance

once lost. With the loss of traditional knowledge to the Europeans in the Dark Ages, the Greco-Roman tradition was

expanded to include the Indian and Chinese traditions by the Arabs, who documented these traditions in such

works as Canon Medicinae and Corpus of Simples.1 By the sixteenth century, Paracelsus had expanded and challenged
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the Hippocritean view, which was largely accepted at the time, with his belief that sickness was caused by attack
from outside agents on the body, and that these agents can be neutralized with specific chemicals. This basic concept
inspired the development of the pharmaceutical industry.3 By the early nineteenth century many natural products
had been purified, including colchicine, morphine, atropine, and strychnine, which are in use today. Interestingly,
while the Mesopotamians had identified opium as a medicine in their writings of 2600 BC, it took until AD 1826 for
E. Merck to commercially produce morphine as a chemical product. However, it was not long (1899) before Bayer
produced the first synthetic natural product analog (aspirin) as a drug.1 Aspirin is an analog of salicin, found in
willow bark (and other plants) that were described by Hippocrates (400 BC) as having analgesic properties. In more
recent times, even with the maturation of organic synthesis and the advent of combinatorial chemistry, natural
products play a preeminent role with about 50% of new small-molecule drugs (1981–2006) being either natural
products, natural product derivatives, or synthetic compounds based on a natural product.4
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Compared to combinatorial compounds, natural products are more ‘drug-like’, have higher molecular
weights, incorporate fewer nitrogen, halogens (especially fluorine), or sulfur atoms but more oxygen atoms,
and are sterically more complex, with more bridgehead atoms, rings, and chiral centers.5 Despite these desirable
properties and proven track record, emphasis on natural products research has declined in recent years as
pharmaceutical companies embrace new technologies, such as combinatorial chemistry, which are not only
faster and cheaper, but also have the advantage of clear delineation of intellectual property issues. While this
led to a surge in activity, the expected productivity has not materialized, with the number of new active
substances (NCE) falling to a 20-year low.6 To our knowledge, only one drug has been developed de novo from
combinatorial chemistry. That compound is sorafenib, a kinase inhibitor developed by Merck for the treatment
of clear-cell renal cancer (and more recently, advanced liver and lung cancer) that was widely released in 2006.7
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As reactions in nature are heavily biased toward function, it follows that every natural product should have
a biological target (or ‘receptor’) and that receptor will be a potentially drugable target. Only if one accepts

this premise can the biochemical expense of producing natural products be rationalized. Therefore, we should

consider all natural products as privileged structures and potential leads in drug discovery. The concept of

‘privileged structures’ has been widely used in medicinal chemistry, but was first espoused by Hirshfield in

relation to the benzodiazepine structure, which seemed to produce a disproportionate number of active

drugs.8 This concept was extended to indole alkaloids by Labaudiniere and coworkers9 and all biologically

active natural products by Newman.4 The topic of why inscrutable secondary metabolism produces many

related structures (diversity orientated), while primary metabolism is more target orientated has had some

robust recent discussion10–17 and regardless if one accepts the ‘screening hypothesis’, the ‘waste metabolite

hypothesis’, or the ‘all-active hypothesis’ the real question remains; can the structures of natural products be

useful to us?
Humans and natural products generally have not coevolved, so it is unlikely that the true molecular

target of a natural product is a human protein. Therefore, it can be argued that the importance of natural

products is lost if they are applied to human diseases.18 This apparent contradiction can be reconciled by

the belief that natural products have emerged in nature to interact with biomolecules and that nature is

inherently conservative as exemplified by the astonishingly similar genomes displayed by apparently

divergent species (e.g., bananas and humans share 50% of their genes).19 Thus, most proteins in lower

eukaryotes and even prokaryotes have functional counterparts with sequence and fold similarities to

human proteins. Jerrold Meinwald put this the best when he said: ‘‘Natural products have evolved to

interact with something, and that something may not be so different from human proteins.’’20 There is

thus ample evidence that natural products are important structures and that many, if not most, have

protein-binding partners.
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Although combinatorial chemistry has underperformed as an engine for drug discovery, the technique is
effective for developing and optimizing natural product pharmacophores. This was demonstrated by

Waldmann and coworkers,21 who prepared a 74-compound library based on the natural product nakijiquinone

C (1), which was originally isolated from a marine sponge.22 Nakijiquinone C inhibits the c-erbB2 kinase but

the library did not yield any compounds that were more potent inhibitors of c-erbB2. Two compounds (2, 3)

were, however, found to be selective Tie-2 kinase inhibitors. Similarly, the same group have recently

constructed a 483-member combinatorial library around the decalin core of the marine natural products

sulfircin (4)23 and dysidiolide (5)24 that are known to be Cdc25A phosphatase inhibitors. Again, none of the

library members displayed the desired phosphatase activity, although two (6, 7) showed low micromolar

inhibition of acetyl choline esterase (AchE), which is a protein with a very similar protein-fold topology and

ligand-binding site. These examples also demonstrate that a natural product’s shape is recognized not only by

the biosynthetic enzyme that produced it but also by other (therapeutic) proteins that share a similar protein

fold, which goes a long way toward explaining why natural products can be useful in systems that they did not

coevolve with.25
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There is a general lack of information concerning cellular targets of most natural products but, without an
understanding of the ‘receptors’ of natural products, efforts to generate more potent analogs through
structure–activity relationships, structure-based design, or combinatorial chemistry may prove futile.
Similarly important, but even less well known, are the identities of ‘off-targets’ that are responsible for toxicity
or side effects. It would be advantageous to determine protein targets responsible for toxicity early in drug
development and off-targets may be important in identifying other uses of a natural product. For example, the
drug thalidomide, originally prescribed as a hypnotic to alleviate morning sickness in pregnant women (with
disastrous consequences), is now used as an anti-inflammatory drug for treating Hansen’s disease (leprosy) and
as an anticancer agent against multiple myeloma (Thalomid). Similarly, the natural product rapamycin was first
described as an antifungal agent but is now registered as an immunosuppressant (Rapamune). Rapamycin is also
currently being developed as an anticancer drug, a side effect noticed in transplant patients using the drug.26

The immunosuppressive and anticancer activity of rapamycin are mediated through its interaction with the
protein mTOR and this fact has led to advances on multiple fronts. The development of rapamycin from
antifungal to immunosuppressant and anticancer drug has taken over three decades and, it could be argued that,
this process could have been dramatically shortened if there were methods to quickly isolate the protein-
binding partners for the natural product. Substantial progress has been made toward achieving this goal over the
past decade with the development of several new technologies but new tools are desperately needed for this
daunting challenge.27

In this chapter, we review various methods that have been used to isolate the binding proteins for natural
products but also look critically at methods that might be used in the near future to achieve this goal. Each has
advantages and disadvantages and there is no one perfect method, but many are complementary. The review is
not meant to be exhaustive but examples are chosen to highlight particular advantages or disadvantages of each
approach. There are also certainly other techniques that may be adapted for the isolation of natural product-
binding proteins but in the interests of brevity they all cannot be detailed.

9.14.2 Traditional Approaches

The ‘Golden Age of Antibiotics’ (1940–70), can be considered to have its rather unpretentious beginnings in
an obscure Belgian journal that reported the serendipitous discovery of ‘penicillin’ by a Scottish microbiol-
ogist by the name of Alexander Fleming in 1928.28 It is fittingly ironic that the impetus to take this obscure
finding further came a decade later due to the allied need to increase troop survival rates after injury in World
War II. It took another decade to elucidate the structure of penicillin and required the ‘new’ technique of
X-ray crystallography.29 The structure was new to science, resisting all traditional degradative approaches.
With even more irony, penicillin was heralded as a wonder drug and that man’s fight against disease was
finally over. Naturally, bacterial resistance was already noted in 1945, soon after the drug was introduced into
hospitals. Life was just not meant to be that easy. It took another decade to find that penicillin targeted the
biosynthesis of the bacterial cell wall,30,31 and a further decade to determine that the actual protein target was
the transpeptidase enzyme.32 The discovery of the cellular target for penicillin consequently led to the rapid
development of many new transpeptidase and �-lactamase inhibitors (e.g., penems and monobactams).
Interestingly, it has been estimated that over 10 000 penicillin analogs have been synthesized and tested but
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some of the most active compounds (cephalosporins, clavulanates, sulbactams, monobactams) are natural
products.1 Once a protein-binding partner of a drug is discovered, that protein is considered a therapeutic
target and the search for new, more potent analogs can begin.

The important point of this story is that it took two decades of trial and error to discover the proteins that
bind to penicillin but once found, a plethora of analogs was synthesized and discovered in nature in the 1970s.
Today progress is faster, but an example from the modern literature will serve to demonstrate the classical
approach to finding the protein target of a natural product, and its shortcomings.

In 2004, Jee H. Jung isolated a series of new and known sesterterpenes from the sponge Psammocinia sp. by
bioassay-guided isolation.33 The assay (brine shrimp lethality) suggested the authors that the compounds may act
through some form of cytotoxicity. A panel of five cancer cell lines was thus tested and selective activity for some of
the compounds was found for human skin cancer cells (SK-MEL-2) with low micromolar ED50 values. For
whatever reason, many cytotoxic marine natural products tend to show selectivity for melanoma cancer cell
lines. A common mode of anticancer activity involves the inhibition of DNA replication, so the authors tested their
compounds in a 31P-based DNA replication assay and found that the compounds inhibited SV40 DNA replication
in vivo. DNA replication can be slowed by inhibition of topoisomerase or DNA polymerase, so the authors tested
their compounds against two enzymes (topoisomerase I and DNA polymerase R) by previously established assays
and found activity (IC50) of a 1:1 mixture of strobilinin and felixinin (8) against both enzymes at 5 and 10mmol l�1,
respectively. The results have since appeared in several reviews, which state that 8 is a ligand for topoisomerase and
DNA polymerase34–38 but the series of linear steps highlights some of the problems of a classical approach to the
determination of natural product-binding proteins. At each step, a series of assumptions must be made about the
underlying mode of action that depends intrinsically upon the current state of knowledge: Only activity for which a
test exists can be used to support or refute each assumption, initiating a somewhat circular argument. For all other
activities, as Wittgenstein put it ‘‘Wovon man nicht sprechen kann, darüber muß man schweigen’’ (what we cannot
speak of we must pass over in silence).39 The point is that in the traditional approach, we can only find activity in
places where it can be found, which means in systems that we know about and with assays that are established.
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Other than as leads in drug discovery, natural products are also effectively used as probes in chemical
genetics.40 To understand the function and role of a particular gene, a method is required to modulate the gene
product. This is classically done indirectly through a genetic approach, by knocking out that gene.
Unfortunately, the cascade of compensatory responses during development often conspire to mask the
expected outcome. In addition, the gene product is often redundantly coded, resulting in no effect or is
required at some stage of development and its loss is thus fatal. The deletion of the gene is mostly irreversible
so cannot be simply regulated. In contrast, chemical genetics can be used to regulate gene products through
inhibition or binding to proteins in cells giving substantial spatial and temporal regulation. Most natural
products exert their biological effects through binding to proteins and many have found uses in understanding
the cellular role of their binding protein. For example, lactacystin (9) was isolated from a species of Streptomyces

and was found to induce neurite outgrowth.41 Tritium-labeled lactacystin was used to identify the highly
conserved N-terminal threonine residue of the mammalian proteasome subunit X as the protein-binding
partner. The ability of lactacystin to inhibit cell-cycle progression and induce neurite outgrowth correlated
with its ability to inhibit the proteasome. This demonstrated, for the first time, that the proteasome is a major
regulatory complex required for cell-cycle progression. When lactacystin was added to proliferating cells, the
oscillation of cyclin protein levels stopped, resulting in accumulation of the cyclin-dependent kinase (CDK)
inhibitor p27, showing that p27 was required for cells to get from G0/G1 to S phase.42 Lactacystin has also
helped elucidate the role of the proteasome in inflammation. Inhibition of the proteasome with lactacystin
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stabilizes I�B and phosphorylated I�B by blocking the degradation of these proteins, which triggers the
inflammatory response.43 Other natural product proteasome inhibitors have also been used to gain a better
understanding of the diverse roles of the proteasome in cell biology.44

To avoid the pitfall of assumptions based on current knowledge and to facilitate rapid drug development, it
is important to develop unbiased approaches to finding the cellular partners for natural products, or any small
molecule.

9.14.3 Genome-Wide Approaches

Genome-wide approaches can be differentiated at two basic levels. The first is forward chemical proteomics, which
uses a cell’s proteome as a library from which the natural product’s binding partner is isolated. The second is reverse
chemical proteomics, which uses the cell’s genome. If the aim of chemical genomics is to discover a small-molecule
modulator for every gene product (protein)40 in a cell then the aim of chemical proteomics can be articulated as
the discovery of the protein target of every biologically active small molecule.45 This can be done in two ways,
starting from a cell’s total protein set (proteome), in which case we can call the process forward chemical proteomics
or by starting from the cell’s genome (or transcriptome),46 in which case we can call the process reverse chemical
proteomics.47 In both cases, selection is based on an interaction between the natural product and a protein library
(proteome) but in the latter, the protein is attached in some way to its encoding gene.

Growing interest, particularly from the pharmaceutical industry, in protein–protein interactions48,49 has
increased the demand for new methods for the rapid identification of interaction partners. These methods can
(at least potentially) be modified and optimized by chemists to identify natural product-binding proteins though
many of these technologies have not yet been widely used for small molecules, let alone natural products.

Knowledge of the cellular target for a natural product automatically identifies that target as ‘druggable’ and
allows the full repertoire of medicinal chemistry, chemical genetics, and combinatorial chemistry to be applied
to structure-based design and lead optimization. Thus, the determination of natural product-binding proteins is
also a key step in increasing the diversity of known drug targets. It has been estimated that 50% of all approved
drugs target just four families of proteins, and that the human genome (29 679 genes) currently includes only
207 known drug targets.50 One of the reasons for this low number is that the pharmaceutical industry has relied
for many years on the maxim that the best way to develop a new drug is to start with an old one.50 This has led,
as noted above, to a plethora of penicillin analogs such that over 4% of all known drugs target penicillin-
binding proteins but also led to a critical lack of new antibiotics in recent years to fill the gap left by the
development of antibiotic resistance to �-lactam-based antibiotics.

The full potential of high-throughput/high-content screening of new small molecules with pharmaceutical
effect (NCEs) will not be realized until the supporting fields that allow the rapid isolation of small-molecule-
binding proteins mature.

9.14.3.1 Chemical Proteomics

Chemical proteomics offers a convenient method of unbiased isolation of cellular protein-binding partners of
natural products that does not rely on a circular argument but requires some way of tagging or immobilizing the
natural product or the proteome. The natural product is commonly biotinylated or covalently attached to a
chromatography medium but can also be tagged with a fluorophore, radioactive label, or photoaffinity probe. For
example, Strominger isolated five penicillin-binding proteins from the membrane of Bacillus subtilis in the early
1970s using a penicillin-derivatized sepharose-affinity resin.51 He started by activating Sepharose with cyanogen
bromide and coupling succinyldiaminodipropylamine to prepare the carboxy-derivatized sepharose (10), which
was coupled to 6-aminopenicillanic acid (11) with the aid of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. As
penicillins make covalent bonds to their binding proteins (see Section 9.14.3.3.2) extensive washing of the column
can reduce background binding and the captured proteins can be eluted with neutral NH2OH, which cleaves the
penicilloylenzyme bond. SDS–PAGE was used to separate the proteins and one was identified as D-alanine
carboxypeptidase.51 Several groups have also used radioactively labeled penicillin probes (e.g., 12) and gel
electrophoresis to identify penicillin-binding proteins, taking advantage of the covalent linkage between tagged
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penicillin and binding proteins.52–54 More recently, fluorescent and biotinylated penicillin derivatives (e.g., 13–15)
have replaced radioactive probes.55–59 In the case of biotinylated penicillins, labeled proteins can be isolated by
chromatography on streptavidin sepharose, eluting with detergent then separated by electrophoresis, electro-
blotted, and then visualized with fluorescently labeled streptavidin or by chemiluminescence through horseradish
peroxidase (HRP)-linked streptavidin. With fluorescent penicillins, cell lysates or membrane proteins were
incubated with tagged penicillin and then the proteins separated by 1D or 2D gel electrophoresis.57 The
fluorescently labeled spots can then be manually picked and identified by mass spectrometry. Digoxigenin-labeled
penicillin (16) has also been used to show that chemiluminescence is more sensitive and safer than 125I labeling.60

Digoxigenin’s small size and relative ease with which it can be attached to biomolecules, along with readily
available antibodies, make it a standard chemical label and immunohistochemical marker for in situ hybridization.
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The covalent binding of labeled penicillins to penicillin-binding proteins has been used in numerous studies
including drug discovery, antibiotic mechanisms of action and resistance, and cell wall physiology.61
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One of the first examples of chemical proteomics was the isolation of tubulin as the protein-binding partner of
colchicine by Taylor and coworkers in 1965.62–66 In this work, pig-brain proteome was incubated with a tritiated
analog of colchicine and radioactive fractions were purified by column chromatography, analyzed by gel electro-
phoresis that led eventually to the discovery of tubulin. Similarly, Handschumacher and coworkers used a tritiated
analog of the fungal (Tolypocladium inflatum)67,68 natural product cyclosporin A (17) to isolate two cytosolic proteins
from bovine thymus homogenates.69,70 These were new proteins dubbed ‘cyclophilins’ and binding of cyclosporin
A to human cyclophilin is responsible for suppression of the immune system. There are many other examples of
radiolabeled natural products being used to isolate their cellular-binding partners. This technique works well for
natural products that bind covalently to their partner, such as penicillins53 (see above), lactacystin (9) (see below),
and for compounds that have very high affinity for their binding protein (e.g., FK506; 18); however, this would not
be expected to work for natural products with moderate or high affinity as the interaction would not be expected to
survive the purification steps (e.g., electrophoresis, ion exchange chromatography, and HPLC). The solution to this
problem was to adapt the methods biochemists use to isolate proteins that interact with other proteins.

