Inhibition of translation by cytotrienin A

be functionally redundant for translation, although they are
differentially expressed (Kahns et al. 1998) and both have

been shown capable of acting as oncogenes in the appro--

priate setting (Thornton et al. 2003).

Here, we describe the characterization of a novel mod-
ulator of eEF1A from the ansamycin family. Cytotrienin A
(Cyt A) is a natural product produced by Streptomyces sp.,
which has been previously reported to induce apoptosis in
leukemia cell lines by activating c-Jun N-terminal kinase
(JNK), p38 mitogen-activated protein kinase (MAPK), and
p36 myelin basic protein (MBP) kinase (Kakeya et al. 1998;
Watabe et al. 2000). Here, we report that Cyt A inhibits
translation elongation by interfering with eEF1A function.
Our results provide molecular insight into Cyt A’s previously
reported properties as an anti-cancer compound.

RESULTS

Cytotrienin A inhibits translation elongation

During the course of a high-throughput screen to identify
translation inhibitors (Novac et al. 2004), Cyt A (Fig. 1A)
was identified as a “hit” that inhibited both cap-dependent
(Firefly [FF] luciferase) and hepatitis C virus (HCV)-driven
(Renilla [Ren] luciferase) translation in Krebs-2 extracts
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FIGURE 1. Cyt A inhibits eukaryotic translation. (A) Chemical
structure of Cyt A. (B) Cyt A inhibits both cap-dependent and
HCV IRES-driven translation in Krebs-2 extracts. In vitro translations
were performed in the presence of [**$]methionine and programmed
with FF/HCV/Ren. DMSO, anisomycin (aniso), or Cyt A (lanes 3-9)
were added to Krebs-2 extracts at the indicated concentrations.
Proteins were separated by SDS-PAGE and visualized by autoradiog-
raphy. The arrow and arrowhead denote Firefly and Renilla luciferase,
respectively. (C) Luciferase activity from translations performed in
Krebs-2 extracts programmed with FF/HCV/Ren shown in B. Light
units were set relative to the values obtained in the presence of vehicle
(DMSO). The average of three measurements is shown with the SEM
represented by error bars.
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(Fig. 1B,C) and in rabbit reticulocyte lysate (RRL) (data not
shown). Cyt A was also active in wheat-germ extracts, but
did not significantly inhibit prokaryotic translation in E.
coli S30 extracts at 50 uM (data not shown). These results
indicate that Cyt A inhibits both cap-dependent and IRES-
dependent translation. To determine whether the initiation
phase of translation was affected by Cyt A, we performed
ribosome binding experiments to assess the effects of Cyt
A on 80S complex formation (Fig. 2A). Cyt A was able to
stabilize 80S complexes to a similar degree as cycloheximide
(CHX) (Fig. 2A, left and right panels, respectively). As well,
addition of the initiation inhibitor hippuristanol, followed
by addition of Cyt A to the binding reactions, caused a
decrease in 80S complex formation (Fig. 24, left), similar to
if Hipp alone was present in the binding reactions (Fig. 24,
right). However, if Cyt A was present in the extract prior to
the addition of Hipp, 80S complexes were trapped to the
same efficiency as observed for Cyt A (Fig. 24, left). Con-
sistent with these results, Cyt A inhibited the translation
of poly(Phe) from poly(U) RNA (Fig. 2B). Taken together,
these experiments strongly suggest that Cyt A targets trans-
lation elongation.

The elongation inhibitors homoharringtonine (HHT)
and bruceantin (Bru) inhibit only newly initiated ribo-
somes during the first step of elongation and allow trans-
lating ribosomes to run-off mRNA templates (Pelletier and
Peltz 2007; Robert et al. 2009). To determine whether Cyt
A showed similar properties, we performed in vitro trans-
lation reactions in the presence of [**S]methionine, where
compound was added 5 min after the start of translation
(Fig. 2C). A kinetic analysis was performed to quantitate
the amount of product synthesized. Inhibition of trans-
lation by HHT is delayed by several minutes following its
addition to a translating extract as polysomes run-off
mRNA templates due to the reduced affinity of HHT for
actively translating ribosomes (Fig. 2C; Chan et al. 2004).
Addition of Cyt A immediately inhibited protein synthesis
in a manner similar to CHX. These results indicate that Cyt
A affects translating ribosomes and does not allow poly-
some run-off.

