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Abstract

Recent progress in chemical biology research has accelerated
the target protein identification of biologically active small
molecules, including naturally occurring ligands. It is widely
recognized that a biologically active natural product functions as
a “key” that fits a specific protein “lock.” However, recent
studies have revealed multiligandable nature of natural products
that works as “multiple keys” (or a “master key”) fitting multiple
“locks” in a biological event. Biological experiments using
natural products as ligands have often provided puzzling results,
which can likely be attributed to their multiligandability. Thus, a
novel research direction dealing with multiliganbale natural
product ligand based on their target identification is strongly
desired. This review focuses on the current status of natural
products chemistry based on their target identification, and
suggest the future direction, named chemical biological
chemistry (Chem-Bio-Chem).

¢ Introduction

Natural products chemistry has supplied a myriad of
compounds with complex structures as well as unique biological
activities. Structural determinations and chemical syntheses of
complex natural products (Figure 1) led to new concepts in
organic chemistry; studies on hinokitiol,' steroids,” vitamin B,
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ginkgolide,* palytoxin,® ciguatoxin,® and maitotoxin,” in-
spired non-benzenoid aromatics,! conformational analysis,’
Woodward—Hoffmann rules,® and the nuclear Overhauser effect
(NOE) in structure determination.* Such chemical research on
natural products had been highly successful until the 1980s, and
contributed greatly to the development of organic chemistry.
Unfortunately, such research became less productive in the
1990s. For example, Seebach became suspicious of the “primary
motivation” of natural product synthesis as early as 1990.°

It has become significantly more difficult to find examples
of novel natural products or their total syntheses that have
provided new concepts in chemistry, as if such conventional
structure-based research has been exhausted. This review
introduces a new strategy of natural products chemistry on the
basis of molecular targets involved in the mode-of-action of
naturally occurring ligands. This is an important paradigm shift
“from structure to biological activity” in natural products
chemistry. In this review, natural products are renamed as
naturally occurring ligands (NOLs) to underline their biological
importance.

¢ “Multiple Keys:” A Multiligandable
Nature of Natural Products

It is widely recognized that target exploration of NOLs is an
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Figure 1. Natural products inspired new concepts in chemical research.
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immense undertaking, although many successful examples of
target identification of small molecules have been reported.'®!!
This difficulty can be partly attributed to the complexity
underlying the nature of NOLs. The “lock-and-key” model is
widely recognized as a fundamental concept that explains the
biological activity of NOLs: a molecule interacts with a specific
target in vivo and turns on its unique biological activity.
However, it has gradually been recognized that such a simple
concept cannot fully explain the biological activity of all NOLs.
Recent studies suggest that we are observing the sum of plural
biological activities of NOLs,'>! and it is more suitable to use
an analogy of “multiple keys” (or a “master key”) that can fit
several “locks” to explain the multiligandable nature of NOLs
(Figure 2).

“Multiple Keys”

Figure 2. “Multiple keys:” Multiligandable nature of natural
products (naturally occurring ligand: NOL).
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4 TargetID Enables a Rational Molecular
Design of Truncated NOL

One of the scientific merits in target identification (target
ID) of NOLs lies in the potential contribution to a new strategy
for molecular design. Recently, many attempts have been made
to downsize NOLs with retention of their unique bioactivities.'*
Trimming the fat by removing some moieties from complex
molecules as well as reducing excess functionalities can generate
simple, truncated NOLs. Such simplification, an extraction of
the essential structure for specific activity, will decrease the
number of target proteins and will serve to simplify the
biological activity of the NOL. The resulting simplified NOL
often retains its original bioactivity to some extent and can
be considered to be a drug candidate or a useful clear-cut
biochemical reagent without exhibiting side effects. The most
successful achievement of this strategy can be found in the case
of eribulin (Halaven),'>"!7 which is a truncated derivative of
halicondrin B,'® a potent antitumor marine natural product
(Figure 3). Wender’s approach using bryostatin is another
successful example of a truncated NOL.!°2? Thus, a promising
future is expected for this approach. However, the most serious
issue here is that there is no reasonable way to predict the
essential structure of a complex NOL. A tremendous amount of
effort is necessary for the “extraction” of an essential structure
from a NOL. For example, eribulin was developed after as many
as 200 derivatives of halichondrin B were synthesized and
evaluated.”? Thus, the establishment of reliable guidelines to
elucidate the core structure of a NOL is highly desired.