9.14.3.1.1 Affinity chromatography

One of the simplest techniques for identifying noncovalent natural product-binding partners involves tethering the
natural product to an affinity resin (typically agarose, sepharose, or less commonly polystyrene) that has been
functionalized to react with common groups such as amines, carboxylic acids, thiols, or alcohols. Agarose/
sepharose-affinity matrices have the tendency to interact nonspecifically with proteins. As a result, many other
affinity matrices have been adapted for chemical proteomics including glycidyl methacrylate, polymethacrylate,
polyacrylamide, polystyrene, and polyethyleneglycol-based resins. A recent study of the suitability of a large range
of gels used in peptide synthesis found that polyethylene glycol dimethylacrylamide copolymer (PEGA resin) was
the best for the affinity isolation of the protein-binding partner for the FK506 (18) analog AP1497.71 In a typical
experiment (Figure 1), a cellular lysate or tissue homogenate is incubated at 4 �C in the presence of protease
inhibitors with an affinity matrix. Typically, an hour to overnight is required to maximize contact of the proteome
with the displayed natural product. The resin is then washed with buffer, usually containing a low concentration of a
detergent such as Tween 20, to remove nonspecific-binding proteins. Binding proteins are then eluted either
specifically (with free natural product) or, more conventionally, under denaturing conditions (e.g., 2% SDS)
removed under denaturing conditions. The eluted proteins can then be resolved by 1D or 2D gel electrophoresis
(SDS–PAGE) and identified through sequencing or more commonly by mass spectrometry.72 The most popular
technique is peptide mass fingerprinting (PMF), which involves excision of the putative protein band from the gel,
tryptic digestion of the protein and then identification of that protein by its characteristic pattern of peptides. One of
the great challenges of affinity chromatography is the minimization of nonspecific interactions. This can be
achieved using extensive washes but risks elution of moderate or even high-affinity proteins. Other methods
involve serial-affinity chromatography, where the cell lysate is first passed through a resin that is derivatized with an
inactive analog of the natural product to remove nonspecific binders. This can also be done in parallel, where the
eluate from the inactive analog resin is compared to the eluate from the natural product resin. In the competition
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variant, two sets of resin derivatized with the natural product are used where in one experiment, excess soluble
natural product (soluble control) is added to the cell lysate and just solvent to the other. Comparison of the two
eluates reveals the specific binding proteins missing from the soluble control experiment.

Affinity chromatography is by far the most popular method for the isolation of natural product-binding proteins.
For example, withaferin A (19) a member of the withanolide family of C28 steroidal lactones occurs in many
solanaceous plants, especially Withania somnifera.73 It exhibits antiangiogenic and antitumor activity in vivo, which
result from this drug’s potent growth inhibitory activities.74,75 Whitesell and coworkers isolated the putative human
target for this natural product through a classical forward chemical proteomics approach.76 To achieve this with-
aferin A was modified at the C27 position with commercially available pentafluorophenyl-biotin to yield biotinyl-
withaferin (20), as available structure–activity relationship data suggested that this position was noncritical.77

Cytotoxicity testing of biotinylated withaferin A confirmed preservation of its bioactivity. This is an important
step often not done to confirm that the affinity probe retains its biological activity. The biotinylated withaferin was
immobilized onto streptavidin-coated agarose beads and incubated with MCF-10A breast epithelial cell extract that
had been previously cleared of nonspecific-binding proteins with underivatized streptavidin-sepharose (serial-
affinity chromatography). Analysis of the proteins that bound to the underivatized beads revealed a surprisingly large
amount of protein, highlighting the need to remove background binders that could conspire to mask any real binding
partners. The derivatized streptavidin-sepharose was preincubated with either free withaferin A or solvent (dimethyl
sulfoxide – DMSO). Each set of beads was then incubated with the precleared cell lysate and washed with buffer to
retain both tight and loosely bound proteins. Elution of the bound proteins (It is difficult to break the biotin–avidin
noncovalent interaction but it can be done with, for example, boiling SDS or 8 mol l�1 guanidine (pH 1.5) or by
addition of excess free biotin. The authors did not state specifically how the protein elution was achieved.) was
followed by electrophoresis (sodium dodecyl sulfate–polyacrylamide gel electrophoresis – SDS–PAGE under
reducing conditions) and staining with SYPRO ruby. A single band at approximately 36 kDa was observed in the
DMSO-treated lysate that did not appear in the withaferin A-treated lysate. The conclusion was that this band was
effectively displaced by prior addition of unmodified withaferin A (competition variant). Tryptic digestion of the
excised protein gave a series of peptides that were analyzed by liquid chromatography–tandem mass spectrometry
(LC–MS/MS) to identify human annexin II as the protein-binding partner.76 Further investigation of the peptides
generated from tryptic digestion of pure annexin II in the presence of withaferin A suggested that the withaferin A
reacted with Cys133. The authors assumed this was a nucleophilic attack of the thiol or thiolate of the protein on the
ring B epoxide of the withaferin A but it is possible that conjugate addition of the thiol on the ring A enone occurs.
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Figure 1 Chemical proteomics starts with a pure natural product (A) that is tethered to a solid support through some

appropriate chemistry (B), covalently or through biotin–avidin, using a suitable chemical linker. It is often necessary to

synthesize several analogs with requisite functional groups for coupling to a linker and to test these to ensure they retain the
biological activity of the natural product. The resulting affinity matrix, which could be a classical affinity column, for example,

(C) is incubated with a cell lysate to capture specific-binding proteins. After washing (D), the binding proteins are eluted (E)

with underivatized natural product (specific elution) or under denaturing conditions (e.g., 2% SDS; nonspecific elution) and

identified by either LC–MS or SDS–PAGE–PMF analysis (F). Experimental parameters, such as the immobilization chemistry,
stringency of washes, and elutions need to be optimized to achieve an acceptable level of background, nonspecific binding.



Interestingly, a year later, Mohan and coworkers showed that withaferin A binds to the 56 kDa intermediate
filament protein, vimentin, by covalently modifying its cysteine residue, which is present in the highly
conserved �-helical 2B domain. The natural product induces vimentin filaments to aggregate in vivo, seen as
punctate cytoplasmic aggregates, that colocalize vimentin and F-actin.78 The methods used by Mohan were
almost identical to those of Whitesell except that they used human umbilical vein endothelial cells and the
withaferin A probe (21) contained a long linker between the natural product and the biotin. The authors could
find no trace of annexin II and concluded that the linker allowed the isolation of an alternative binding protein.
It is possible that withaferin A binds to more than one protein with high affinity and that the longer linker
allowed the Mohan probe to bind to vimentin, which was excluded by the lack of a linker in the Whitesell
probe. Such examples highlight the requirement for long linkers that are able to effectively present the natural
product to proteins that may have deep-binding pockets, not accessible to probes with a short linker.

Diazonamide (22) is a marine natural product isolated from the tunicate Diazona chinensis, though the
originally reported structure was wrong.79 Diazonamide inhibits human cancer cell growth and, at low
nanomolar concentrations, induces an M-phase growth arrest.80 Wang et al. used affinity chromatography to
isolate the binding protein for diazonamide immobilized on avidin–agarose resin. They used two affinity resins,
one derivatized with a biotinylated diazonamide (23) and the other with a very close structural analog (24) that
was missing just one bond.81 Incubation (4 �C, overnight) of each resin with partially purified protein extracts
from HeLa cells revealed two proteins of approximately 50 kDa in the SDS–PAGE gels that were not present in
the eluate from resin derivatized with the control (24). In addition, they used a soluble control (free
diazonamide) to show that purification of the two 50 kDa proteins was inhibited in the presence of 22. By
mass spectrometry, both proteins were found to be ornithine �-amino transferase (OAT), a hitherto unchar-
acterized mitochondrial enzyme. They confirmed that inhibition of OAT was responsible for diazonamide’s
antimitotic effects by knocking down endogenous OAT with siRNA. Interestingly, diazonamide does not affect
OAT’s enzymatic activity suggesting that OAT has a role in mitotic spindle assembly unrelated to its catalytic
activity.
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The Crews lab at Yale specializes in the isolation of protein receptors for epoxide containing natural
products such as fumagillin,82 eponemycin, and epoxomicin.83 These examples are notable because the probes
were incubated with live cells, followed by lysis and affinity purification. Fumagillin (25) and TNP-470 (26), a
semisynthetic analog of fumagillin, are inhibitors of angiogenesis, causing late G1 phase endothelial cell-cycle
arrest.84 Despite the fact that TNP-470 had undergone numerous pharmacological studies and clinical trials,
little was known about its cellular target or mode of action. Sin et al.82 used a biotinylated analog of fumagillin
(27) to identify its cellular target from human umbilical venous endothelial cells. This led to the isolation of
human methionyl aminopeptidase (MetAP-2) – a cobalt-dependent metalloprotease. Mass spectrometry and
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X-ray crystallography revealed the imidazole nitrogen of His231 in the active site of MetAP-2 that forms a
covalent bond with the carbon of the spirocyclic epoxide of fumagillin.85,86 Metalloproteases are known to
be involved in angiogenesis by helping break down of the intercellular matrices required for new blood
vessel growth.
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A similar strategy was employed to identify the cellular receptor for triptolide (28), a terpenoid from the
Traditional Chinese Medicine (TCM), the plant lei gong teng (Trypterygium wilfordii). Triptolide is a triepoxide
that induces rapid apoptosis in many cancer cell lines by inhibiting NF-�B transactivation.87 The natural
product was nonspecifically tritiated and incubated with growing HeLa cells. After lysis and anion exchange
chromatography, the radioactive fraction was analyzed by SDS–PAGE. Radioactivity was specifically asso-
ciated with a 110 kDa protein that was subsequently identified as a calcium channel protein (PC2).88

Knowledge of the protein-binding partner for triptolide allowed the compound to be developed for treatment
of polycystic kidney disease.89 In this case, as most from the Crews lab, identification of the cellular partner was
possible only because a covalent bond is formed.
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Ilimaquinone (29) is a marine sesquiterpene quinone first isolated in 1979 from the sponge Hippospongia

metachromia.90 It has been reported to have mild antibacterial, antiviral, antifungal, and anti-inflammatory
activities, but more interestingly, ilimaquinone has been found to break down the Golgi apparatus into small
vesicles, thereby blocking cellular secretion.91,92

In a classic paper, Snapper synthesized an ilimaquinone–agarose-affinity resin (30), which was incubated
with homogenized bovine liver and then washed extensively.93 Proteins retained by the resin were separated by
gel electrophoresis, yielding six main protein bands. Amino acid sequencing of these bands revealed three
proteins involved in the activated methyl cycle – SAHase, S-adenosylmethionine synthetase (SAM synthetase),
and catechol-O-methyltransferase (COMT) – as well as three unrelated proteins. Subsequent enzymatic assays
established that ilimaquinone is a competitive inhibitor of SAHase, but has little effect on the activity of SAM
synthetase or COMT. The authors noted that a consequence of SAHase inhibition would be the intracellular
accumulation of SAH, which is a potent feedback inhibitor of methyltransferases. These results support the
assertion that methylation events play an important role in cellular secretory events and vesicle-mediated
processes. The study also highlighted the problem of nonspecific interactions as only one of the six isolated
proteins was shown to interact in any way with the natural product.
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Didemnin B (31) is a cyclic depsipeptide, first isolated from a Caribbean tunicate, Trididemnum solidum, in 1997.94

Didemnin B has potent anticancer activity, inducing G1 cell-cycle arrest at nanomolar concentrations.95 In addition,

didemnin B also exhibits antiviral96 and immunosuppressive97 activities and has been shown to inhibit protein

synthesis.98 Schreiber and coworkers used affinity chromatography to identify cellular receptors for didemnin B.99 In

their study, they used bovine brain tissue homogenate and passed through a streptavidin-agarose column to remove

endogenous streptavidin- and agarose-binding proteins. The column eluate was then incubated with a biotinylated

analog of didemnin B (32) and the resulting mixture was passed through a fresh streptavidin–agarose column (serial-

affinity chromatography). Proteins retained by the column were eluted with SDS, separated by gel electrophoresis,

and identified by amino acid sequencing.99 In addition to a lot of background, a 49-kDa protein with 95% homology

to human translation elongation factor 1� (EF-1�) was retained by the column. Further investigation revealed

didemnin B binds to EF-1� only in the presence of GTP. EF-1� is an abundant guanine nucleoside-binding protein

that transports amino-acyl tRNAs to the ribosomal A site in a GTP-dependent manner.100 The authors hypothesized

that didemnin B blocks protein synthesis by binding to GTP:EF-1� and preventing the GTP:EF-1�-amino-acyl

tRNA complex from interacting with the ribosome. However, this interaction does not explain didemnin B-induced

late G1 cell-cycle arrest at nanomolar concentrations as binding to EF-1� was in the millimolar range. The

significance of Schreiber’s findings was quickly questioned based on the apparent low binding to EF-1� but also

because the characteristic side chain of didemnin B was missing from the probe (32).101

Schreiber responded by removing the majority of EF-1� from the bovine brain tissue using cation-exchange
chromatography.102 The EF-1�-depleted brain lysate was then passed through a column of didemnin-B immobi-

lized on Affigel and proteins retained by the affinity matrix were separated by electrophoresis. Two new didemnin-

B-binding proteins (of 34 and 36 kDa) were observed. Amino acid sequencing and subsequent cloning of the cDNA

encoding these proteins revealed them to have similarity to human palmitoyl protein thioesterase (PPT), an enzyme

that removes palmitate from H-Ras and the G�s subunits of heterotrimeric GTP-binding proteins in vitro. Further

investigation by Crews revealed that didemnin B uncompetitively inhibits the enzymatic activity of recombinant

human PPT.103 However, there is speculation that the didemnin B receptors isolated may not be related to the

biological activity of the molecule.104 This is because the affinity probes employed had the linker attached to

didemnin B in place of the Pro8Lac9 side chain, which previous studies have confirmed to be important for

cytotoxicity and immunosuppression.105 Joullié and coworkers have synthesized a range of fluorescent,106 photo-

affinity,107 and radioactive108 analogs of didemnin B with intact side chains that could be useful for identifying the

cellular targets, although no such studies have been reported.

N

S

O
N

H
N

OO

O
O

O

O

N
H

O
S

HN NH

O

33

Modern Methods for the Isolation of Natural Product Receptors 525



Pateamine A is a dilactone macrocyclic natural product first isolated in New Zealand from the sponge
Mycale sp.109 The compound was described as possessing possible selective, potent cytotoxicity (P388; IC50

150 pmol l�1). Romo employed his total synthesis of pateamine A to synthesize a biotinylated version (33) that
was used in a streptavidin sepharose pull-down experiment to isolate the threonine/serine kinase eIF4A from
RKO cells.110 It was later shown that binding of pateamine A to eIF4A disrupts binding to eIF4E and eIF4G and,
in a rare case, actually increases the enzymatic activity of eIF4A thereby inhibiting eukaryotic translation.111
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Hymenialdesine (34) is a cyclic oroidin alkaloid that has been isolated, with several close analogs, from several
axinellid sponges112 and been shown to be a potent inhibitor of CDKs.113 The crystal structure of hymenialdesine
with CDK2 revealed that the molecule bound to the ATP-binding site of the kinase and that the bromo-group
pointed out of the pocket. Meijer and Gray then used a Sonogashira coupling to attach a seven-carbon linker to
the C5-position (35), which was then covalently coupled to an affinity matrix through an ethylene glycol linker.
As a control resin, an aldesine analog (38) was synthesized. Mouse brain extracts were incubated with the affinity
resins, washed, and nonspecifically eluted with Laemmli buffer (95 �C). Electrophoresis revealed many bands
from the resin loaded with hymenialdisine and very little from the aldesine-resin. In-gel tryptic digestion of the
major bands followed by MALDI–MS analysis revealed three kinases known to be strongly inhibited by
hymenialdisine (GSK3�, GSK�, and Mek1), two new kinases that have not been previously known to be targets
of hymenialdisine (p90RSK and an isoform of BIKe), and �-tubulin.114 Unlike other examples of affinity
chromatography, this example shows that it is possible to isolate multiple-binding partners in one experiment.