Cyt A modulates eEF1A-dependent aa-tRNA
binding to the ribosome

To better understand the mechanism by which Cyt A
inhibits elongation, we analyzed its effects on tRNA bind-
ing to the ribosome, peptide bond formation, and translo-
cation. We first tested whether Cyt A could inhibit the
peptidyl transferase activity of the ribosome by monitoring
the formation of [**S]methionyl-puromycin. Cyt A did
not inhibit peptidyl transferase activity under these condi-
tions, unlike the known peptdyl transferase inhibitor HHT
(Fig. 3A). ,

We next assessed whether Cyt A could affect binding of
aa-tRNA to ribosomes in eEF1A-independent [high poly(U)
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FIGURE 2. Cyt A inhibits translation elongation. (A) Cyt A does not inhibit translation
initiation. Ribosome bindings were performed in RRL using **P-labeled CAT RNA. Reactions
were separated by centrifugation on 10%-30% glycerol gradients and fractions quantitated by
scintillation counting. (Left) Ribosome bindings were performed in the presence of 50 uM Cyt
A alone, preincubated with 50 .M hippuristanol (Hipp), followed by addition of 50 M Cyt
A, or preincubated with 50 pM Cyt A, followed by the addition of 50 pM Hipp. (Right)
Ribosome bindings were performed in the presence of 0.6 mM CHX or 50 uM Hipp. Both
panels are part of the same experiment, but were separated for clarity. (B) Cyt A inhibits
translation elongation. In vitro translations in RRL supplemented with [*H]phenylalanine
and programmed with poly(U) RNA. Polypeptides were TCA precipitated and quantitated
by scintillation counting. Counts were set relative to DMSO levels. The average of four
measurements is shown with the SEM. (C) Cyt A does not permit ribosome run-off. In vitro
translation reactions of Krebs-2 extracts were allowed to proceed in the absence of compound
for 5 min, after which time DMSO, HHT (200 M), CHX (50 M), or Cyt A (20 pM) were
added. Aliquots were taken at the indicated times, TCA precipitated, and quantitated by
scintillation counting. The average of three measurements is shown with the SEM. The
downward arrow indicates the point of addition of compound or vehicle.

increased significantly (Fig. 3C). Under
this condition, both Cyt A and CHX
decreased ["“C]Phe-tRNA™ binding by
~40%, while Did B had no significant
effect. The low amount of [“C]Phe-
tRNAP™ binding to ribosomes observed
in the presence of GMPPNP was in-
creased when either Cyt A or Did B was
present in the reactions (Fig. 3C). One
interpretation of this result is that Cyt A
stabilizes the ternary complex on the
ribosome (see Discussion).

eEF2-dependent translocation

is inhibited by Cyt A only when
aa-tRNA is delivered in an
eEF1A-dependent manner

The ability of Cyt A to affect eEF2-
dependent translocation was also inves-
tigated. After either nonenzymatic (as in
Fig. 3B) or eEF1A-dependent aa-tRNA
binding to the ribosome (with GTP, as
in Fig. 3C), translocation was initiated
by the addition of puromycin and eEF2.
Under these conditions, CHX inhibited
translocation regardless of whether
['*C]Phe-tRNA™® binding was eEFIA
dependent or eEF1A independent, whereas
Cyt A inhibited translocation only when
charged tRNA was loaded in an eEF1A-
dependent manner (Fig. 3D). Did B
served as a positive control in the eEF1A-
dependent translocation assay and was
found to inhibit this reaction (Fig. 3D).

Cyt A inhibits neither ternary
complex formation nor the
GTPase activity of eEF1A

The inhibitory effect in the presence of
GTP and stimulatory effect in the pres-

RNA concentration] or eEF1A-dependent [low poly(U) RNA
concentration] reconstituted systems. The ability of [**C]Phe-
tRNAP™ to bind ribosomes was not affected by Cyt A when
binding was eEF1A independent (Fig. 3B), indicating that
Cyt A does not compete with ['“C]Phe-tRNA™® for the
ribosome. Under eEF1A-dependent conditions, the levels of
ribosome-bound ['*C]Phe-tRNAP™ in the presence of GDP
or GMPPNP were similar to those binding reactions lacking
eEF1A in DMSO controls (Fig. 3C). [Also note that tRNA
binding without eEFIA in this experiment is much lower
than in the experiment presented in Fig. 3B, due to a 1000-
fold decrease in poly(U) RNA template.] In the presence of
GTP, the amount of [**C]Phe-tRNAP™ bound to ribosomes