The target ID of NOLs can provide such guidelines. The
dissection of “various keys” (or a “master key”) based on the
3D structure of a ligand/target complex will provide precise
information on the binding site of the ligand. This information
will lead to the rational design of the essential structure of a
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Figure 3. An example of development of a “truncated” naturally occurring ligand (NOL) by conventional SAR approach, and a new

approach for rational design based on target protein identification.
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Figure 4. Methods for target ID of small molecules: A) FG-beads technology, B) photoaffinity beads technology, C) fishing-rod
strategy, D) compact molecular probe (CMP) strategy, and E) Y3H combined with SNAP-tag technology.

NOL corresponding to a single “key” against a specific “lock.”
The 3D mapping of binding sites in whole ligand structures can
be obtained precisely by X-ray crystallography and approx-
imately by NMR saturation transfer experiments.’»>> However,
the most serious issue preventing such an approach is the
difficulty in the target ID of NOLs.

¢ Methods for Target ID

Identification of each “lock” corresponding to a desired
bioactivity is essential for the above purpose. Recent progress
in chemical biology brings us some promising methods
applicable for target ID of NOLs, such as FG-beads technol-
ogy,?% photoaffinity beads technology,?’ a fishing-rod strategy,’®
a “compact” molecular probe (CMP) approach,? the yeast 3-
hybrid (Y3H) system,® and a database-dependent (DBD)
strategy>!32 (Figure 4). Historical background of these tech-
niques can be found in excellent reviews.!%!! However, the
potential of these methods in the target ID of NOLs has not been
fully explored.

FG-bead and photoaffinity bead technologies are types of
affinity chromatography with unique modifications. FG-bead
technology?® developed by Handa and co-workers (Figure 4A)
is widely applied for the target ID of small molecular drugs. The
small size of the magnetic beads (140-200 nm diam.) enables a
greater quantity of effective ligands to be placed on the beads,
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providing strong improvement in the efficiency of affinity
chromatography.?® Additionally, the small nonspecific binding
nature of FG beads yields reliable results in affinity chromatog-
raphy. The most successful achievement by FG-bead technology
is the target ID involved in a side effect of thalidomide, a
tranquilizer and painkiller. This is a beautiful example in which
the “multiple keys” nature of thalidomide was revealed by the
identification of cereblon, a component of E3 ubiquitin ligase.*’

Photoaffinity beads technology?’ (Figure 4B) developed by
Osada and Kanoh is widely applied for the target ID of NOLs.>*
The most important advantage of this technique is that it requires
no prior structure—activity-relationship (SAR) studies. In order
to obtain successful results using standard affinity beads, the
NOL should be immobilized on the beads without loss of its
affinity with the target protein. Thus, SAR studies are indis-
pensable to determine which functionality is irrelevant to the
bioactivity of the NOL, and can therefore be used for connecting
the NOL to the beads. SAR studies are a time-consuming, but
essential step for the preparation of affinity beads. In contrast, in
photoaffinity beads technology, random immobilization of the
NOL was achieved by using beads equipped with a linker
in which trifluoromethyldiazirine (TFMD) is connected. The
random immobilization provides an array of beads photo-
crosslinked to random sites of the NOL, which encompasses
theoretically all possibilities of binding to the corresponding
target proteins.

www.csj.jp/journals/chem-lett/
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Figure 5. Typical structure of a molecular probe (MP) equipped with a reactive functionality (RF) as well as a tag (biotin) with linker.