As illustrated by the few examples above, affinity chromatography, using natural products as bait, is an
effective method for the isolation of natural product-binding proteins. This facilitates the identification of cellular
processes that would be difficult to study without the aid of the natural product and provides invaluable
information for rational drug development. Despite its success, the examples above also highlight the limitations
of the techniques. First, chemical proteomics will usually isolate the most abundant binding protein over the most
avid as highlighted by the didemnin B work of Schreiber and Crews. Second, despite the first point, binding
interactions need to be strong so as to survive the washing conditions required to reduce background binding to an
acceptable level. Even so, one can expect many false positives as exemplified by the ilimaquinone example. Using
a precleared extract (against an affinity matrix that is very close to the natural product derivatized resin) is a
popular strategy to avoid this problem. Third, the natural product needs to be derivatized without affecting its
biological activity. This can be a real challenge, not only from a chemical perspective but also from a supply
perspective as many natural products are rare or difficult to make. Seemingly small changes can affect what
protein-binding partners are isolated as exemplified by the withaferin example above.

One enterprising solution to the problem of derivatization, by Osada and coworkers, is to use random photo
cross-linking of the natural product to a surface or resin. Thus, aryl diazirine groups (see Section 9.14.3.4)
covalently attached to glass slides have been used to create small-molecule microarrays.115 In a proof of
principle, FK506, cyclosporine, digitoxin, and a number of other small molecules were photo-cross-linked to
the glass and shown to bind the respective fluorescently labeled antibodies. The aryl diazirine group is
transformed, with UV light, into a highly reactive carbene, which then reacts irreversibly with small molecules
in a manner that is independent of the functional groups.116–118 Osada has recently reported a similar approach
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to derivatize an affinity gel, such as agarose beads, with natural products and shown that they retain their
binding capability by rescuing their binding proteins from cell lysates.119 In this paper, the group attached
a photoactive linker to CH agarose 4B beads (37) and then suspended the underivatized natural product
(10 mmol l�1) in methanol with the beads. After drying, the beads were irradiated with UV light (365 nm)
and then washed thoroughly with methanol and water. In this case, cyclosporine (17) and FK506 (18) were
used. Incubating the cyclosporine beads with Jurkat cell lysate, washing, and elution allowed the isolation
of CsA, the cellular receptor for cyclosporine. Similarly, FKBP12 was isolated from beads derivatized
with FK506.
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A similar approach has been reported by Angela Koehler except that the glass slide is derivatized with a
diethyleneglycol linker terminated with an isocyanate group instead of a photoreactive group. After the slides
are printed with natural products, they are exposed to pyridine vapor to catalyze the covalent attachment with
amines, alcohols, and thiols. The slides, printed with AP1497, FK506, or rapamycin were found to bind
fluorescently labeled, recombinant FKBP1a and corticosterone and digoxin to their respective fluorescently
labeled antibodies.120 The method was then trialed on a natural product extract from Streptomyces hygroscopicus,
the organism that produced rapamycin.121 Crude extracts under various growth conditions were screened with
fluorescently labeled FKBP1a and it was found that rapamycin could be detected in the presence of quite
complex mixtures.122 However, the obvious extension to printing a nanoLC gradient elution of a crude extract
to identify fractions containing specific natural products was not done. Presumably this would be difficult to
achieve as the solvent (or impurities) used for HPLC could react with the isocyanate, and it would be difficult
to get the volumes small enough to fit onto one glass slide. Other disadvantages are that the natural product is
not randomly derivatized but through a possibly critical functional group and that different functional groups
react at widely different rates with isocyanates that could bias binding. The method also relies on the
availability of fluorescently labeled proteins of interest and can therefore not discover new proteins that bind
to natural products. However, if the adsorbed proteins could be analyzed by mass spectrometry (see Section
9.14.3.1.5), then photochemical immobilization could become a very useful method for the identification of
natural product-binding proteins. Finally, it should be possible to use a reverse affinity chromatography
approach, where a protein of interest is covalently linked to a support and a crude extract of natural products
passed through the column, to isolate compounds that bind specifically to that protein (reverse chemical
genetics). This approach is used for combinatorial libraries but there are no examples from the field of natural
products chemistry.

9.14.3.1.2 Fluorophore tags

Fluorescently tagging natural product analogs has been used for activity-based proteomics to identify putative
classes of enzymes in SDS–PAGE gels.45,123 For example, the natural product, E-64 (38), first isolated and
characterized from Aspergillus japonicus by Hanada et al.124–126 has been used as an activity probe based on the
natural product’s ability to covalently bind cysteine proteases.127 For example, yellow DCG 04 (39) was
incubated with a rat kidney homogenate and separated by gel electrophoresis. Because E-64 is specific to
papain-like proteases and derivatizes the active site cysteine covalently, the protein–probe adduct is stable to
the denaturing conditions of gel electrophoresis (SDS–PAGE). This allowed Bogyo and coworkers to identify a
number of cathepsins in the rat kidney proteome under various conditions.127
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Phorboxazole A (40) is a very potent cytostatic agent from the Western Australian sponge, Phorbas sp. first
isolated by Ted Molinski in 1995.128 It causes S-phase cell-cycle arrest at picomolar concentrations (average
cytostatic activity in NIH’s 60-cell panel is�1 nmol l�1) but the target of phorboxazole A is somewhat mysterious.
The total synthesis of phorboxazole A129 allowed the synthesis of a fluorescent analog (41).130 As it was previously
determined that modification of the C45,46-vinyl bromide of phorboxazole A did not substantially diminish
cytostatic activity against cancer cells, this site was used to introduce a fluorescent N,N-dialkyl-7-aminocoumarin
group through a Sonogashira coupling between the corresponding vinyl iodides and the C46 terminal alkyne. In
this example, the fluorescent analog was incubated with HeLa cells and the lysate fractionated into nuclear,
cytosolic, endoplasmic reticulum, Golgi, and membrane partitions with only the cytosolic fraction displaying
significant fluorescence. Native gel electrophoresis yielded two protein bands at 32 and 54 kDa, with only the
54 kDa band persisting after purification on an anti-N,N-dialkyl-7-aminocoumarin antibody-affinity column. The
protein was identified through tryptic digestion, nanoLC-MS/MS as human cytokeratins KRT1, KRT9, or
KRT10; cytoskeletal proteins. HeLa cells grown in the presence of phorboxazole A were lysed and run down a
KRT10 antibody column. Elution and SDS–PAGE isolated the 32 kDa protein and MS analysis revealed this to
be the kinase cdk4. Further studies showed that only in the presence of phorboxazole A, or the fluorescent analog,
did cdk4 associate with KRT10 and that it was most likely that this association was responsible for cell-cycle
arrest.130 As the association between phorboxazole and cytokeratins is in the picomolar range, it allowed the
isolation of its putative cellular receptor by native gel (where the proteins are not denatured) electrophoresis. This
would not have been possible if the affinity was lower due to equilibrium dissociation during electrophoresis.
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Le Clair has also recently proposed a system to identify protein targets in parallel with natural product
isolation.131 In a proof of principle, they used a crude extract of the sponge Agelas conifera to simultaneously
isolate new antibiotics and their protein-binding partners. First, the crude sponge extract was passed through a
series of affinity columns that had the entire Escherichia coli proteome immobilized in different ways. The aim
was to isolate any natural product from the sponge that bound specifically to any bacterial protein. The
columns were washed with buffer and eluted with ethanol (95%; 50 �C). The crude protein-binding extract of
the sponge was dried and reacted with a fluorescent tag (42), designed to react randomly with nucleophiles in
the natural product. The tagged library of natural products was then removed by an antibody (to the fluorescent
tag) affinity column equilibrated and washed with RIPA buffer and then eluted again with ethanol. The crude
fluorescently tagged protein-binding sponge extract was then incubated with a crude E. coli protein extract and
captured on a tag-antibody column, eluted under denaturing conditions and analyzed by SDS–PAGE to reveal
a single band that appeared at approximately 40 kDa. Tryptic digestion of the excised band followed by
LC–MS–MS indicated the protein was MreB, a protein that has been identified as a drug target in bacteria
because of its critical role in cell wall assembly.132 The tagged small molecule was partially identified by HRMS
(C37H40Br2N12O5) and the natural product was re-isolated from more crude sponge extract and identified as
sceptrin (43), a natural product first isolated from Agelas sceptrum,133 that has been shown to disrupt membranes
and cause spheroplast formation of the cell walls of bacteria.134 Although interesting, this method will likely be
limited to natural products that bind to abundant proteins (such as MreB) with high affinity. While it may be
possible to isolate enough protein to identify, the method is unlikely to yield enough natural product for
identification (unless the compound is well known with a characteristic mass spectrum as in this example)
because the moles of protein isolatable dictate the amount of small molecule isolatable. The authors suggested
that it may be possible to prepare affinity columns containing a single recombinant protein to increase the
amount of natural product isolatable but this would be logistically difficult for every single protein, even in a
small proteome and adds another step, requiring isolation of the gene and overexpression of the putative natural
product-binding protein in another host. The method would also require high concentrations of the natural
product in the extract and that the natural product had a suitable nucleophile that reacted efficiently with the
tag and that in so doing did not abrogate its biological activity. There are also a number of technical problems to
do with knowing how much of the reactive fluorescent tag (42) to add to the natural product extract as excess
needs to be decomposed and would form a large background (44) if the tag is used for purification (as in this
example).
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9.14.3.1.3 Protein arrays

Printing of proteins (proteome chips) is an emerging technology that holds promise if a number of fundamental
technical hurdles can be overcome.135 One advantage of this technique is that it can overcome the limitations of
sample often experienced with affinity chromatography techniques, but protein arrays are in the early stages of
development.136 The method is analogous to gene chips except that it relies on the printing of proteins onto
slides or membranes. A major disadvantage of protein chips over gene chips is the fragility of proteins, many of
which can be easily denatured. It is also not trivial to create a representative normalized proteome arrayed and
have the proteins functional. So far, there have only been proof of concept studies for finding small-molecule
receptors using this technique.137
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9.14.3.1.4 Photoaffinity labeling

Photoactivated probes are widely used in structure–function studies of biomolecules such as proteins,
peptides, DNA, and glycolipids.138 The technique has been available since the 1970s but is little used in
natural products research.139 However, it should be popular among chemists as it requires quite a bit of
chemical manipulation of the probe but not much biological manipulation. Unlike other methods, photo-
affinity labeling can be used at two levels. First, it can be used to screen binding proteins for a particular small
molecule and has the advantage that low-affinity interactions are easily detected. Second, if the protein
partner is known, it can be used to determine exactly where on the protein the small molecule binds. The
second mode is also possible with small molecules that form stable covalent bonds to their target proteins
(e.g., the penicillins; see Section 9.14.3.3.2) but is applicable to all interactions in photoaffinity labeling. The
field has been extensively reviewed.138,140–144
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Even though the technique was proposed in the 1960s145 it was not until recently that it has become popular
due to the advent of more advanced photophores and the tools and techniques of proteomics.140 Ideal
photophores need to be stable in the absence of UV light, be activated under mild conditions that do not
adversely affect the biological system, not affect the biological activity of the probe it is attached to, react
irreversibly and nonspecifically with the nearest molecule, and have half-lives shorter than the koff of the
ligand–receptor dissociation. In addition, the concentration should be kept below the concentration of the
putative protein partner to avoid labeling of nontarget biomolecules. This has, in the past, been a technical
difficulty as the amount of protein isolated was often too small to identify. For gel analysis, fluorescent protein
stains, such as Deep Purple, have superseded silver stains because they can detect picograms of protein, are MS
compatible, and do not produce heavy metal waste.146 In combination with new MS techniques, proteins can be
readily identified at six orders of magnitude lower levels than the natural products chemists need to identify a
small molecule.

The photophores used today are generally phenylazides (45), phenyldiazirines (46), or benzophenones (47)
that produce nitrenes, carbenes, or diradicals, respectively.143 While azides are the easiest to synthesize, the
resulting nitrenes suffer from long half-lives, rearrangements into ketenimines and the formation of unstable
N-heteroatom bonds. Benzophenone-based probes have a very low reactivity toward water but require
prolonged UV irradiation causing considerable damage to other molecules. The trifluoromethylphenyldiazir-
ines are the most difficult to make but are quickly activated to carbenes that form carbon-based bonds but suffer
from high reactivity toward water.138 There is thus no perfect photophore but the method has been used to
isolate the binding partners for many biomolecules and been found especially useful for uncovering very weak-
binding interactions such as those within lipid membranes.140 There have been several comparative studies of
using different photophores producing conflicting results. The Hatanaka group generally find the phenyldia-
zirines the best. For example, they found that only diazirine-modified tetrodotoxin (48) was capable of
identifying the toxin-binding region at the mouth of the sodium channel.147 In contrast, the Prestwich group
have found that the benzophenone group is the best overall because they are activated in a reversible manner
through excitation–relaxation cycles, only C–H bonds within 3.1 Å of the carbonyl oxygen are modified and are
stable to common protic solvents.148 However, more recently, Taylor has taken a slightly different approach by
photoimmobilizing abscisic acid onto polystyrene derivatized with six different photophores. Recognition of
immobilized abscisic acid was monitored by two fluorescent antibodies; one recognizing the carboxy chain and
the other the cyclohexyl ring. They found that 49a showed a significant response to the antibody that
recognizes the side chain but nothing for the other antibody. Compounds 49b and 49c were equally well
recognized by both antibodies but at a lower intensity than 49a, whereas benzophenone 49e showed no
reactivity with either antibody. Corning’s Universal-BIND plate showed recognition only by the
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cyclohexyl-recognizing antibody and was most similar in response to compound 49d. These results show that

the right choice of chemistry can strongly affect the efficiency and orientation of labeling and that the factors

that are involved are not yet well understood.