2406 RNA, Vol. 16, No. 12

ence of GMPPNP of Cyt A on tRNA binding could result
from improper ternary complex formation (eEF1A:GTP:aa-
tRNA). To determine whether Cyt A affects the ability of
¢EF1A to bind to GTP, we performed a UV cross-linking
experiment with [->*P]GTP in the presence or absence of
Phe-tRNAP™ (Fig. 4A). We observed no significant change
in the efficiency of GTP cross-linking to e¢EFIA in the
presence of Cyt A (Fig. 4A, cf. lanes 2 and 5 with 1 and 4,
respectively). Excess GTP competed for the radiolabeled
[a-*’P]GTP in this assay (cf. lane 3 and 6 with 1 and 4,
respectively). As well, Cyt A did not prevent eEF1A:['*C]-
Phe-tRNAP™ complex formation, as assessed by electropho-
retic mobility shift assay (EMSA) (Fig. 4B). We investigated
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FIGURE 3. The effect of Cyt A on the steps of translation elongation. (A) Cyt A does not inhibit peptidyl transferase activity. [**S]Methionine-
puromycin formation was monitored in the presence of purified 40S and 60S ribosomes using [*°S]Met-tRNA; and ribosomal high-salt wash from
RRL. (Left) Aliquots of samples were taken at the indicated time points and separated by TLC. The position of migration of [*S]Met-puro, [**S]Met,
and [**$]Met-tRNA; is indicated to the left. The addition of 50 WM Cyt A, 40 pM HHT, or the absence of puromycin (—Puro) or ribosomes (—Rib)
is indicated at top. (Right) Quantitation of [**S]Met-puro production. The average of four experiments relative to the DMSO control at 30 min is
shown. Note that values obtained from the reaction in the absence of puromycin were subtracted as background. The SEM is re?resented using error
bars. (B) Cyt A.does not inhibit eEF1A-independent ['“C]Phe-tRNA™™ binding to 80S ribosomes. Filter binding of ["C]Phe-tRNA™ was
performed with purified 80S ribosomes, 0.4 mg/mL poly(U) RNA, and either DMSO, 50 pM Cyt A, or 50 uM CHX. The average of four
experiments is shown with the SEM indicated by error bars. (C) Cyt A modulates eEF1A-dependent ['*C]Phe-tRNAP™ binding to 80S ribosomes.
Filter binding of ["*C]Phe-tRNA™ with purified 80S ribosomes, and 0.4 pg/mL poly(U) RNA in the presence of either DMSO, 50 uM Cyt A, 50
1M DidB, or 50 puM CHX. The presence of eEFIA and nucleotide is indicated. The average of three to six measurements is shown with SEM
indicated by error bars. (D) eEF2-dependent translocation of ['*C]Phe-tRNA™* is inhibited by Cyt A only when aminoacyl-tRNA is loaded in an
eEF1A-dependent manner. Following nonenzymatic or eEF1A-dependent tRNA binding (as described in B and C with GTP, respectively), eEF2 was
added to the reaction with puromycin. The amount of puromycin-active ['*C]Phe-tRNA™ was extracted with ethyl aceteate and quantitated by
scintillation counting. tRNA already bound to the P-site was subtracted from these values (see Materials and Methods) and set relative to the DMSO
control. The average of two to four experiments is shown with the SD.

whether Cyt A affects the GTPase activity of eEF1A and (Fig. 5C, left). Cells treated with HHT, which is known to

found no evidence to this effect (Fig. 4C). We conclude  allow ribosome run-off, showed an absence of polysomes

that Cyt A does not interfere with ternary complex  (Fig. 5C, right). This data is consistent with Cyt A causing

formation. stalling of translating ribosomes and allowing their accu-
mulation on mRNA templates,