The fishing-rod strategy (Figure 4C) and compact molecular
probe (CMP) approach (Figure 4D) are molecular probe (MP)
methods. An MP is a modified NOL equipped with a reactive
functionality (RF) for crosslinking as well as tags for detection
and separation (Figure 5).3° Tags, such as biotin or epitope
peptides, are usually connected to the NOL via a linker moiety,
such as an oligopeptide or poly(ethylene glycol) (PEG).>® MP
technology is a conventional method for target ID of small
molecules;’’ however, it sometimes gives enigmatic results due
to the presence of many nonspecific bindings. An important
problem observed in target ID using a molecular probe lies in the
existence of the linker and tag moieties, which may decrease
the affinity with the target as well as cause many nonspecific
bindings (Figure 5). Thus, an appropriate control experiment
should accompany the target ID. Competitive inhibition studies
are indispensable for the confirmation of the target ID.*® The use
of a negative probe for which no bioactivity is observed would
be the most reliable. As shown in Figure 6, an enantiomer
(jasmonate glucoside (JAG)/ent-jasmonate glucoside (ent-
JAG))* or epimer (aurilide/6-epi-aurilide)*® of the NOL
provides successful results in their target IDs because these
species have almost the same physical properties as the positive
probe and can be employed as a perfect control. However, more
reliable technology without nonspecific binding is highly
desired to establish a useful method for robust target ID. The
fishing-rod strategy and CMP approach have been devised to
reduce the troublesome nature of the MP approach.

The fishing-rod strategy?® developed by Uesugi and co-
workers (Figure 4C) employs a unique rigid polyproline linker.
Uesugi focused on the 3D structure of the MP to improve its
troublesome nature. A photoaffinity probe with a rigid polypro-
line linker moiety can cast the tag moiety away from the ligand
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moiety and improve the affinity with the target. It is also
advantageous in improving the signal (target)-to-noise (non-
specific bindings) ratio in the target ID experiment. The fishing-
rod strategy was successfully applied for the identification of the
novel target of indomethacin, GLO-1.%8

The CMP approach® developed by Ueda and co-workers
(Figure 4D) is a state-of-the-art technology for the target ID of
NOLs. This concept is based on the idea that the NOL itself
has the best affinity with its target and any modification of a
functional probe will decrease its original affinity. The combi-
nation of this small-sized affinity probe and copper-catalyzed
azide-alkyne cycloaddition (CuAAC)-based*!*? stepwise intro-
duction of the FLAG-epitope tag is expected to give a good
signal-to-noise (nonspecific bindings) ratio in target ID experi-
ments. The CMP approach provided a perfect result in which
only the specific target was tagged without any nonspecific
binding.?® These successful results were obtained in the target
IDs of isolespedezic acid and jasmonate glucoside. A similar
concept employing a unique double-click strategy was also
developed by Hosoya.*>*

Moreover, it should be mentioned that significant efforts
have been made for the improvement of reactive functionalities
(RFs) that are used for forming crosslinks between a target
protein and a molecular probe. Trifluoromethyldiazirine
(TFMD)*+*® and benzophenone*’*® have been widely used
as photoaffinity RFs, however, their crosslinking yields are
estimated to be as low as a few to several percent. Thus,
conventional electrophilic RFs, such as iodoacetyl, epoxides, or
o, B-unsaturated ketones, which covalently crosslink to a target
protein, have been reevaluated because reaction yields using
these species are often much higher than those using photo-
affinity RFs.*’ Recently, the advantage of tosyl chemistry>® was
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Figure 6. Differential SDS-PAGE analysis: an enantiomer or diastereomer (epimer) is used as a negative control. The red-colored
target protein can be easily discriminated from black-colored nonspecific binding proteins.

demonstrated by Hamachi; however, its application for NOL has
unexamined.

A yeast 3-hybrid system (Y3H)3% developed by Liu and co-
workers is a recently developed method for the target ID of small
molecules, which is a modified version of conventional Y2H
technology. More recently, Johnsson®%° combined this Y3H with
SNAP-tag technology to improve its usefulness (Figure 4E).
Y3H systems rely on LexA or Gal4 as DNA binding domains
(DBD) to which SNAP-tags are added. Small molecules as
“bait” can be easily introduced to this SNAP-DBD fusion
protein by using an OS-benzylguanine (BG) derivative. The
interaction with the “fish,” a transcriptional activation domain
fused to a protein from a cDNA target, can be explored with
gene expression. Binding proteins, including the genuine target
for the bait, will give an expression of the reporter gene.
Unfortunately, the application of Y3H seems to be restricted to
identification of cytosolic targets.”!