O

OH

COOH

HN

O

O
O

R N
N

CF3

O

O

H
N

N3
H
N

S

H
N

N3O

O
O

O

R =

hν

Aminopolystyrene

48

49a

49b

49c

49d

49e

In a typical experiment, a protein extract is prepared from a tissue homogenate and subjected to initial
protein purification by ion exchange or size-exclusion chromatography.149 Fractions containing the desired

activity are incubated with the photoprobe to establish a noncovalent interaction and then irradiated to

establish a covalent bond between the ligand and the nearest other molecule. Low efficiency of cross-linking

is unavoidable due to inevitable side reactions leading to high nonspecific background labeling. The mixtures

can then be separated by SDS–PAGE. As the covalent linkages are generally stable, this can be done under

denaturing conditions without loss of label. The gel can then be imaged on a phosphorimager (125I) or by

fluorography on X-ray film (3H). Competition assays can be done with underivatized probe to establish if the

interaction is specific. Finally, labeled proteins can be isolated by HPLC or CE and subjected to tryptic

digestion and PMF to establish the location of the probe on the protein backbone. Alternatively, the most-

radioactive fragments can be purified by HPLC and identified by MALDI–TOF mass spectroscopy.144

As mentioned earlier tetrodotoxin has been used as a probe to determine the binding site of the toxin in
sodium channels. Other natural products that have been used with photophores include taxol. In a study by

Prestwich, photoaffinity labeling with benzophenone/tritium-labeled taxol (50) led to incorporation into

tubulin, as expected, but also P-glycoprotein, a drug efflux pump.150,151 In another early example, the

antiangiogenic natural product ovalicin (51) (isolated from Pseudeurotium ovalis)152 was derivatized with a

phenylazide photoaffinity label and a radioactive iodine.153 Cell extracts were incubated with the probe in

darkness and then irradiated with UV light. SDS–PAGE revealed a number of radioactive bands but pre-

incubation of the cell extract with unlabeled ovalicine resulted in the disappearance of one band at 67 kDa. That

protein was identified as methionine aminopeptidase (MetAP). Ironically, it was discovered, in the same year,

that ovalicin (and fumagillin) probably covalently modify a conserved (across all species) histidine residue in

the active site of the MetAP from E. coli.85 It has recently been proved that the histidine attacks one of the

epoxides using single-crystal X-ray analysis of the MetAP–ovalicin adduct.154 MetAP–1 and MetAP-2 have

recently been shown to be involved in cancer, confirming a clear link between ovalicin (51) and fumagillin (25),

their protein target and their biological activity – a link that would not have been made so easily without the use

of chemical proteomics.155
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Radeke and Snapper156 used affinity chromatography to isolate the binding proteins for ilimaquinone (see
above) but, in a related experiment, used a photoaffinity reagent to identify the cellular receptors for

ilimaquinone. A tritiated azidobenzene moiety was attached to a synthetic chloroquinone analog of ilimaqui-

none to form a photoaffinity reagent (52). Bovine liver extract was incubated with this reagent in the presence

of ultraviolet light. The crude mixture was then separated by ion-exchange chromatography and fractions

containing high levels of radioactivity were further purified by size exclusion, yielding two major radioactive

bands (48 and 55 kDa). Amino acid sequencing of the 48 kDa band revealed it to be the enzyme S-adenosylho-

mocysteinase (SAHase). SAHase plays a key role in cellular methylation chemistry by catalyzing the

breakdown of S-adenosylhomocysteine (SAH) to homocysteine and adenosine and was shown to bind ilima-

quinone. Interestingly, in this case, photoaffinity labeling worked much better than affinity chromatography,

the latter producing far more background.
Cyclopamine is a terpene alkaloid from the American wild corn lily Veratrum californicum that was found to

induce congenital birth defects in lambs, including cyclopia.157 It was known that the teratogenic effects of

cyclopamine, and the related jervine, are due to inhibition of cellular responses to the Hedgehog family of

growth factors.158 However, how cyclopamine specifically inhibits Hedgehog pathway activation remained

unclear. To help elucidate the mechanism of Hedgehog activation, Beachy derivatized cyclopamine with a

bifunctional probe (53), containing a phenyl azide photophore and 125I radionucleotide for detection.159 They

found that cyclopamine binds directly to the heptahelical bundle of the protein smoothened thereby regulating

its activation and providing a molecular basis for cyclopamine action.
Paeoniflorin (54) is a monoterpene glycoside from the TCM chi chao yao (Paeonia lactiflora) that was first

isolated in 1963.160 The compound has been reported to exert anticonvulsive, antithrombotic, antihypertensive

and antihyperglycemic effects, and much more.161 It has also recently been reported that paeoniflorin has

neuroprotective effects by activation of the adenosine A1 receptor.162 Taking into account the fact that the

benzyl group of paeoniflorin has little effect on its activity,163 the group designed and synthesized a trifunc-

tional probe (55) that was used to photoaffinity label the natural product’s binding protein. The probe was

incubated with a homogenate of rat brain (4 �C, 8 h) and then irradiated with UV light. The concentrated

homogenate was separated by SDS–PAGE and then electroblotted onto PVDF. The membrane was blocked

with BSA/PBS/Tween, washed and incubated with streptavidin–horse radish peroxidase, washed again and

then incubated with Enhanced ChemiLuminescence reagent (GE Healthcare), and visualized by exposure to

X-ray film. Photolabeled and control preparations all had bands at 73 and 120 kDa for naturally biotinylated

proteins but only preparations that contained the photophore were exposed to UV light showing a new band at

55 kDa. Unfortunately, this new band was not identified and there have been no subsequent papers from the

group following up these results.161
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A new approach that is now becoming popular are the tetrafunctional probes that, in addition to the biotin,
photophore, and natural product also contain an isotope tag (see Section 9.14.3.1.5) to facilitate mass spectral
identification. Borrowing directly from modern proteomics (ICAT)164 allows the cross-linked proteins to be
readily identified by mass spectrometry. In a proof of principle, Belshaw and coworkers165 tagged cyclosporin A
(17), a natural nonribosomal peptide from Trichoderma polysporum,67 with a long biotinylated linker that also
contained a perdeuterated benzophenone photophore (56). The tag was coupled to the natural product through
a cross metathesis reaction. Cyclosporin A is known to bind to cyclophilin in vivo,70 which in turn binds to
calcineurin to mediate its immunosuppressive effects.166 Belshaw used a 1:1 mixture of 56 and the undeuterated
analog in the labeling experiments resulting in a heavy and light version of any labeled protein, separated by
11 Da. To demonstrate this approach the researchers made up a mixture of four proteins, contain cyclosporine,
FKBP, carbonic anhydrase, and ovalbumin. The photophore reagent was preincubated with protein for 1 h and
then frozen in liquid nitrogen and subjected to UV radiation in a photoreactor (350 nm, 15 min), with
intermittent freezing of the sample. The proteins were purified by size-exclusion chromatography then
adsorbed onto monomeric avidin resin, washed, and then eluted with biotin. The eluate was reduced
(dithiothreitol – DTT) and alkylated (iodoacetamide) and subject to trypsin digestion and the digest analyses
be LC–MS/MS. Only two peptides were found to contain the unique isotopic signature of the probe and
corresponded to the cyclophilin peptides 92–118 and 56–82. Both peptides are on the exposed cyclosporine-
binding side of cyclophilin. This method overcomes a major disadvantage of other photoaffinity labeling
techniques by simplifying the purification and identification step.
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General disadvantages of photoaffinity tagging are that the probes are rather complex and reactive and there
are relatively few generally useful photoreactive groups. Low efficiency of cross-linking is unavoidable due to
inevitable side reactions leading to high nonspecific background labeling and UV damage. This generally
requires some form of prefractionation of the proteome or tissue homogenate, which must be assayed for the
desired activity before photoaffinity labeling.144 The method is also noniterative but with the rapidly increasing
power of mass spectrometry it can be predicted that photoaffinity labeling will become increasingly popular
with natural products chemists to determine the protein-binding partners. Unlike display technologies, the
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isolation of DNA, lipid, and very weak interactions is already possible and likely to improve with further
research into improved photoactivated functional groups.

9.14.3.1.5 Isotope labeling
There are a number of emerging techniques related to the previous section that have done away with the
photoaffinity labeling by incorporation of the isotope tag into a proteome. Stable isotope labeling techniques
(e.g., SILAC, iTRAQ) are currently the best methods in quantitative proteomics. In SILAC,167,168 cells are
cultured in a medium that contains either light (natural isotopes) or heavy (15N and 13C) versions of lysine and
arginine. After about five population doublings, 13C6

15N2–Lys and 13C6–Arg are fully incorporated into the
proteome. Tryptic digestion of proteome, which yields peptides with just one Lys or Arg, shows a characteristic
þ6 or þ8 Da shift in the mass spectrum. Mixing equal quantities of cells from the heavy or light cultures,
followed by tryptic digestion and then HPLC-yields peptides that have an equal abundance of the light and
heavy isotope as indicated by MS peaks of equal height. This method relies on the lack of any primary isotope
effect on the production of proteins by cells. iTRAQ169,170 does not make this assumption because peptides are
labeled with a reactive N-hydroxysuccinimide ester after tryptic digestion. Four isobaric (equal molecular
weight) versions of the iTRAQ reagent are available that, when reacted with a tryptic digestion, label all lysine-
containing peptides. In the mass spectrometer (LC–MS), peptides labeled with any of the reagents appear at the
same mass but MS–MS leads to intense fragments of different mass for the reporter group (variously 13C- and
15N-labeled N-methylpiperizine; 114–117 amu), where the isobaric tag is split into its light and heavy
components. This technique allows cells to be grown under four different conditions, labeled with the
iTRAQ reagent and then mixed and analyzed by mass spectrometry. Theoretically, all proteins that are
differentially expressed can be detected if unique peptides can be identified. Although the iTRAQ method
has not been used to identify the protein-binding partner for a natural product, it has been used to reveal the
mechanisms of action of clinical ABL kinase inhibitors.171 The research group of Cellzome AG in Heidelberg
developed ‘kinobeads’, an affinity resin derivatized with a mixture of pan-kinase inhibitors (such as stauros-
porine and bisindolmaleimide) to bind all kinases in a particular sample. By adding three different
concentrations of Gleevec to K562 cell lysates, the authors showed that, in addition to the known target (kinase
domain of BCR–ABL), the receptor tyrosine kinase DDR1 binding to the kinobeads was specifically inhibited
by increasing concentrations of Gleevec. This system could be used immediately for the detection of kinase-
binding natural products and to determine selectivity of known kinase inhibitors.
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Another elegant example uses SILAC to achieve a similar result. Here, the Carr and Schreiber groups
derivatized affigel 102 (BioRad) with an analog of FK506 (AP1497; 57).172 HeLa S3 cells grown in light SILAC
media were lysed in the presence of the FK506 analog and those grown in the heavy SILAC medium without
the addition of the analog. The lysates were incubated with the affigel derivatized with the same compound
(AP1497), washed, and then combined. The affigel was then boiled in SDS and the isolated proteins reduced
and alkylated before tryptic digestions and analysis by mass spectrometry. In this way, the authors were able to
show that addition of soluble AP1497 was able to reduce the binding of FKBP1a, FKBP2, FKBP4, FKBP5,
FKBP9, and FKBP10 to affigel derivatized with AP1497. Similarly, the staurosporine analog K252a reduced
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the binding of approximately 50 kinases to affigel derivatized with 58. Importantly, the authors showed that the
soluble competitive-binding method worked much better than using control beads that contained everything
except the natural product analog. In the latter case, the beads were less able to discriminate real from
background binding. This is a common problem in affinity-based methods. For example, Oda et al.173 identified
377 proteins as potential binding partners for the anticancer drug E7070 using two affinity matrices, one labeled
with the drug and the other with an inactive close analog. The eluted proteins from each resin were labeled
with a cysteine-reactive fluorophore (Cy-3 or Cy-5) for DIGE or ICAT reagents for MS analysis but no
convincing protein partner could be identified.

In these types of experiments, the magnitude of the SILAC or iTRAQ isotope ratios is dependent on the
protein abundance in the lysate and its affinity to the probe. For example, a very low abundance protein with
very high affinity could have the same isotope ratio as a high-abundance protein with low affinity, stressing the
need for appropriate controls. Another disadvantage of both methods is that the stable isotope reagents are very
expensive. A clear advantage of this technique is that the natural product (or drug) does not have to be
derivatized but relies on the availability of resins that can effectively bind particular classes of protein, which is
currently a limitation.

9.14.3.1.6 Drug western

In this method, bacteria are transfected with a human cDNA plasmid library (e.g., �TriplEx) and plated onto an
agar plate. A nitrocellulose membrane, soaked in isopropyl �-thiogalactopyranoside (IPTG) to induce protein
production, is placed over the top and the plate/membrane incubated for 4–5 h at 37 �C. The membrane was
removed, washed, and blocked with gelatin before incubation with a small molecule that had been chemically
conjugated to the protein BSA. After 6 h at room temperature, excess drug–BSA conjugate is removed and the
membrane treated with anti-BSA antibody conjugated to HRP and the HRP detected by chemiluminescence.
Using this method, Tanaka et al. were able to screen approximately 106 transformants against HMN-154 (a
synthetic anticancer lead), and identify 10 plaques with significant chemiluminescence. Six clones contained
DNA with no homology to any known sequence, the remaining four encoded NF-YB, thermosin �-10, human
growth hormone, and gonadotropin releasing hormone. The latter two were considered promiscuous binders to
BSA and not investigated further but NF-YB and thermosin �-10 clones were isolated and the expressed
protein purified and shown to bind HMN-154. Considering the small number of transformants (�2� 104) that
can be produced in one experiment and the large amount of manipulation required it is unlikely that this
method will have particular advantages over other better established methods. The results are also not
convincing as only one clone of each protein was detected among 80% background.

9.14.3.2 Reverse Chemical Proteomics

Over the past few years, a number of strategies have been developed to screen random peptide libraries for
sequences targeting specific proteins. Peptides with desired binding properties can be serially selected and
amplified based on a physical link with the encoding cDNA. These technologies include mRNA/DNA, viral,
ribosomal, and cell displays with phage display being by far the most commonly used and probably the best
understood.

In contrast, the display of alien proteins on the surface of cells, organelles, and viruses has been far less
common but has provided biologists with important tools for the directed evolution of proteins (e.g., enzymes
and antibodies) and analysis of protein–protein interactions.

This section deals with display technologies and their possible use in the discovery of natural product
receptors.

9.14.3.2.1 Phage display

Phage-displayed peptides, antibodies, and cDNA libraries have proven invaluable in mapping protein–protein
interactions, protein–drug interactions, and the molecular evolution of enzymes and antibodies and has been
well reviewed.174–177
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Phage display was first developed with the E. coli-specific, filamentous bacteriophage M13.178

Filamentous phages replicate and assemble without killing their host by assembly in the bacterial
membrane periplasm and secretion through the outer membrane. The M13 phage particles consist of
single-stranded DNA (ssDNA) surrounded by a protein coat composed of primarily protein pVIII
(2.5–3� 103 copies). The ends of the filament are capped by five molecules of the minor coat protein
pIII and PVI, which are involved in bacterial binding and in termination of the phage particle assembly
process. The other end of the phage is capped by five complexes of minor coat proteins pVII and pIX,
which are required for initiation and maintenance of phage assembly in the host bacteria. The most
widely used format at present is display on the surface of M13 bacteriophages through fusion to the pIII
or pVIII coat proteins. However, these proteins can only take N-terminal display as the derivatization of
the C-terminus is not tolerated. Unfortunately, this means that the bacterial ribosome first translates the
alien protein and terminates when it reaches the 39-stop codon of a cDNA fusion. The only C-terminal
display system where the coat protein is translated first followed by the alien protein is with coat protein
pVI.179 There are limitations on the size of the chimera and this system has not proved popular. In an
alternative strategy, Crameri and Suter designed a pIII-based cDNA-display system that is utilized for
leucine–zipper interaction of c-Fos and c-Jun. Here the cDNA library is fused to c-Fos and incorporated
into the M13 genome. The pIII protein is uniformly fused to c-Jun and in the cytoplasm, the two protein
associate and form a disulfide bond, covalently linking the alien protein to pIII through c-Fos and c-
Jun.180 As the pIII protein is also required for bacteriophage assembly and infectivity, there are some
limits to the size of the protein that can be successfully expressed and displayed without causing an
unacceptable bias toward phage with no alien gene or a very small insert during bacteriophage replica-
tion. Because of these and other difficulties, there are few reports of successful cDNA library display
with M13 phages and no reports of using this system to isolate small-molecule target proteins. However,
there are two papers from Makowski and coworkers using pIII, M13 random peptide libraries (commer-
cial 7-mer and 22-mer) to look for estradiol- (59) and taxol(60)-binding motifs. For taxol, they did not
find any peptide sequence with homology to tubulin but some with homology to bcl-2.181 For 2-meth-
oxyestradiol, after two rounds of selection, they found some peptides with homology to �-tubulin,
COMT, and 17-�-hydroxysteroid dehydrogenase.177 However, the results were ambiguous and uncon-
vincing and, as a result, the technique has not been taken up. The fact that M13 phage particles must be
secreted through the bacterial membrane acts as a barrier to some clones that can potentially bias
selections. These problems have led to the search for alternate display systems that are lytic and
facilitate C-terminal display to overcome the stop codon problem.