Cellular protein synthesis is inhibited by Cyt A

[%°S]Methionine/cysteine labeling of HeLa cells was inhib-  APiangiogenic properties of Cyt A

ited by Cyt A, whereas DNA and RNA synthesis was not  Inhibition of translation has been shown to impair angio-
dramatically affected (Fig. 5A). Inhibition of translation  genesis and has been suggested as a mechanism by which
was reversible and showed almost complete recoveryby 6h  they function as anti-cancer therapeutics (Taraboletti et al.
after removal of the compound (Fig. 5B). The polysome  2004; Graff et al. 2007; Cencic et al. 2009). We therefore
profile of cells exposed to Cyt A for 1 h showed a similar to  tested whether Cyt A might have similar properties. To
slight increase in polysomes compared with those isolated  examine this, we utilized a HUVEC tube formation assay,
from cells exposed to vehicle (DMSO) (Fig. 5C). When  which has been previously used to mimic some aspects of
hippuristanol was added during the last 30 min of Cyt A°  angiogenesis (Kubota et al. 1988; Graff et al. 2007; Cencic
treatment, polysomes were still present, unlike what was et al. 2009). The inhibition of tube formation with Cyt A
observed when cells were exposed to only hippuristanol ~ was dose dependent (Fig. 6A,B) at concentrations where
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FIGURE 4. Cyt A does not affect ternary formation. (A) Cyt A does not inhibit GTP binding to eEF1A. Purified eEF1A (1 wg) was UV cross-linked
to [*?P)GTP in the presence (lanes 4-7) or absence (lanes 1-3) of Phe-tRNAF™ and 50 1M Cyt A or 1 mM unlabeled GTP. Reactions were treated
with RNase A, separated by SDS-PAGE, and visualized by autoradiography. (B) Cyt A does not affect ['*C]Phe-tRNAP™ binding to eEFIA.
Increasing amounts of eEF1A were incubated with ['*C]Phe-tRNA™™ in the presence of DMSO, 50 pM Cyt A, or unlabeled Phe-tRNA™"
competitor, EMSAs were performed on 6% polyacrylamide gels and visualized by autoradiography. The position of migration of free ["*C]Phe-
tRNAP™ and complexes are indicated to the left. (C) Cyt A does not affect the GTPase activity of eEF1A. eEF1A and [y->°P]GTP were incubated
with 405 and 608 ribosomes and Phe-tRNA™ in the presence of 50 uM Cyt A or DMSO. GTPase activity was also measured in the absence of
eEF1A or without ribosomes or Phe-tRNAP™, The average of three to four measurements is shown with the SEM represented as error bars,

general translation was inhibited by >90%, (Fig. 6C, open
circles) similar to effects observed with silvestrol (Silv),
a previously reported translation initiation inhibitor with

_ antiangiogenic properties (Fig. 6A; data not shown) (Cencic
et al. 2009). Importantly, cells remained viable under these
conditions (Fig. 6C, squares). We also tested the ability of Cyt
A to inhibit angiogenesis in the more physiological chorioal-
lantoic membrane (CAM) assay. Cyt A inhibited new vessel
growth in a dose-dependent manner (Fig. 6D), similar to the
inhibitor of VEGF receptor tyrosine kinase Semaxanib
(SU5416) (Riboldi et al. 2005).

DISCUSSION

Ansamycins form a diverse family of compounds exerting
a number of physiological effects on mammalian and viral
systems (Isaacs et al. 2003; Floss and Yu 2005). In this study,
we identified a member of this family as an inhibitor of
eukaryotic translation elongation. Other ansamycins such as
rifabutin and 17-AAG did not inhibit protein synthesis in vitro
in Krebs-2 extracts at 50 .M (data not shown), indicating that
this is not a general property of this group of compounds.
Increasing evidence links deregulated protein synthesis
and cancer growth (Lindqvist and Pelletier 2009). Indeed,
two inhibitors of elongation (HHT and a derivative of Did
B) have advanced to clinical trials (Le Tourneau et al. 2007;
Quintas-Cardama et al. 2007). In addition, we have pre-
viously shown that inhibitors of elongation can sensitize
sélect tumors to the pro-apoptotic properties of the clini-
cal agent doxorubicin (Robert et al. 2009). Inhibition of
translation could, in principle, suppress drug resistance
by curtailing the synthesis of antiapoptotic proteins and/or
drug transporters. Leukemic cell lines have been previously
shown to be more sensitive to Cyt A-induced apoptosis
compared with other tumor cell lines, supporting a poten-
tial therapeutic use of Cyt A in blood cancer treatment