The database-dependent (DBD) strategy is a totally different
method for target ID of NOLs. It is a method utilizing various
DBs such as DNA microarrays, proteomes, cancer cell line
sensitivities,?! localizomes,??*3?® or zebra fish behavioral
phenotype screens on cell responses against small molecules.>
The localizome approach, in which colocalization of the NOL
and target in a living cell is examined, requires fluorescence-
labeled (FL) NOLs. However, the large, lipophilic, or charged
nature of the fluorophore sometimes affects the localization of
FL-NOL. Sodeoka developed Raman imaging of an alkyne-
tagged ligand to examine the localization of the ligand.>> Small
alkyne-tags are expected to have little effect on the localization
of the original ligand, thus this approach will be highly useful in
the localizome approach for target exploration. The forward
genetics approach using mutants deprived of responses for
NOLs would be included in this category.’*>> This DBD
approach is considered to be one of the most promising.
However, serious issues of this approach lie in its strong
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dependence on generation of a mutant strain as well as a highly
organized DB of an entire genome, thus its effectiveness is
severely restricted. Successful results using this approach can
be found in cases of plant hormones with various mutants of
Arabidopis thaliana.>

In all these methods, reduction of nonspecific bindings or
false-positives and retention of binding affinity between the
NOL and the corresponding target are common issues in target
ID of NOLs. In particular, target ID may become extraordinarily
difficult in cases where NOLs have weak or moderate affinity
with the target or the target is a protein present at trace levels.
Improvements in both the weak points will give us a universal
method for target ID of NOLs.

Additionally, it should be remembered that the most serious
issues of target ID lie in the lack of a universal strategy for target
validation which is the most difficult issue to be conquered.
Target validation is a functional characterization of target protein
obtained by affinity-based biochemical techniques. This is a
crucial process for the identification of receptors because
affinity-based biochemical purification of putative target often
gives “nonspecific binding proteins” which possess physico-
chemical affinities to NOL without any involvement in desired
biological activity. One of the most effective strategies for the
target validation lies in information concerning the physiological
importance of the identified target, such as observation of the
phenotype in a knockout or knockdown mutant, the time-course
change of target expression, and localization in the whole body.
Reverse genomic techniques, such as knockout or knockdown of
the desired gene, are the most powerful tools for this purpose;
however, these techniques can be applied only in restricted
organisms. Localization of the putative target protein on the
organ of physiological importance would be one of the most
important clues for target ID that can be applicable for nonmodel
organisms. For example, information on the specific gene
expression in the male antenna of Bombix mori provided an
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important clue for the target ID of bombykol, a sex-pheromone
secreted from the female.>>’ Bombykol induces the hetero-
dimer formation between bombykol receptor (Bombix mori
Orfactory Receptor-1: BmOR-1) and BmOrco (Bombix mori
Orfactory Coreceptor-1) which functions as a ligand-gated ion
channel and triggers the generation of action potential.’” More
recently, a gustatory receptor of swallowtail butterfly was
identified on the basis of the female tarsi specific expressed
genes with a plural transmembrane region.®

Recently, some efforts toward the chemical knockdown of
desired target proteins have been developed (Figure 7). Proteol-
ysis targeting chimeras (PROTAC)*>® developed by Crews
(Figure 7A) or protein knockdown®! developed by Hashimoto is
a well-devised method that utilizes an in vivo mechanism
for protein degradation. The PROTAC probe forms a bridge
between the target molecule and E3 ligase. Ubiquitination (Ub)
of the target leads to protein degradation in the proteasome.
Toshima®®%® also developed a photodegradation system for
protein knockdown in which a light-activated small molecule,
such as phenylquinoline,”> was connected to a ligand that
decomposed the target protein (Figure 7B). Application of these
chemical techniques might compensate for the deficiencies of
reverse genomic techniques. However, the efficiency of these
state-of-the-art techniques is not as high as suppressing the
phenotype of the whole body or living cell response.