The T7-phage-display system invented by Rosenberg et al.182 and commercialized by Novagen avoids
the stop codon problem by C-terminal display on the cp10 protein. T7 phages are also lytic, so display
and reproduction are not dependent on secretability through the bacterial membrane. The size of the
alien protein can be quite large with functional enzymes of 1200 amino acids having been successfully
displayed. The number of copies per phage particle is also adjustable from 0.1 to 15 out of 415 copies of
cp10 in the phage capsid. These phages also have a rapid life cycle and are resistant to severe conditions
such as 1% SDS, 4 mol l�1 urea, or 2 mol l�1 guanidine-HCl making them perfect for application in a
chemistry laboratory. Other bacteriophages have also been used for display systems, including lytic
lambda phage183 and T4 phage.184
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The first example and clear indication of the potential of phage display to isolate protein-binding
partners for small molecules was demonstrated by Austin, who used the immunosuppressant drug FK506
(18) to isolate its known receptor, FKBP, from a T7-phage-display library.185 Initially, FK506 was
biotinylated at the allyl group through hydroboration of the double bond. This site was chosen because
it was already well known that the allyl group was exposed to solvent in the FK506–FKBP crystal structure
so that derivatization should not interfere with binding to the known protein target.186 The biotinylated
analog (61) was immobilized onto monomeric avidin–agarose to produce an affinity column. Lysate from
T7 phages displaying a human brain cDNA library was first passed through columns containing under-
ivatized avidin–agarose and a biotin-derivatized avidin–agarose to remove background binding to the
column, agarose, avidin, and biotin. The pretreated lysate was then passed through the FK506-derivatized
affinity column, and the column was washed thoroughly with buffer. Phage particles retained by the column
were eluted with free biotin and transfected into fresh E. coli (BLT5615). After lysis, the amplified phages
were precipitated and washed to remove biotin from the previous elution step. Finally, the phages were
resuspended in buffer and absorbed onto a fresh FK506-derivatized affinity column for the next round of
selection. Following each round of selection (biopanning), random phage plaques were picked and their
DNA amplified by PCR. After the second round of selection, all clones picked gave rise to a DNA band of
450 bp, suggesting that the library had converged. DNA sequencing of these bands revealed identical copies
of a full-length, in-frame gene coding for human FKBP. Therefore, it appeared that after only two rounds
of selection with the FK506-affinity resin, phage particles displaying FKBP on their surface had been
amplified selectively to become the dominant members of the library. However, it was later discovered that
the FKBP clone isolated was actually a synthetic positive control FKBP clone, rather than from the brain
cDNA library.187 As mentioned above, T7 bacteriophages are small and hardy and can survive on surfaces
for many years. Consequently, cross-contamination is a common problem associated with all phage-display
systems. However, the risk of contamination can be reduced by using disposable plasticware, minimizing the
formation of aerosols, and disinfecting exposed surfaces with bleach or UV light. Austin repeated the
experiment, performing seven rounds of selection and taking particular care to avoid contamination. Sixteen
random clones were picked after the sixth round of selection and their DNA inserts were amplified by
PCR. Five of these clones were found to be identical and contained the entire coding sequence of FKBP1a.
This number increased to 11 out of 16 clones in round 7. The results of this experiment show that, contrary
to expectations, it is possible to isolate the receptor for a small epitope such as a natural product using a
cDNA library displayed on T7 bacteriophages, thereby providing an important proof of concept.

Soon after, Belasco reported the application of T7-phage display for the isolation of RNA-binding
proteins.188 Using hairpin II of U1 small nuclear RNA (U1hpII) or the 39 stem loop of histone mRNA as
bait, they were able to selectively amplify T7 phage that display either the spliceosomal protein U1A or
the histone stem loop-binding protein from a lung cDNA library containing more than 107 independent
clones. While this is not relevant to natural products and the protein targets were already known, it did
show that it was possible to rapidly isolate protein-binding partners that have KD values in the micromolar
range and that there is no need to elute phage from an affinity matrix as the matrix itself can be used to
infect fresh E. coli.
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The Austin group went on to use phage display to isolate the cellular receptors for AP1497 (57) – a
synthetic analog of FK506.189 Initially, biotinylated AP1497 was immobilized on a streptavidin-coated
polystyrene microtitre plate, and the resulting affinity support was used to probe a human brain T7-phage
cDNA library. After performing three rounds of selection, 96 random plaques were selected and were tested
individually for their ability to bind to an AP1497-derivatized plate. The clones displaying the highest level
of affinity were submitted for DNA sequencing, revealing that 22 of the top 30 clones contained either an
FKBP1a, FKBP1b, or an FKBP2 gene, all of which are known receptors for FK506. This experiment
confirmed that the level of derivatization attainable on the surface of a microtiter plate well is sufficient to
isolate phages displaying the target protein from the plethora of other phages in a cDNA library. These
experiments also proved that not only the most avid binder but multiple protein targets could be isolated
using phage display.
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Kahalalide F (62) is currently in phase II clinical trials as an anticancer drug against a range of difficult-
to-treat solid tumors and has relatively low toxicity to nontumor cells190,191 and low toxicity in
humans.192,193 Kahalalide F was originally isolated by Hamann and Scheuer from the sacoglossan
marine mollusk, Elysia rufescens, and subsequently from the sacoglossan’s food source, the green alga
Bryopsis sp.194,195 The transmission of natural products down the food chain is a common feature of marine
natural products, especially in nudibranchs and related sea slugs.196 Kahalalide F appears to disrupt
lysosomes, with treated cells swelling dramatically, forming large vacuoles before lysing. The natural
product induces sub-G1 cell-cycle arrest and cytotoxicity independent of MDR, HER2, p53, and blc-2
signaling.197 Piggott and Karuso198 constructed two kahalalide F probes, one tagged with a fluorophore (63)
and the other with biotin (64). The former was used for fluorescence microscopy to show the localization of
kahalalide F in specific features of the cytoplasm and both probes were shown to retain their cytotoxicity
toward cancer cell lines, confirming that conjugation to the ornithine side chain did not affect the biological
activity of the probe. In addition, they constructed a control probe that contained the biotin, linker, and
ornithine side chain (65). This was used to preclear three human T7-phage-display libraries of nonspecific-
binding phages and those that bind specifically to plastic, avidin, biotin of the linker. The precleared
libraries were incubated separately in avidin-coated microtiter plates, derivatized with biotinylated kahala-
lide F. The nonbinding phages were aspirated and the microtiter well briefly washed with cold PBS buffer
(containing 0.01% Tween 20). The binding phages were eluted with 1% SDS and used to infect log-phase
E. coli to generate the first sublibrary, which was again precleared with control probe and then transferred to
a well containing biotinylated kahalalide F to absorb specific binders. This process was repeated and after
nine rounds of selection, random clones were picked and the DNA inserts sequenced. It was revealed that
the same protein (human ribosomal protein S25; RPS25) was the dominant clone in all three libraries and
that at least five different versions of this gene were isolated. Surface plasmon resonance (SPR) was used to
show that phage displaying RPS25 specifically bond to kahalalide F. Based on these results, the authors
postulated that RPS25 was involved in a hitherto unidentified signaling pathway that triggers a series of
events resulting in cell lysis and oncosis.198
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Despite its well-documented tubulin-stabilizing effect, taxol (60) has many side effects that cannot be
explained by its binding to tubulin. In a study by Austin, they found that nanomolar concentrations of taxol,
mimicking that found in cancer patients, induced cytosolic Ca2þ oscillations in a human neuronal cell line.199

These oscillations were independent of extracellular and mitochondrial calcium but dependent on intact
signaling through the phosphoinositide signaling pathway. Phage display using a human brain cDNA library
and a C7-biotinylated taxol (structure not disclosed) identified a taxol-binding protein, neuronal Ca2þ sensor 1
(NCS-1). Free taxol increased binding of NCS-1 to the inositol 1,4,5-trisphosphate receptor and short hairpin
RNA-mediated knockdown of NCS-1 in the same cell line abrogated the response to taxol but not to other
agonists stimulating the phosphoinositide signaling pathway. The group also showed that other biotinylated
natural products did not bind to NCS-1. These data showed that phage display can be used to identify off-target
interactions that may help explain side reactions of drugs. The identification of off-targets is also important in
the design of selective inhibitors.
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Doxorubicin (66), also known as adriamycin, is a cytotoxic anthracycline antibiotic, first isolated in 1963
from cultures of the actinomycete Streptomyces peucetius var. caesius.200 Doxorubicin is an antineoplastic agent

commonly used for the treatment of a wide variety of tumors, although it often produces severe side effects.

The primary mode of action of doxorubicin is thought to be intercalation into cellular DNA, which results in

the inhibition of DNA and RNA synthesis.201 However, doxorubicin has also been shown to inhibit the

enzymes RNA polymerase202 and DNA topoisomerase II,203 undoubtedly adding to the cytotoxicity of the

drug. Finally, doxorubicin reacts with NADPH-cytochrome P-450 reductase to a semiquinone radical that

reacts with oxygen to produce highly active superoxides, hydroxy radicals, and hydrogen peroxide. In addition,

it is possible that doxorubicin interacts with other cellular components that have yet to be identified. Yu and

coworkers used phage display to identify proteins that are capable of binding to doxorubicin.204 Initially, a

linkerless biotinylated analog of doxorubicin (67) was immobilized on a streptavidin-coated polystyrene

microtiter plate. One well of the plate was then incubated with lysate from T7 phages displaying a human

liver cDNA library. After washing the well thoroughly, bound phages were eluted with 1% SDS and

transfected into E. coli to produce a sublibrary. This procedure was repeated until a total of four rounds of

selection had been performed. Finally, 20 individual phage plaques were picked from the final round of

selection and their DNAs were amplified by PCR and sequenced to determine the identity of the gene inserts

and hence the proteins being displayed on the surface of the phages. The majority (90%) of DNA sequences

obtained from the final round of selection consisted of gene fragments coding for peptides of less than 20 amino

acids. However, two clones were found to contain a gene fragment encoding a polypeptide identical to the

C-terminal region of human nucleolar phosphoprotein 140 (hNopp140). hNopp140 is a highly phosphorylated

protein involved in the biogenesis of the nucleolus.205 The primary sequence of the protein consists of long runs

of serine residues and a very high content of charged amino acids, including a 10-fold repeat of positively and

negatively charged regions.206,207 There are 82 potential phosphorylation sites on the protein, but the degree of

phosphorylation changes during the cell cycle.208 The authors cloned the phage-displayed gene fragment into

an E. coli expression vector to examine the interactions between this protein fragment and doxorubicin using

fluorescence spectroscopy and SPR. It was found that addition of nonphosphorylated recombinant hNopp140

to doxorubicin increased the fluorescence intensity of the drug in a dose-dependent manner, suggesting that the

two species do indeed interact. However, no increase in fluorescence intensity occurred when a phosphorylated

form of hNopp140 was used. A similar trend was observed when phosphorylated and nonphosphorylated forms

of hNopp140 were applied to doxorubicin immobilized onto the surface of a SPR chip.
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Interestingly, Piggott and Karuso209 also isolated hNopp140 while screening a T7-phage-display
library for binding proteins to the marine natural product, palau’amine (68). Palau’amine was covalently

immobilized onto polystyrene microtiter plates (69). One well of the plate was then incubated with

lysate from T7 phages displaying a human liver cDNA library and five rounds of selection were

performed in an analogous fashion to that used by Yu and coworkers for doxorubicin.204 After the

final round, random plaques were picked and their cDNA inserts amplified by PCR and sequenced. The

majority of the clones were unique but contained DNA inserts that were either not in the correct

reading frame, were in backwards, outside the coding region of the gene from which they originated or

expressed only short peptide sequences. However, 6% of the clones contained DNA inserts that were in

the correct reading frame and within the coding region of their corresponding gene. One of these was

identical to the hNopp140 clone isolated by Yu with doxorubicin, expressing amino acids 388–603 of the

699 residue protein. The two other clones expressed human nucleolar phosphoprotein p130 (hNopp130),

which has a DNA sequence almost identical to that of hNopp140. The high percentage of charged amino

acids and long runs of serine residues make hNopp140 a promiscuous nonspecific binder, which can

become the dominant member of a phage-display library very quickly in the absence of a competing real

protein–ligand interaction. It is thus likely that the appearance of hNopp140 in a phage-display

experiment is indicative that the selection has been unsuccessful. In addition, if after several rounds of

biopanning, the library has not increased dramatically in titer and has not converged onto one or two

full-length, in-frame members, it would seem that the phage-display selection has not worked.
Gearhart et al.210 used a simple phage-display approach in an attempt to identify proteins that bind to

2-methylnorharman (70). Nitrocellulose discs were soaked in a solution of 2-methylnorharman hydro-

chloride and then incubated with lysate from T7 phages displaying a human brain cDNA library. The

discs were then washed thoroughly and the retained phage particles were transfected into E. coli directly

from the disc to produce a sublibrary. This procedure was repeated until a total of six rounds of

biopanning had been performed. Finally, 43 individual phage plaques were picked from the final round

of biopanning and their DNA was amplified by PCR, sequenced, and searched against various online

databases. Nearly half of the DNA sequences obtained from the final round of biopanning matched

sequences coding for fragments of human proteins with unknown functions or identities. The remaining

sequences encoded fragments of six known human proteins: human nucleolar phosphoprotein p130,

dorfin, �-tubulin, paraoxonase 2, fatty acid-binding protein 5, and platelet-activating factor acetylhy-

drolase 1B1. The authors noted that all six proteins isolated contained high percentages of glutamic and

aspartic acids. While it is possible that 2-methylnorharman shows a preference for highly charged

proteins, it is also possible that these charged protein fragments are interacting nonspecifically with

the nitrocellulose discs. The appearance of hNopp130 in the experiment is particularly noteworthy.

Unfortunately, the authors did not perform any validation to ascertain whether the particular phages

isolated were indeed binding to 2-methylnorharman and not just to the nitrocellulose.
The noncovalent adsorption of 2-methylnorharman directly onto nitrocellulose discs is unlikely to

produce a useful affinity support for phage-display experiments. This is because the capsid of a T7-

phage particle has a diameter of 60 nm and is comprised of 415 individual proteins.211 Therefore, the

absence of a long linker molecule between the solid phase and the target molecule may make it

sterically impossible for a protein attached to a T7-phage particle to bind. Even if a phage-displayed

protein succeeded in binding to an adsorbed ligand, the complex could then desorb from the surface

and be lost during the next wash. As there are few phage particles in the initial library displaying any

cellular receptor, loss of these in an early round of selection would guarantee a failed experiment.

While it is possible for phages to infect E. coli when bound to a solid support,212 it is more efficient to

release the phage particles into solution. This is usually achieved by treating the solid phase with a

detergent, such as SDS, to disrupt protein–ligand interactions. However, the selection process can be

greatly enhanced by only eluting the phage particles that are specifically bound to the target

molecule, leaving behind the nonspecific binders. This can be achieved by treating the solid phase

with free natural product to outcompete the immobilized natural product, or by employing a cleavable

linker.213
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Kwon and coworkers214 used reverse chemical proteomics to identify the cellular receptor for HBC – a
synthetic curcumin (71) derivative that inhibits the proliferation of several tumor cell lines. A biotinylated
analog of HBC (72) was immobilized on a streptavidin-coated polystyrene microtiter plate and the resulting
affinity support was used to probe a mixture of five different T7-phage-displayed human cDNA libraries. After
four rounds of selection had been performed, 17 random plaques were selected and their DNA inserts were
sequenced, revealing that 12 of the clones displayed the C-terminal (aa 86–149) of calmodulin. The authors
used SPR to show that the HBC–calmodulin interaction exhibited a clear dose response, with the dissociation
constant for the interaction calculated to be 8 mmol l�1. A flexible docking study also indicated that HBC is
compatible with the binding cavity occupied by the known calmodulin inhibitor, W7. However, given that only
a fragment of calmodulin was isolated, and that this fragment is 38% charged amino acid residues the result is
not convincing. In addition, Baek et al.215 used a yeast drug-induced haploinsufficiency screen to identify eight
target genes that, when deleted, lead to HBC sensitivity but none of these was identified as calmodulin.
Haploinsufficiency refers to the fact that lowering the gene dosage of a drug target increases the susceptibility
of an organism to that drug (see Section 9.14.3.4.2).
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Demethylasterriquinone (73) is a natural product from Aspergillus terreus216,217 that has been found to be a mimic
for insulin. Identification of its cellular targets (other than the insulin receptor) would be useful in developing drugs
that act only on the insulin receptor and not on other off-target proteins. This knowledge would allow the design
and synthesis of orally active small molecules that could eventually replace injected insulin in diabetes treatment.
Through a process of methyl scanning, Pirrung determined the site that least affected the biological activity of
asterriquinone and derivatized this with a short-linked biotin (74). Biopanning a phage-display library against
biotinylated demethyasterriquine led to the isolation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).218

These results are supported by the findings of Min et al.,219 who used a chemical genetics approach with
Caenorhabditis elegans that GAPDH has an important role in insulin signaling. Binding of small molecules, such as
demethylasterriquinone B1, to GAPDH could therefore disrupt phosphatase(s) acting upon phosphatidylinositol
lipids and thereby potentiate insulin signaling through the PI3kinase pathway.