2408  RNA, Vol. 16, No. 12

(Watabe et al. 2000). Here, we show that Cyt A inhibits
protein synthesis in cell lines that were previously shown to
be resistant to Cyt A-induced apoptosis (Fig. 5A) as well as
in nontransformed HUVECs (Fig. 6C). Indeed Hela,
HUVEC, and Jurkat (a leukemia cell line previously shown
to undergo apoptosis after a 24-h exposure to Cyt A [ICs =
13.87 nM]; Watabe et al. 2000) cells all had very similar ICsgs
with respect to translation inhibition (data not shown).
These results suggest that the differential sensitivity of
different cell lines to the apoptotic response is not due to
a difference in sensitivity to Cyt A-induced protein synthesis
inhibition but may depend on intrinsic factors that link the
apoptotic response to the translation apparatus. We dem-
onstrate that translation inhibition occurs well before
apoptosis can be detected and, therefore, must precede the
apoptotic response (Fig. 6C). The fact that Cyt A induces
apoptosis more readily in leukemia is consistent with reports
that B-cell and leukemia-cell lines also are more sensitive to
the translation initiation inhibitor silvestrol compared with
other cell types (Monks et al. 1991; Lucas et al. 2009).

Translation elongation can be inhibited in an eEF1A-
dependent manner also by interfering with ternary com-
plex formation (eEF1A:GTP:aminoacyl-tRNA). Indeed,
several antibiotics target this step, including GE2770A and
pulvomycin (Heffron and Jurnak 2000; Andersen et al.
2003). This mechanism is in contrast to that of Cyt A (Fig.
4A,B). Pulvomycin is known to increase the GTPase activity
of EF-Tu, the bacterial homolog of eEF1A (Andersen et al.
2003), while both Did B and Cyt A do not alter GTPase
activity of eEF1A to any significant extent (Fig. 4C; Crews
et al. 1994; Ahuja et al. 2000). Therefore, the mechanism of
action of Cyt A does not seem to be reminiscent of these
EF-Tu-targeting inhibitors.

Cyt A stalled polyribosomes on mRNA templates and
inhibited translating ribosomes, similar to what has been
reported for the translation elongation inhibitors CHX and
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FIGURE 5. Cyt A reversibly inhibits translation in cell culture. (4) Consequences of Cyt A
exposure on DNA, RNA, and protein synthesis in HeLa cells. Cyt A was added to cell medium
for 1 h and [6-’H]thymidine, [5-’H]uridine, or [**S]methionine/cysteine was present during
the last 20 min of incubation. Counts from TCA-precipitated material were normalized to total
protein content and set relative to the DMSO control. The average of four data points is shown
with the SEM indicated by error bars. (B) Inhibition of translation by Cyt A is reversible. HeLa
cells were incubated in 2 WM Cyt A for 1 h, after which fresh medium lacking Cyt A was added.
Twenty minutes before lysis, [*°S]methionine/cysteine was added. Normalization was
performed to total protein concentration and set relative to the DMSO control. The average
of four measurements is shown with the SEM represented by error bars. (C) Cyt A does not
allow ribosome run-off in cell culture. Polysome formation in HeLa cells exposed to 2 uM Cyt
A for 1 h and/or 5 pM Hipp for 30 min or 0.5 wM HHT for 1 h. Panels are from the same
experiment and were separated for clarity.

Did B (Fig. 5C; Urdiales et al. 1996; Schneider-Poetsch et al.

(Fig. 3C), suggesting that these com-
pounds stabilize the aa-tRNA:ribosome
interaction, perhaps by blocking release
of eEF1A. Both Cyt A and Did B inhib-
ited translocation when aa-tRNA was
loaded in an eEF1A-dependent manner
(Fig. 3D; SirDeshpande and Toogood
1995), which would be consistent with
this model, since eEF2 and the ternary
complex share binding sites on the ri-
bosome (Marco et al. 2004). Indeed, this
mode of action has been suggested for
Did B previously and is the mechanism
of action of the antibiotic kirromycin
(Wolf et al. 1977; Ahuja et al. 2000;
Andersen et al. 2003; Schmeing et al.
2009). It remains to be determined
whether Cyt A binds directly to the ri-
bosome and/or to eEF1A.