¢ Target ID Leading to Discovery of
Novel Mechanism on the Regulation
of Bioactivity

Sometimes, target ID of NOL will lead to a discovery of a
novel mechanism for the regulation of its bioactivity. A single
NOL can bind to plural receptors to induce different responses.

Chem. Lett. 2012, 41, 658-666

© 2012 The Chemical Society of Japan

Considering its role in vivo, an endogenous NOL, such as
hormones, should function depending on the situation by
selecting a single “key” from the “multiple keys (or master
key).” An unknown in vivo mechanism would operate in such
selection of desired bioactivity depending on the situation. For
example, in vivo modification of NOLs, such as phosphoryl-
ation, oxidation, alkylation, or glycosylation, can drastically
change the bioactivity of the NOL as well as corresponding
target protein. Additionally, secretion of NOL by a specific
efflux transporter shifts the working place of the NOL from the
cytosol to the cell surface, and this shift of localization can lead
to a drastic change in the target protein.

Recently, we discovered such a novel in vivo mechanism
for the regulation of multiple-key nature of endogenous NOL.
Glucosides are not considered to be important metabolites in
living systems. It has been widely recognized that glucosides are
synthesized as storage or waste forms of NOLs. However, our
recent results suggest that a glucoside functions as another
activated form of a NOL. We found that jasmonate glucoside,
which is a glucoside of jasmonate (an oxylipin-type phytohor-
mone), functions in a totally different mode of action as does the
original ligand (Figure 8).%4 Jasmonate induces formation of a
protein complex between COIl and JAZ in cytosol to trigger
gene expressions concerning various bioactivities,>7 whereas
jasmonate glucoside cannot bind to the COI1-JAZ receptor
complex, but binds to a target membrane protein MTIG*% to
induce a shrinking of the cell that leads to a folding of leaves in
the Samanea saman plant. We named this novel mechanism for
the regulation of NOL bioactivity “glycosylation switching,”
because drastic transformation of bioactivity from the original
ligand into its glucoside form behaves much like the flipping of
a switch. Thus, our finding strongly suggests that glycosylation
of a NOL can completely switch the biological activity of the
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NOL. This is an unexpected and surprising role of glycosylation
in the regulation of NOL bioactivity.

Target ID of NOL can bring about such unexpected findings
on the regulation mechanism of bioactivity. As shown here,
chemical biology research (target ID of NOL) can provide clues
for new chemical mechanisms to control bioactivity.

¢ Natural Products Chemistry toward
Chemical Biological Chemistry

The importance of chemical biological chemistry lies
beyond the results of chemical biology research that was
discussed in 2007 by Isobe.%® He insisted that one should place
priority not only on the target ID, but on new concepts obtained
from the result. This suggestion prompted us to explore a new
field, chemical biology of natural products, in which we can
study new concepts for the regulation of bioactivity dealing with
the multitarget nature of natural products.

This new sequence of natural products chemistry based on
molecular targets heralds a paradigm shift of strategy “from
structure to biological activity.” “Glycosylation switching” is
one gift from such a strategy, which suggests a possible novel
mechanism for the regulation of bioactivity operating in vivo.
Additionally, the multitarget nature of a natural product provides
the possibility of a drastic change in bioactivity by structural
modification. Irie and co-workers succeeded in the transforma-
tion of bioactivity of aplysiatoxin from tumor-promotion to
tumor-suppression by the removal of some functionalities
(Figure 9).% Aplysiatoxin is known to be a powerful activator
of protein kinase C resulting in tumor promotion;’® however,
aplog-1, a truncated analog of aplysiatoxin, binds to an
unknown target protein to induce proliferation arrest of tumor
cells.

Chem. Lett. 2012, 41, 658-666
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Figure 9. Aplysiatoxin and its “truncated” analog, aplog-1.

Our strategy will provide a new concept in the chemical
regulation of bioactivity of NOLs and new ideas on the rational
molecular design of modified NOLs for a specific activity.
Future scenarios in natural products chemistry will be changed
by the introduction of new chemistry from the achievement of
chemical biology, now considered to be chemical-biological-
chemistry.
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