Despite the power of phage display as exemplified by these examples, technologies that require an in vivo

step, such as phage, yeast, or bacterial displays have limitations. In phage display, libraries must be transformed
into E. coli, limiting the number of possible independent sequences to the number of actual cells that can be
grown in a convenient volume (109–1010), of which two-thirds will be out of frame, leading to proteins or
peptides that are not encoded by the attached gene and up to half are in backwards, if cloning is nondirectional.
The total number of sequences represented can be further decreased by proteolysis of unfolded molecules, poor
expression in the bacterial host due to differences in codon usage, failure in correct processing of the phage
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capsule, failure of the alien gene product to fold correctly without the mammalian endoplasmic reticulum, and
toxicity of the expressed protein to the host. Further complications arise from the inability to display entire
membrane proteins, oligomeric proteins, the total lack of posttranslational modifications, which means critical
saccharides or phosphates are missing or N- or C-terminal domains are not removed, possibly masking activity
of the gene product. However, the Austin group at Yale has proved that membrane protein domains can be
isolated using phage display. They found the �-domain of F1-ATP synthase, which is a mitochondrial
membrane ATP protein, was the binding partner for a synthetic ATP mimic.220 Phage display may also select
for higher infectivity rates or reduced host toxicity over increased affinity.

Despite these limitations, phage display is an important tool that has a proven track record in the isolation of
protein targets for natural products. The clear advantages are that it is relatively unbiased, extremely fast and
iterative in nature, ensuring that the most avid (therefore biologically most important) rather than the most
common binding partner is isolated.

Optimization of the technique is required before it is globally applicable but recent advances are encoura-
ging. For example, by employing a covalent bond between the natural product and affinity matrix in
combination with preclearing of the phage lysate against an underivatized affinity matrix and direct infection
of E. coli with the affinity matrix allowed Tang and coworkers to isolate CypA and CypB genes from a human
brain cDNA library after six rounds of selection against cyclosporine A (17).221
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Sugawara and coworkers have recently published a series of papers exploring new ways to use T7-phage
display to discover the protein-binding partners for natural products and drugs. They started in 2005 using a
cDNA library constructed from human leukocytes (white blood cells) from mRNA to look for peptide
sequences that bind to biotinylated camptothecin (75). After four rounds of selection, they picked 40 random
plaques and sequenced each to determine what peptide was displayed on the surface of each phage; 25% of the
clones displayed NSSQSARR. This peptide was synthesized, attached to a SPR chip and shown to bind to
underivatized camptothecin.222,223 This group has also recently proposed a high-throughput version of the
technique by using an avidin–agarose-affinity column. A random peptide (12-mer) phage library was con-
structed and incubated with biotinylated NK109 (76) and then pumped through the column, washed with
buffer, and eluted with excess biotin. The eluate was collected in 96-well PCR plates and amplified using real-
time PCR (SYBR green) to determine which fractions contained high concentrations of phage. These can then
be sequenced or subject to another round of selection after amplification in E. coli.224,225 The major advances is
that there is no need to optimize the elution step and that the method can be used in high-throughput mode.
Another method to avoid the need to determine wash and elution conditions and to avoid large amounts of
background, noted earlier as a perennial problem with phage display, involved use of quartz crystal micro-
balance (QCM)-type biosensor. A QCM is a very sensitive and accurate mass measuring device that works by
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measuring changes in resonant vibrational frequency caused by a mass increase. Binding of biotinylated

camptothecin (75) to an avidin-coated QCM device allowed Sugawara and coworkers to measure absolute

binding of a phage library to the probe.226 By watching the decrease in frequency, the researchers were able to

stop when phage absorption was optimal and then washed the QCM chip and used the surface of the chip

directly to infect E. coli to produce the next phage sublibrary. After just three rounds of selection, they were able

to isolate the same peptide as previously identified as binding to camptothecin.222 The method has recently

been improved by replacing the avidin–biotin link with a self-assembled monolayer where the natural product

can be covalently linked to the gold surface of the QCM through a thiol. This improved link allowed the

recovery of FKBP1a from a cDNA phage library after only one round of selection, obviating the need to

washing, elution, and amplification, which, it was noted, biases selection toward fast-growing phage. Applying

this technique to AP1497, Sugawara was able to derivatize the FK506 analog AP1497 (77) with a linker

terminating with a thiol and bind this to the QCM chip.227 A phage library was incubated with the chip for

10 min, briefly washed and the surface used directly to infect E. coli. Sixteen random plaques were sequenced

and 10 were found to code for FKBP1a and another three expressed peptides that resembled the FK506-binding

domain of FKBP1a. The system has also been used to find the protein-binding partners for methotrexate and

trimanoside.228,229
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9.14.3.2.2 Retroviral display

Retroviruses are interesting viral vectors that incorporate their RNA (through the cDNA) into the host’s DNA.

The viral particles are composed of a core of viral RNA, surrounded by replication enzymes, host membrane,

and an outer viral glycoprotein coat.230 There are seven genera and all could conceivably be used for the

display of alien proteins. Retroviral display has been recently reviewed.231

There are several options for the display of alien proteins using this technique. Proteins can be displayed on
the envelope spike protein (Env), in which case selective pressure is placed on the population of viral particles

before reinfection into fresh mammalian cells, much like phage display. So far, the potential of retroviral display

for the generation and screening of eukaryotic expression libraries has only been demonstrated for small

peptides. For example, avian leukemia virus (ALV) has been used to display a random peptide library (8-mer)

and used to select specific sequences that bind to monoclonal antibodies that recognize short peptides (FLAG

and HA tag antibodies). A 100� enrichment of binding sequences was observed per round of selection.232

Alternatively, viral vectors (replication deficient) can be used to incorporate the alien RNA into the host’s
genome. Thus, the vector is used to generate a mammalian cell surface display library. Clearly, the advantage of

retroviral display in mammalian cells is that the library would have access to a eukaryote environment for

proper protein processing and posttranslational modifications. On the down side, the system is very new and

little is known about the factors influencing expression and replication. There are no examples of using these

techniques for the discovery of protein–protein-binding interactions or for small protein molecules. However,

as Buchholz et al.231 recently stated: ‘‘It is well conceivable that further sophisticated screening strategies based

on retroviral display libraries will be established in the near future.’’
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9.14.3.2.3 Yeast three-hybrid screening

The yeast two-hybrid system was originally developed as a genetic assay by Fields and Song233 in the 1980s. It
arises from the observation that many transcription factors (proteins that regulate the transcription of DNA to
mRNA) can be broken down into two components that mediate DNA binding and transcription activation. In
the yeast two-hybrid experiment, the bait is constructed by fusing the DNA-binding domain of a reporter gene
with a protein of interest. A prey protein is then fused to the activation domain of the same transcription factor
and only when the prey and bait come together the transcription factor is formed in a functional way. When this
happens the reporter gene is transcribed and the mRNA translated to a protein that can be detected in some
way. For example, the LacZ protein can be measured colorimetrically. To generate protein–protein interaction
maps, one tags the protein of interest (at the gene level) with the DNA-binding domain of a reporter gene as
above. Next, the entire transcriptome (cDNA) of an organism is tagged with the activation domain of the
reporter gene and transfected into yeast. Each yeast cell receives only one new gene and this forms the library.
The yeast strain expressing the DNA-binding domain of the reporter gene is now mated with the library and
plated out. Each colony that expresses the reporter gene is then PCR amplified to reveal what gene it was
carrying and this then allows the researcher to say that this isolated prey protein interacts with the bait. The
process can be repeated for every prey protein discovered, which is now the bait to discover its interacting
partners.234 This is essentially how the first yeast and C. elegans interaction map was developed.49 The
disadvantages of this system is that there are false positives from protein that contain their own transcription
factors. They are also time consuming and expensive requiring a high degree of manipulation. False negatives
can also be observed if the fusion proteins are toxic, poorly folded, or easily degraded. In addition, all
interactions must take place in the nucleus, which may not be possible for proteins that contain a specific
location tag.
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The yeast three-hybrid system is an extension of the two-hybrid system, in which a third component (RNA
or a small molecule) is required to reconstitute the transcription factor. This was pioneered by Licitra and
Liu.235 The authors synthesized a hybrid natural product; dexamethasone linked to FK506 (78). The drug-
binding domain of the glucocorticoid receptor (the target for dexamethasone) was fused to LexA, transcription
factor, DNA-binding domain. The LaxA activation domain was fused with the cDNA library from Jurkat cells.
Only when an FK506-binding protein is fused with the activation domain of LaxA is the gene transcribed and
the LaxA protein synthesized. Positive clones were selected, sequenced, and shown to contain FKBP1a.

Even though this field has been heavily reviewed, there are very few examples of using the yeast three-
hybrid system for uncovering the binding partners for natural products where the binding protein was not
already known. It has been shown that an interaction (KD) of <50 nmol l�1 is required to achieve detectable
activation.236 This lack of sensitivity is one reason why there have been so few reports using this technique with
natural products. In addition, to the same disadvantages noted for the two-hybrid system, the small-molecule
probe must also be able to permeate live cells and get into the nucleus without killing the cell. This would be
problematic if the natural product displayed high cytotoxicity or antifungal activity.
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In spite of these difficulties, the technique has successfully been used to isolate known and new kinases that
bind to purvalanol B, a potent kinase inhibitor and the authors suggest that the improved methodology is
generally useful for the discovery of new drug candidates but, to date, there have been few further examples.237

The ability to detect and quantify fluorescent tags with commercial flow cytometers has facilitated the use of
cell-surface display methods.

9.14.3.2.4 Yeast display

Yeast (Saccharomyces cerevisiae), a eukaryotic single-celled organism, has also been used for surface display, in
much the same way as bacterial display (see Section 9.14.3.2.6). Yeast surface display was first demonstrated in
1993 as a method of immobilizing pathogen-derived proteins for vaccine development.238 Schreuder et al. used
a cell-wall-anchored protein �-agglutinin as the carrier for the alien protein. Many other proteins have been
examined for their utility in surface display but the commonest is the Aga2p–Aga1p system.239,240 In this
system, the alien protein can be fused to either the N- or C-terminus of the Aga2p protein. Two disulfide bonds
form between Aga2p and Aga1p, a GPI-anchored protein. Coexpression of the Aga2p-fusion and Aga1p leads to
display of the alien protein on the surface of the yeast. The alien protein is linked by an amide bond to Aga2p,
which in turn is linked through two disulfides to Aga1p that is covalently linked to the cell wall through glucan
linkages and lodged, noncovalently in the cell membrane by the fatty acid tails of the GPI anchor. This system
has been successfully used to clone cDNA-based domain libraries into yeast.241,242
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Although no natural product-binding proteins have been identified with this technique, it has been used to
identify the binding partners for a small-molecule phosphatidylinositide. Bin Liu first constructed a yeast
surface-displayed human cDNA libraries containing 2.4–8.9� 106 primary clones derived from testes, brain,
fetal liver, and breast tumor tissue (Invitrogen) by digestion with EcoRI; ligation into EcoRI-digested and
dephosphorylated pYD1 (and þ1 and �1 frame shifted) yeast-display vectors.242 As the library was composed
of cDNA fragments, it is better described as a domain-display library. This was done to increase the
representation of in-frame open-reading frames (ORFs) for larger proteins or membrane proteins but also
because the display system used was a C-terminal system that cannot be used to display a normal cDNA library.
Two biotinylated homologs (79) were used as bait to capture yeast cells displaying a specific-binding partner,
after which the cells were incubated with (fluorescent) phycoerythrin-labeled streptavidin and subjected to
three rounds of selection using fluorescence-activated cell sorting (FACS). About 8% of the third sublibrary
was highly fluorescent and collected for analysis. Recovery of the plasmid from 55 clones yielded 11 unique
cDNA inserts from seven different genes. Nine of the 11 inserts contained a full-length pleckstrin homology
(PH) domain that is known to code for phosphatidylinositide binding.242 Liu’s results suggest that large libraries
of functional human proteins (or pieces of proteins) can be efficiently displayed on the yeast surface and can
theoretically be used to identify protein fragments with affinity for any soluble molecule that can be
fluorescently detected. Using modern FACS, up to 107 library members can be screened in an hour.242 For
natural products, this could be done in a traditional way through biotinylation of the natural product and then
detecting the yeast that bind the natural product through fluorescently labeled streptavidin. Alternatively, one
could attach an immunogenic tag such as a FLAG tag (octapeptide; DYKDDDDK) that can be recognized by
commercially available fluorescent antibodies or the fluorophore can be bonded, or through a linker, to the
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natural product of interest. In each case, the FLAG peptide or fluorophore alone can be used as a control to
remove yeast that bind to just the tag.

Yeast display of cDNA libraries for the discovery of protein–protein or protein–natural product interactions
has a number of important advantages. These include the incorporation of posttranslational modifications, such
as phosphorylation, disulfides, and glycosylations, though the glycosylation pattern is unlikely to be human-
like. The protein folding and secretory machineries are also similar to those of mammalian cells, thus more
suited to the functional display of mammalian proteins that require endoplasmic reticulum-specific posttran-
slational processing for efficient folding and activity than bacterial systems. Large numbers (104–105) of
identical copies of the alien protein can be displayed on each yeast cell making selection and analysis easier
than with phage or in vitro methods and opening the possibility of functional homodimers or homotrimers
forming on the surface of the yeast. There also seems to be no size limitation for the fusion proteins, unlike
phage, which are presently limited to about 100 kDa.239 However, the single largest advantage is the ability to
screen using flow cytometry. Yeast cells are large, tough and because of the large number of displayed protein
can be heavily labeled with fluorescent reporters and thus easily sorted. They are also generally considered safe
to work with and easy to grow, though they grow much more slowly than bacteria or phage.

A direct comparison between phage and yeast displays of the same HIV-1 immune scFv cDNA library and
using the same selecting antigen (HIV-1 gp120) revealed that yeast display sampled the immune antibody
repertoire considerably more fully than phage display, selecting all the scFv identified by phage display and
twice as many novel antibodies.243 In general, N-terminal display is used with the ag2p protein but C-terminal
is possible as well, allowing the easy construction of cDNA libraries. Indeed it has been shown that anti-CD3e
scFvs exhibited 1–2 orders of magnitude greater affinity for their target when C-terminal fusions were used
compared to N-terminal.244

Disadvantages include the lower transformation rates (typically 105–107) compared to in vitro methods
(�1010–1014) and are 10� lower than for bacterial display, which mean libraries may not cover completely an
entire genome. There are questions about processing limitations, as some proteins may inhibit secretion of the
carrier protein yielding an expression bias. There are also questions about biased codon usage in yeast
compared to humans in the case of human library construction,245 which may result in an expression bias for
codons rarely used in yeast and mutation of some leucine residues (CUG) to serine in the displayed proteins.

Yeast display has come a long way since proof of concept in 1993 to the successful expression of a human
cDNA library in 2005 and the demonstration that small-molecule-binding proteins can be isolated in 2007.
Considering the rapid progress over the last two years and the inherent advantages over in vitro and other in vivo

methods, it is clear that yeast display will soon overcome the current limitations and possibly become the
method of choice for isolation of natural product-binding proteins.

9.14.3.2.5 Bacterial display
Bacterial display was first shown to be possible by Charbit et al.,246 who displayed polio virus epitopes on the
surface of E. coli through the LamB protein. The system was developed as an alternative to phage display in an
attempt to increase the size of displayed proteins, which was limited at the time, and retains some of the
advantages of phage display such as high-transformation rates and ease of handling. Most of the fusion systems
developed so far are insertional, meaning the alien protein is inserted into an exposed loop in the carrier
protein. This is generally necessary because the host requires both the N- and C-terminal domains for proper
function. This limits the size of insertions to <100 amino acids and makes display of real proteins and random
libraries problematic because of stop codons, which would truncate the fusion protein. This problem would also
be manifested in N-terminal display methods (e.g., autotransporters AIDA-I, IgA protease, and CPX).247 The
only two C-terminal display methods reported so far, which have been used for library screening, are with
LppOmpA and invasin.247 Ice nucleation protein (Pseudomonas syringae) might also be able to be used for
C-terminal display libraries but it has been used only for enzyme screening.248

Microbial cell-surface display has many potential applications, including live vaccine development, peptide
library screening, bioconversion using whole-cell biocatalyst and bioadsorption.249 However, it has, to our
knowledge, never been used to display a cDNA library. However, the use of cell display has a number of
advantages over in vitro and phage-display technologies. Most importantly, cells can be sorted by high-
throughput flow cytometers (FACS), which also allows ready tuning of the selection protocols to achieve the
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desired stringency (proportional to KD) and selectivity (% yield). After selection, the binding characteristics of
individual clones can be quickly determined (on-cell) using flow cytometry without the need for subcloning
and protein purification. Working with E. coli is also advantageous because the system is easy to handle and well
understood.