It has recently been suggested that
tumor reduction caused by eIF4F inhibi-
tion may partially be caused by inhibiting
angiogenesis (Graff et al. 2007; Cencic
et al. 2009). Here, we show that Cyt A
can also inhibit angiogenesis as Cyt
A-inhibited HUVEC tube formation (Fig.
6A,B) as well as microvessel development
in the CAM assay (Fig. 6D) in a manner
similar to Did B (Taraboletti et al. 2004).
These results suggest that Cyt A merits
further study, not only for hematological
cancers, but also for solid tumors re-
quiring angiogenesis for optimal growth.

MATERIALS AND METHODS

Materials

Cyt A was prepared as previously described
and stored in 100% DMSO (Kakeya et al. 1997).
Didemnin B (Did B) (NCI-Developmental
Therapeutics Program), homoharringtonine

2010). In the eEF1A-dependent aa-tRNA-binding experi-
ment (Fig. 3C), the amount of [**C]Phe-tRNAP" bound to
ribosomes was significantly reduced in the presence of
GMPPNP compared with GTP (Fig. 3C). We believe this may
be due to the large dilution (~~100-fold) that occurs during
processing of the samples for filter binding, allowing dis-
sociation of the ternary complex from the ribosome. This is
consistent with the finding that only after GTP hydrolysis is the
charged tRNA locked in the A site (Rodnina and Wintermeyer
2001). Hence, one interpretation of our results is that in the
presence of GMPPNP, the aa-tRNA is lost from the ribosome.
However, this is not observed if Did B or Cyt A are present
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(HHT) - (Sigma-Aldrich), and cycloheximide (CHX) (Bioshop)
were stored in 100% DMSO, whereas anisomycin (Sigma) was
resuspended in H,O. Hippuristanol was purified as previously
described (Bordeleau et al. 2006). All compounds were stored
at —80°C.

Cell culture experiments

Hela cells were grown in DMEM containing 10% fetal bovine
serum and 100 U/mL penicillin/streptomycin. HUVEC cells
(Lonza Walkersville, Inc.) were grown in EMB-2 medium supple-
mented with EGM-2.

For thymidine labeling of DNA, cells were serum starved for
48 h, followed by the addition of serum for 7 h, at which point
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FIGURE 6. Cyt A inhibits angiogenesis, (A) Photomicrographs of HUVEC tube formation at different
concentrations of Cyt A or silvestrol (Silv). Scale bar, 0.1 mm. (B) Quantitation of tube formation in
HUVECs. Each well was photographed in seven fields, and the average number of tubes formed was
counted. The average of four experiments is shown. Error bars represent the SEM. (C) Cyt A inhibits
protein synthesis without inducing apoptosis in HUVECs. Following a 24-h exposure to Cyt A or
DMSO0, HUVECs were labeled for 20 min with [**S]methionine/cysteine or monitored for apoptosis.
For the translation assays, TCA-precipitable material was normalized to total protein content and set
relative to the DMSO control. The average of four measurements is shown with the SEM
represented by error bars. Cell viability was judged by the relative percent of Annexin-FITC or
propidium iodide staining compared with DMSO controls. The average of five data points is
shown with the SEM represented by error bars. (D) Cyt A inhibits angiogenesis in the CAM assay.
Values presented represent the average number of vessels per cm” area for three samples with the
SEM; **P < 0.01 (vs. vehicle); ***P < 0.001 (vs. vehicle).

compound was added for 1 h. [6-*H]thymidine (10 Ci/mmol)

To monitor protein synthesis, cells were
seeded into a 24-well dish and exposed to
compound for 1 h with labeling performed
during the last 20 min using [**S]Easy Tag
Express Protein Labeling mix (1175 Ci/
mmol) (Perkin Elmer). Cells were lysed in
RIPA buffer and an aliquot processed for
TCA precipitation as described above.

HUVEC tube formation assays were
performed as published previously (Cencic
et al. 2009). HUVECs were seeded at
100,000 cell/well in the presence of com-
pound on top of 300 wL of solidified BD
Matrigel Matrix (BD Biosciences) in a 24-
well dish. After 24 h, pictures were taken
using a Nikon Eclipse TE300 microscope.