Affinity screening of bacterial display libraries can be carried out using either magnetic beads, FACS or a
combination of both. If the target of interest can be biotinylated then bacterial cells expressing the binding
target are multiply biotinylated which can be captured on a streptavidin-coated magnetic bead. This method
was used to discover streptavidin-binding motifs.250 However, magnetic beads can be envisaged to suffer from
avidity interactions arising from multiple display of the library on the cell surface and streptavidin on the bead’s
surface. In most cases, FACS is preferred because the selection can be visualized and easily adjusted. In this
method, the target can be directly labeled with a fluorophore or an epitope that binds to a fluorescent antibody
or fluorescent-labeled streptavidin for example. This results in fluorescent cells that display library members
that bind to the target and can be effectively enriched by FACS. Culturing of the sorted cells into a sublibrary
can then be reselected and so on with increasing stringency to isolate the best-binding partners for the target.
This method has been used for antibody epitope mapping, discovering protein-binding ligands (peptides),
peptide substrates for enzymes, cell-binding peptides and antibody screening. If cDNA libraries can be
effectively screened through C-terminal display then this would open the door to the screening of these
libraries for natural product-binding proteins. This would form a complementary method to phage display that
may be very useful due to the inherent advantages of cell display. However, the techniques required
further basic research before they can compete with phage display. For example, Lunder et al. tested phage
display and bacterial display in selecting streptavidin-binding peptides from two commercially available
libraries. Under similar conditions, selection of phage-displayed peptides for streptavidin binding proved
convincingly better.251

Limitations include some of those already mentioned for phage display, such as the lack of any posttransla-
tional modifications, difficulty in displaying (nonbacterial)-membrane proteins and multiprotein complexes,
and expression biases or mistranslation errors caused by mismatched human/bacterial codon usage.252 Other
unique limitations of bacterial cell-surface display include the size and folding efficiency of the alien protein as
well as its disulfide content which affect its ability to be secreted and localized on the outside of the cell.
Bacterial display will also inherently select for proteins that optimally fold and process in a prokaryote cell.
Unfortunately, the plethora of host strains, conditions, and display carrier proteins makes comparison of
expression levels difficult.253 Expression of alien proteins on the surface of bacteria is also known to induce
extracytoplasmic stress resulting in growth arrest and poor display performance. Coexpression of Skp, a
chaperone protein involved with transport and insertion of outer membrane proteins, was demonstrated to
be effective to restore cell physiology.254

An interesting recent example shows a proof of principle for the selection of affinity proteins from large
combinatorial libraries displayed on the surface of the Gram-positive bacterium Staphylococcus carnosus. In
contrast to Gram-negative bacteria, Gram-positive bacteria are more robust because of the cell wall and contain
only one cell membrane. Surface proteins do not need to be membrane spanning, but are covalently linked to
the peptidoglycan cell wall through their C-terminus, resulting in a high tolerance to recombinant fusions. An
affibody library of 3� 109 58-mers was screened for binding to TNF-� yielding three different high-affinity
binders.255 Thus, development of other bacterial display systems that circumvent some of the current
disadvantages of Gram-negative bacteria could see this technique become useful in the isolation of natural
product-binding proteins from expressed cDNA libraries, though it is noted that Gram-positive bacteria are
known to secrete large amounts of protease. Considering the number of very recent improvements, the
development of a functional cDNA expression system may not be that far into the future.

9.14.3.2.6 Human cell display

Mammalian cells have also been used to display single proteins and a random peptide library fused to the
CCR5 chemokine receptor.256 However, human cell display has not yet been used to display any sort of protein
library let alone isolate natural product-binding receptors but there is one recent example that indicated that
this is possible.
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Pastan and coworkers show that human embryonic kidney 293T cells (HEK 293T) that are widely used for
transient protein expression can be used for cell surface display of single-chain Fv (scFv) antibodies.257,258 In
this example, Pastan fused the anti-CD22 scFv antibody to the transmembrane domain of the platelet-derived
growth factor receptor (PDGFR). They produced two versions, one wild type and a mutant with 2� higher
affinity for CD22. With a 400� excess of the wild-type antibody, the mixture was incubated with biotinylated
CD22-Fc, washed and then incubated with phycoerythrin-labeled streptavidin, washed again, and sorted by
FACS. After just one round of selection, a 240� enrichment of the mutant antibody displaying cells was
observed. This proof-of-principle clearly demonstrates that human cell display has potential but it is yet to be
seen if it can be used to display cDNA libraries. To do this a C-terminal display system needs to be found.
Certainly, there are no concerns over protein folding, expression, codon usage, or posttranslational modifica-
tions as with other display technologies, but obvious limitations are the size of the libraries that can be
generated with human cells, which is limited to the number that can be conveniently cultured and the length
of time required for each round of selection. Whereas T7-phage display can produce libraries of 109 or greater
and be run to produce two rounds of selection per day, mammalian cells typically take at least a week for one
round of selection. Growing more than 107 cells per round can also become difficult. Finally, cell sorting at low
speed (required for delicate human cells) can take a whole day to sort enough cells for analysis.

9.14.3.3 In Vitro Display Technologies

These techniques couple genotype and phenotype by creating a physical link between mRNA (genome) and
the encoded protein (phenome). While phage display, cell display, and the yeast two-/three-hybrid systems are
limited by the involvement of living cells for library generation and biopanning, this is not the case with in vitro

methods where the amplification step is taken over by a chemical process; the polymerase chain reaction (PCR
or RT-PCR). An associated advantage is that in vitro methods are not limited by the number of cells that can be
grown in a given volume so very large libraries (>1014) can be constructed because they do not require
transformation in a living cell. Although, compared to the size of sequence space, for example, there are 10104

possible 80-mer peptides (which is more atoms than exist in the known universe), all man-made libraries have
to be considered small. An advantage of cDNA libraries is that they are always small (104–105 members) but are
selected for function.

9.14.3.3.1 Ribosome display

The first in vitro library technique for affinity selection called ‘Selective Evolution of Ligands by EXponential
enrichment’ (SELEX) was introduced in 1990 by Tuerk and Gold.259 It starts with the synthesis of a pool of
DNA or RNA, containing a region of randomized nucleotides (�10–100 bases) flanked by a conserved region
(priming sites for the PCR). For RNA, the conserved region usually contains a T7 RNA polymerase promoter
for transcription of the DNA library to RNA. Immobilization of a ligand (protein or small molecule) allows the
selection of DNA/RNA based on the ability to bind ligand molecules with high specificity and affinity.
Amplification of the selected DNA (or RNA) yields a sublibrary that can be used for a second round of
selection and so on until just one member (or family) of the original library remains – these are called aptamers.
SELEX can also be easily performed to select for ssDNA260 or double-stranded DNA (dsDNA).261 In the
original paper, ribosome display for in vitro selection of peptides (as opposed to oligonucleotides) was also
proposed. In SELEX, the idea is to find oligonucleotides that bind strongly to a given ligand, thus the
phenotype and genotype are on the same molecule. The technical problem with ribosome display was how
to provide a physical link between the genotype (mRNA) and the phenotype (translated peptide or protein).

The first success was demonstration in 1994, with the report of a large, diverse library of decapeptides
displayed and selected while associated with E. coli S30 polysomes and RNA.262 The key to Dower’s success was
the application of natural product antibiotics that were known to interfere with protein synthesis by stabilizing
the ribosome–mRNA–protein complex. Thus, rifampicin and chloramphenicol (for prokaryotic system) or
cycloheximide (for eukaryotic system) were used.262,263 Because these antibiotics halt the translation at random
locations, the ensuing libraries were composed of mostly truncated peptides and thus not really suitable for
the generation of cDNA libraries. Later, removal of the stop codon from mRNA was used to stall the translation
at the end of the mRNA.264,265 Several improvements have been made more recently to stabilize the
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mRNA–ribosome–protein complex, to prevent nuclease (RNAase) degradation, eliminate production of

truncated proteins, and improve displaying efficiency.266–270 Further improvements to include an in situ reverse

transcription (RT-PCR) in combination with single-primer PCR technologies have been recently published.271

Ribosome display (Figure 2) has been used to select protein-binding partners but, to our knowledge, never
been used to find the unknown protein-binding partner for a small molecule.268,272–275 However, a recent paper

by Plückthun clearly indicates that this is possible. In this report, the authors show, for the first time, that it is

possible to use ribosome display to select for catalytic activity based on catalytic turnover (directed evolution).

In their experiment, they displayed variants of RTEM-�-lactamase and used biotinylated ampicillin sulfone

(80) to select for catalytically active variants (Figure 3).276

Although the early versions of ribosome display were unstable and the libraries of low quality, recent
improvements have produced much more robust methodology (Figure 4). However, from a chemist’s per-

spective further improvements are required to make it more user friendly.176

The advantage of ribosome display is that it is a relatively mature technology that has been improved
tremendously over the past decade. Like all in vitro display methods, very large libraries can be constructed but
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library members washed away and the bound members eluted with EDTA (F), which destabilizes the ribosomal complexes by

removing Mg2þ. The purified sublibrary is converted into cDNA by reverse transcription (RT-PCR) and amplified by regular
PCR (B). The in vitro transcription and translation can be repeated for another round of selection or the cDNA can be analyzed

by agarose electrophoresis and/or sequencing.
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in this particular application of finding protein targets for natural products, the advantage is moot because
genomes are relatively small. Disadvantages include PCR bias and artifact formation that tend to occur in
multitemplate PCR, such as cDNA library generation, and provide incorrect information on the abundance and
diversity of genes.278 Other disadvantages shared by most display methods include questions about proper
folding of proteins in an in vitro system, the lack of any sort of posttranslational modifications, the unlikely
occurrence of natural protein–protein complexes, and the difficulty of expressing large or membrane proteins.
Indeed, it has been reported that the ligand-binding domain of the Nogo receptor, which aggregates in phage
display, does not aggregate in ribosome display.277 As the ribosome is a large complex (>3 MDa) of proteins and
rRNA and displayed peptides or proteins in typical libraries are relatively small (<10 kDa), it is possible that
many displayed peptides may be lost through unpredictable interactions with the ribosome. This was referred
to as the ‘large display object problem’ by Gold279 but is less likely to be a problem with displayed cDNA
libraries.

Unique disadvantages to ribosome display relate to the inherent instability of RNA. This is a disadvantage
shared by mRNA display but an advantage of ribosome display over mRNA display is that the in vitro

transcription and translation can be combined into one step. This renders the mRNA less vulnerable to
degradation.

9.14.3.3.2 mRNA display

mRNA display was developed from a desire to display large numbers of random peptides and was thus a
response to the limitations of phage display. Initially, random peptides were displayed on polysomes (ribo-
somes), which contained the mRNA for the displayed peptide.262 This was quickly developed into an mRNA
display system simultaneously by two groups, Roberts and Szostak in the United States and Yanagawa in Japan.
The techniques have been recently reviewed by both groups.175,280

The key feature of mRNA display is that the gene (mRNA) and the encoded protein are covalently attached
to each other by a puromycin–DNA linker (Figure 4). This is a key advantage over ribosome display, where
the link between the mRNA and the protein is noncovalent and mediated by the ribosome. Thus mRNA
display allows more stringent selection criteria to be employed that would result in the dissociation of ribosome
and mRNA.

Puromycin is a natural product isolated from Streptomyces alboniger and a structural analog of tyrosyl tRNA
but when incorporated into the ribosomal machinery causes premature termination of translation by being
nonspecifically linked to the growing protein.281,282 This information, and the recent development of
ribosome display, allowed two groups to simultaneously and independently develop mRNA display based
on this chemistry (Figure 5).283,284 However, the technique was far from perfect because the mRNA
encoding the protein had to have the stop codon removed, a DNA spacer, P-acceptor (21-mer DNA
molecule with 4-mer RNA), and puromycin laboriously installed on each strand of mRNA.284 Puromycin
works by entering the A-site of the ribosome in the absence of a release factor (stop codon) and the peptidyl
transferase subunit catalyzes amide bond formation between the amine group on the puromycin and the
C-terminal carboxylate of the full-length protein. Because the new linkage is an amide instead of the usual
ester, hydrolysis is no longer possible and protein synthesis stalls. The mRNA–protein conjugate is then
released and can be purified. The ligation method was improved by using another natural product, psoralen,
to induce cross-linking of the puromycin-containing oligonucleotide to the 39-end of an mRNA template.285

Psoralen, a furanocoumarin, occurs in many plants but was first isolated from the seeds of the Ayuvedic plant
Psoralea corylifolia.286 The compound had long been known to be a specific, bifunctional photo cross-linking
agent that can join dsDNA after irradiation at 365 nm.287 Another approach is to use an enzymatic ligation of
a polyethylene glycol (PEG) spacer.288

mRNA-display libraries made from cellular cDNA have been used to identify the protein partners that bind
to antiapoptotic protein Bcl-XL.289 Hammond et al. used random primers to construct the library that contained
members of various lengths and in all three reading frames (i.e., two-thirds of the library displayed peptides that
are not encoded by the associated gene). This approach also allows the inclusion of tissue-specific primer tags
so that multiple libraries can be screened in one experiment. After immobilization of the Bcl-XL protein, the
mRNA library was screened for binding partners and the eluted sublibrary amplified by PCR and transcription.
After four rounds of selection, tissue-specific primers were used to identify the selected clones by sequencing of
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the isolated cDNA. This revealed three known binding partners for Bcl-XL but also another 17 proteins. An
advantage shared by the in vitro techniques and phage display is the physical association between the gene and
the protein. This allows easy isolation of the cDNA and subsequent cloning into any expression vector for
biochemical studies. This allowed Hammond to determine the relative binding affinities of the 20 proteins and
peptides to Bcl-XL. Similarly, protein-binding partners have been isolated for the transcription factors c-Jun290

and c-Fos,291 and calmodulin,292 using mRNA display. DNA-binding proteins have been isolated by Yanagawa
by using a 12-O-tetradecanoylphorbol-13-acetate (TPA)-responsive element (TRE) as a bait DNA.293 These
results suggest that mRNA display could also be fruitfully used to explore the binding proteins of natural
products by simply substituting the Bcl-XL protein in the Hammond example for a natural product.
Surprisingly though, there has only been two publications, reporting proof of principle, using the ubiquitous
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FK506–FKBP system. The first, by McPherson et al.,294 biotinylated FK506 (81) through the secondary
hydroxyl in 3% overall yield and used streptavidin-coated magnetic beads for immobilization and after just
three rounds of selection, the library converged onto a single clone for FKBP1a.
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More recently, Yanagawa and coworkers has further improved the mRNA display method by incorporation
of a photocleavable 2-nitrobenzyl linker between genotype (mRNA) and phenotype (protein) to facilitate
isolation of the mRNA for amplification or analysis.295 They demonstrated the utility of the photocleavable
linker by also isolating FKBP1a from an mRNA library using biotinylated FK506.

These two examples, using FK506–FKBP, clearly demonstrate the potential of mRNA display for the
isolation of natural product receptors and, like phage display, could be used to determine the target proteins for
natural products with no known target or even no known biological activity.

However, mRNA display has some of the disadvantages of phage display in that the natural variability in
concentration of mRNA in cells (over 7–8 orders of magnitude)296 means that high-abundance mRNA is
amplified repeatedly and would tend to dominate in the absence of very strong selection pressure. Recently,
cDNA tiling arrays have been used to address this problem, and been shown to double the coverage of Jun-
associated proteins without reducing accuracy.297 Normalization of cDNA libraries would also aid the
discovery of novel protein-binding partners from rare transcripts, but because in vitro display systems do not
have any transformation steps in selection rounds, there is no bias related to transformation efficiency (unlike
phage and cell display). PCR bias and artifact formation can also occur in multitemplate PCR, such as cDNA
library generation, and provide incorrect information on the abundance and diversity of genes.278 Other
disadvantages shared by most display methods include questions about proper folding of proteins in an in

vitro system, the lack of any sort of posttranslational modifications, the unlikely occurrence of natural
protein–protein complexes and the difficulty in expressing large or membrane proteins.

Unique disadvantages to mRNA display relate to the RNA itself and the stop codon in natural mRNA.
Because the mRNA is linked to puromycin at the 39-end (Figure 5), in vitro transcription and translation must
be carried out as separate reactions (in ribosome display, in vitro transcription, and translation can be combined).
This separation of transcription and translation renders the mRNA more vulnerable to degradation by
hydrolysis or RNAase activity. A second problem for in vitro selection of cDNA libraries is that full-length
cDNA constructed by an oligo(dT)-priming strategy always contain 39- and 59-UTR plus a stop codon that
would disengage the ribosome before incorporation of puramycin. To circumvent this, cDNA-derived libraries
for mRNA display can be constructed by means of random hexamer priming but this makes the DNA
nondirectional. This can be solved through degenerate primers and directional linkers.292

9.14.3.3.3 DNA display

Cellular compartmentalization has inspired a range of new, and potentially useful, in vitro systems that treat
droplets of water as microreactors. These have been recently reviewed by Griffiths and coworkers.298 The first
DNA-display experiments, using this idea, were reported by Tawfik and Griffiths, who developed an in vitro

compartmentalization (IVC) method using water-in-oil emulsions, which can be cheaply manufactured from
oil, emulsifier, and detergent. By carefully selecting the conditions, a DNA library can be spatially arrayed by
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partitioning into the water droplets such that no more than one DNA molecule resides in any one compartment.
Multiple copies of the encoded protein can then be made in the droplet by an E. coli-coupled cell-free system.299

This is interesting but not particularly useful for the selection of binding partners unless the DNA and encoded
protein can be physically linked. This has been achieved through an adaptation of IVC by Yanagawa using the
near-covalent interaction between streptavidin and biotin.300 Put simply, a biotinylated DNA molecule that
encodes a protein library with an N-terminal streptavidin tag is diluted into a water/oil emulsion. Now, when
the water droplets that contain one DNA molecule are transcribed and translated, the expressed proteins bind
to the DNA through the biotin forming a physical link. The expressed proteins can now be affinity purified
against any binding epitope (such as a natural product) and the DNA amplified by PCR and the processes
repeated for as many rounds as required for positive selection. However, the original method suffered from
poor efficiency (<1% DNA–protein complex formation) but an adapted version has increased efficiency and
been used to search for peptide ligands.301 The method has also been demonstrated to be able to display active
proteins up to 1000 amino acids302 so there is potential to use the technique for display of cDNA libraries and
then to pan for natural product receptors, although no examples exist at this time. Thus one of the major
disadvantages of the system is that, while one can manipulate a range of reaction conditions that are
incompatible with in vivo display, the cell-free transcription and translation must be carried out under defined
Mg, salt, and pH conditions.

A very similar method has been reported by Tawfik and Griffiths, whereby a single piece of DNA is linked
to streptavidin-coated beads through covalently attached biotin. The DNA encodes a FLAG tag at the 59-end
and biotinylated anti-FLAG antibody is used then to couple the encoded protein to the same bead.303 It remains
to be seen if this complex and demanding strategy can be adapted to cDNA library display and the isolation of
natural product-binding proteins.

A covalent link between genotype (DNA) and phenotype (protein) in DNA display has been achieved
through enzyme activity. Thus, a DNA library, also encoding a DNA methyltransferase (M.HaeIII) can form a
covalent bond with a 5-fluorodeoxycytidine (suicide inhibitor) that is installed at the end of the DNA fragment.
The resulting library of DNA–protein fusions is extracted from the oil/water emulsion, and DNA displaying
protein with desired binding properties selected from the pool of DNA–protein fusions by affinity selection.304

The method has also been used for affinity maturation of binding domains but it is not clear if the method can
be used for the expression and selection of binding proteins from cDNA libraries.305

More recently, a covalently linked system exploits the replication initiator of bacteriophage P2, which
covalently attaches the P2A protein to its own DNA phosphate backbone.306 This method is droplet indepen-
dent, theoretically allowing libraries as large as those used in mRNA display but at present the system suffers
from low complex formation efficiency (�3%) that needs to be improved.

DNA display systems have possible advantages over in vivo display technologies, although there are few
published examples. First, DNA is much more stable than RNA allowing more varied biopanning strategies
(e.g., where RNAase enzymes might be present). For DNA display, removal of the stop codon from full-length
cDNA libraries is also not required. The third advantage results from possible multivalency effects. In mRNA
display, one mRNA yields one protein whereas multiple proteins can be displayed from a single template DNA
in an oil droplet or on a microbead. This advantage is similar to phage display where it is possible to display
many copies of the alien protein on the surface, thus aiding selection and coverage.

A disadvantage of the compartmentalization-based DNA display systems is that the potential library size is
restricted by the number of compartments (or microspheres) that can be handled. The microdroplets are also
always of variable size, which makes it difficult to ensure that each droplet contains only one gene. A Poisson
distribution would result in large droplets containing many genes. To avoid this, the DNA–droplet ratio has to
be dropped such that most of the droplets are empty, decreasing the size of the library that can be used.
Although it is possible to deliver substrates and ligands, either directly or indirectly (through separate
microdroplets, micelles, or nanodroplets) there is no universal technique and the efficiency and rates of
reactions cannot be directly measured.298 However, developments in microfluidics and the generation of
physically defined, spatially arrayed, and homogeneous droplets are now being developed, for example, in
the lab of George Whitesides.307–309 The ability to fuse, incubate, and manipulate these tiny droplets when
combined with IVC DNA display should provide a powerful discovery platform for combinatorial chemistry
and natural products chemistry that should be realized in the not-too-distant future.310
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Taken together, in vitro display of cDNA libraries are an integral part of modern reverse chemical
proteomics applications, where the goal is to functionally display all proteins and to minimize selection bias
in the identification of protein ligands for natural products.

9.14.3.3.4 Plasmid display

Plasmid display is conceptually simple, avoids the potential difficulties encountered with other display systems
such as the cDNA size, in vitro translation, mRNA stability, and is easily amenable to high-throughput versions.311

The fusion proteins, including the DNA-binding domain, are expressed in vivo, and the proteins bind to the specific
DNA sequence on the encoding plasmids through a sequence-specific DNA–protein interaction. Complexes of
fusion proteins and the encoding plasmid DNA can be used for the in vitro selection from a protein library following
cell lysis. This technique was first validated experimentally using the lac repressor protein.312 However, the success
of the plasmid display is critically linked to the correct folding of the fusion proteins in addition to the maintenance
of the protein–DNA-binding interaction.313 Plasmid display may be amenable to the microdroplet format used for
DNA-display methods but this has not yet been tried. There are no examples of using plasmid display to isolate
natural product-binding proteins but it is theoretically possible.

9.14.3.4 Reverse Genetics

Classical genetics cannot be used to find the binding partners for natural products. This method does, however,
link a phenotype with a genotype. Generally, it involves inducing a genetic mutation in a cell or organism,
selecting mutants displaying a phenotype of interest and then identifying the mutant gene that was responsible
for the observed phenotype. This was first shown in 1927 through the genetic mutation of fruit flies with
X-rays.314 Subsequently, chemical mutagens such as alkylating agents (e.g., N-nitroso compounds), DNA
intercalators, and nucleobase analogs were found to produce mutations in higher yields than those obtainable
through ionizing radiation. Regardless of the method used to induce mutations, the classical genetic approach is
irreproducible, inefficient, and time consuming. The random, nonspecific nature of mutations produced from
mutagenic chemicals or ionizing radiation mean that it is difficult, if not impossible, to reproduce a particular
mutant.

Reverse genetics involves targeting a gene of interest with a knockout mutation (deletion) or site-specific
mutation (to alter the function of the gene product) and then observing the phenotypic consequences of the loss
of that gene product. These mutations were traditionally introduced using homologous recombination in an
embryonic stem cell. Unlike classical genetics, the reverse genetic approach is both specific and reproducible.
However, a major drawback with the technique is that each mutant is forced to adapt to the loss of a particular
gene, and the resulting cascade of secondary and compensatory events can obscure the true effect of the original
gene knockout. Recently, there have been some innovations in these general methods that may be utilized for
the determination of a natural product’s binding target.

9.14.3.4.1 Small interfering RNA

The use of posttranscriptional gene silencing by RNA interference (RNAi) has become popular.315–317 This
technique involves inserting small pieces of double-stranded RNA (siRNA), identical to small sections of the
gene that needs to be suppressed. These small pieces of siRNA take advantage of the RISC (RNA-induced
silencing complex) that forms a natural defense against certain viruses and is used for endogenous gene
silencing. RISC binds the siRNA, unzips it into single-stranded RNA that is now able to recognize the target
gene (mRNA). The RISC–RNAi complex binds to the target gene and cleaves it at the recognition site. Other
proteins then degrade the mRNA pieces preventing gene translation into protein. Thus, a single gene can be
downregulated for about 48 h. The limited temporal control and problematic delivery of the siRNA into cells
are major concerns. Recently, it has also been found that siRNA can produce off-target gene regulation that can
mask the expected outcome.318 However, if it is possible to produce a specific siRNA for every human gene
then it should be possible to set up a high-throughput screen for drug-binding targets in certain circumstances.
For example, if an increased or decreased cytotoxicity of a drug can be related to the downregulation of a
particular gene then this would provide prima facie evidence that the drug (natural product) binds to, or
interferes with the gene product of the interfered with mRNA.319,320
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9.14.3.4.2 Drug-induced haploinsufficiency

Another reverse genetic screen that may become useful as a genome-wide screen for natural product-
binding proteins is the drug-induced haploinsufficiency screen. This relies on the fact that yeast are
diploid, having two copies of every gene. Deletion of one copy rarely leads to any obvious phenotypic
change but it was discovered that deletion of one copy of a drug target gene led to a hypersensitivity to
that drug.321 The drug targets of several natural products have been confirmed in this way. For example,
Roemer used a genome-wide fitness test to determine the drug-binding proteins for several antifungal
drugs, including several natural products.322 A Candida albicans library containing 2868 mutants, repre-
senting 45% of the C. albicans genome, each with the deletion of one copy of one gene (heterozygotes),
was constructed using PCR techniques. Aliquots of the library (equal quantities of all 2868 mutants) were
treated with an inhibitory compound (at different concentrations) or a control over 20 population
doublings. The relative growth of each strain was monitored by DNA microarrays competitively
hybridized with amplified and labeled tags (using the common primer pairs) from the drug/no drug
treatments. Statistical analyses enable identification of strains significantly affected in growth rate.322

This resulted in the identification of phosphatidylinositol/ceramide phosphoinositol transferase (IPC
synthase), required for sphingolipid synthesis, as the target for aureobasidin A. Tunicamycin targeted
UDP-N-acetyl-glucosamine-1-P transferase, which transfers GlcNAc-P from UDP-GlcNAc to Dol-P in
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the ER in the first step of the dolichol pathway of protein asparagine-linked glycosylation. The catalytic
subunit of 1,3-beta-D-glucan synthase, that is involved in cell wall synthesis and maintenance, as the
target of caspofungin, a GTP-binding protein of the rho subfamily of Ras-like proteins, involved in the
establishment of cell polarity that regulates protein kinase C (Pkc1p). Ergokonin A was found to target
and cell wall synthesizing enzyme – 1,3-beta-glucan synthases. Brefeldin A was found to interact with
two proteins, guanine nucleotide exchange factor (GEF), involved in proliferation of the Golgi, intra-
Golgi and ER to Golgi transport, and a GTPase of the Ras superfamily, involved in intracellular
trafficking within the Golgi. The drug is known to bind to the interface between these two proteins.
Cytochalasin D did not display induced hypersensitivity to any one mutant but a rich mixture of genes
that did not allow a positive identification. Radicicol provided another example of the limitations of the
haploinsufficiency screen, in that its well-characterized target (Hsp90p) was unresponsive to drug
treatment as a heterozygote. In all cases, the tested inhibitors already had well-characterized targets
and these were nearly always identified in their screen. They also explored the assay as an approach to
predicting the binding partner of novel antifungal compounds (82–83) with no known mode of action.
Their profiles were similar to known microtubule inhibitors and highlighted by marked hypersensitivity
of the �-tubulin mutants to all drugs.
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These results not only proved that the method could isolate known targets for natural products, but also
identified modes of action for new compounds, in this case as binding to �-tubulin. The discovery of this
interaction suggests that the compounds should also be screened as anticancer agents.

Similarly, Roberge showed that the marine natural product dihydromotuporamine C targeted sphingolipid
metabolism by producing hypersensitivity to some 21 different genes.323 In this paper, the authors measured the
growth rate of individual mutants rather than using a DNA-array method. This was much more time
consuming but gave far fewer false positives.

Hoe and coworkers have used a 4158 mutant library of Schizosaccharomyces pombe to screen for the targets of
hydrazinocurcumin, a synthetic derivative of the turmeric natural product curcumin.215 An initial screen
provided 178 hits of which 165 were determined to be false positives by growing each mutant with varying
concentrations of the natural product derivative. After a second screen, they found eight genes that resulted in
hypersensitivity to hydrazinocurcumin. These related to septum formation and the general transcription
processes, which may be related to histone acetyltransferase, a previously reported target for curcumin.324

No definitive binding partner was found, highlighting some of the possible difficulties of this technique. It is
also notable that there was no evidence for binding of hydrazinocurcumin to calmodulin, the protein target
proposed by Kwon using phage display.214

Reverse genetics, through either siRNA gene silencing or specific gene deletion in diploid species, shows
promise as a new method for natural product or drug target elucidation. There are several limitations, as
discussed above, but these may be overcome in the near future to produce a technique that would be quite
powerful for the isolation of natural product receptors. Though we are not aware of any examples using siRNA,
this method seems to be globally applicable whereas the drug-induced haploinsufficiency assay would not be
applicable to any monoploid species and may be difficult to apply to human cells because of the large number of
genes that need to be mutated. Human cells are also extremely complex because one gene could code for
hundreds of proteins through alternative splicing, RNA editing, and posttranslational modifications making
results difficult to interpret. One major advantage of all the reverse genetics approaches is that the natural
product is not derivatized.
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9.14.4 Future Prospects

Chemical proteomics approaches, especially affinity chromatography, dominate the methods used to identify
natural product-binding proteins. The only other technique that is used to any great extent is phage display.
Both methods have in common the need to synthesize a tagged natural product, usually with biotin. It is always
challenging to prepare natural product affinity reagents without affecting their biological activity, not to
mention the challenge of semi- or total synthesis. In addition, it is often difficult to minimize contamination
due to nonspecific binding of proteins to an affinity matrix. Recently, interesting new techniques have been
reported that could, potentially, be used to isolate natural product-binding proteins without the need for any
sort of chemical derivatization. These MS methods involve SILAC, ICAT, or iTRAQ quantitative proteomics.
However, with some development, it could be possible to use these systems to screen for natural products that
inhibit particular types of enzymes using activity-based chemical proteomics, for example.123 Currently,
activity-based proteomics can capture serine, cysteine, and metallo-proteases, tyrosine phosphatases and
kinases, glycosidases, or penicillin-binding proteins. If the activity probes could be combined with SILAC or
iTRAQ, this could be a powerful discovery platform for natural products that can bind to these classes of
enzymes. Reverse genetics approaches also have potential if haploid yeast can be made for every gene as, in this
method, there is no need to derivatize the natural product and the assays are easy to carry out. The near future
will also bring major advances in display technologies. Those outlined here, with the possible exception of
mRNA display and ribosome display, are in their infancy and these could become very important techniques in
discovering natural product-binding proteins. Phage display is relatively mature but there are many alternative
bacteriophage-display systems that will, no doubt, surface in the next few years.325

Glossary

chemical genetics Chemical genetics strategies start with libraries of chemical compounds, which are

screened to find compounds that produce a phenotype of interest. Once a phenotype-modifying compound is

found, it is used to identify the particular target protein to which it binds in the cells. Sometimes used inter-

changeably with ‘chemical genomics’.

chemical proteomics Makes use of small molecules that can bind specifically to a class of enzyme (activity-

based chemical proteomics) or a protein (affinity-based chemical proteomics) either covalently or noncovalently

to allow their purification and/or identification as valid drug targets. The process is analogous to interaction

proteomics but instead of identifying protein–protein interaction, small-molecule–protein interactions are

identified.

reverse chemical genetics To discover a new drug or chemical probe, it is possible to start with a protein of

interest and screen for small molecules that affect its activity, then find out whether the small molecule causes a

phenotypic change in an organism or cell. This approach is analogous to reverse genetics, in which a gene is

deliberately mutated or knocked out in order to study the resulting phenotype. Reverse chemical genetics is

extensively used in the pharmaceutical industry to screen for new drug leads in combinatorial libraries.

reverse chemical proteomics The proteome is expressed on the surface of an amplifiable vector, such as a

virus or cell, and then probed with a tagged small molecule. The starting point is the transcriptome (mRNA),

which is physically linked to its gene product (protein) to facilitate identification of small-molecule–protein

interactions.

reverse genetics Seeks to determine the phenotype that derives from a specific gene (obtained by DNA

sequencing). It is an approach to discovering the function of a gene that proceeds in the opposite direction to

classical genetics, which uses random mutations to work back from a phenotype of interest to the gene

responsible for that phenotype. In reverse genetics, a gene is removed, mutated or suppressed, and the

phenotype produced used to determine the function of the gene.

reverse proteomics In reverse proteomics, the starting point is the DNA sequence of the genome of an

organism. First, the transcriptome (complete set of transcripts) and proteome (complete set of proteins) are

predicted in silico and subsequently this information is used to generate reagents for their analysis.
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