In vitro translation assays

In vitro translations were performed as
previously reported (Novac et al. 2004).
Translations were performed using a cap-
ped bicistronic mRNA reporter FF/HCV/
Ren transcribed from pSP/(CAG);s/FF/
HCV/Ren.pAs,, in which firefly (FF)
luciferase protein is produced by cap-
dependent translation and Renilla (Ren)
luciferase protein is generated by Hepa-
titis C virus (HCV) IRES-mediated initi-
ation. Translation extracts were pro-
grammed with 8 pg/mL mRNA.
Experiments analyzing the conse-
quences of Cyt A on actively translating
ribosomes were performed in Krebs-2
extracts in the absence of in vitro-
transcribed RNA, but in the presence of
[**S]methionine (Perkin Elmer), with
compound being added 5 min after trans-
lation had been initiated. Aliquots (10 L)
were taken at the indicated times and
added to 1.1 pL of 0.5 mM cycloheximide
(CHX) and placed on dry ice to stop the
reaction. Reactions were spotted onto 3
MM Whatman paper that had been
preblocked with 50X amino acid mix
(GIBCO). Filters were incubated in 10%
TCA + 0.1% methionine on ice for 20

(Perkin Elmer) was present for the last 20 min of the reaction. For
RNA labeling, cells were not serum starved and [5-’H]uridine
(26.3 Ci/mmol) (Perkin Elmer) was present during the last 20
min of a 1-h compound treatment. Cells were washed in PBS and
lysed in RIPA buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS). Radioactive
incorporation was measured by TCA precipitation (5% TCA)
onto GF/C filters (preblocked with 5% TCA and 0.1 M inorganic
pyrophosphate). Filters were washed with 5 mL of cold 1% TCA,
followed by 5 mL 100% ethanol, and quantified by scintillation
counting. Counts were standardized to total protein content that
had been determined using the D, protein assay (Bio-Rad).
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min, boiled in 5% TCA for 15 min, washed with 100% ethanol,
dried, and the radioactivity quantitated by scintillation counting,

In vitro translation of poly(Phe) was performed in RRL using
50% RRL (Promega), 40 uM amino acid mix lacking phenylalanine,
40 uM methionine, 0.1 pg/pL poly(U) RNA, 4 uM magnesium
acetate, 50 M potassium acetate, and 50 wCi/mL [*H]phenylala-
nine (Perkin Elmer). Following a 1-h incubation at 30°C, reactions
were processed for TCA precipitation as described above.

Ribosome-binding assays and polysome profiling

Ribosome-binding assays were performed essentially as described
previously (Robert et al. 2006). Briefly, compound was preincubated
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with RRL at a final KCl concentration of 150 mM for 5 min, after
which *’P-labeled CAT mRNA was included. When a second
compound was added, it was delivered 3 min after addition of
RNA and reactions allowed to proceed at 30°C for 10 min. Re-
actions were centrifuged through a 10%-30% glycerol gradient at
39,000 rpm for 3.5 h in a SW40 rotor. Fractions (0.5 mL) were
collected and quantitated by Cherenkov counting.

Polysome profiles of Hela cells where visualized by treating
cells with DMSO, 2 pM Cyt A, or 0.5 oM HHT for 1 h in a 10-cm?®
dish. Hippuristanol (5 pM) was added during the remaining
30 min. Cells were then washed in PBS containing 0.1 mg/mL
CHX, scraped, and lysed in hypotonic lysis buffer (5 mM Tris-HCI
at pH 7.5, 2.5 mM MgCl,, 1.5 mM KCl, 0.1 mg/mL CHX, 2 mM
DTT). The lysate was supplemented with 0.5% Triton X-100 and
0.5% sodium deoxycholate, centrifuged briefly (12,000g for 2 min),
and the supernatant loaded onto 10%-50% sucrose gradients
(20 mM HEPES-KOH at pH 7.5, 100 mM KCl, 5 mM MgCl,,
1 mM DTT). Samples were centrifuged at 35,000 rpm for 2 h in
a SW40 rotor at 4°C. The OD;4, was monitored with a UA-6 UV
detector (ISCO) using a Brandel tube piercer. Data was recorded
using InstaCal Version 5.70 and TracerDaq Version 1.9.0.0 (Mea-
surement Computing Corporation).

Peptidyl transferase assays

The peptidyl transferase assay was performed as previously
described (Lorsch and Herschlag 1999). Briefly, [**S]methionyl-
tRNA; was generated by incubating 0.25 mg/mL total calf liver
tRNA (Novogen) with 10 mM ATP, 10 mM CTP, 0.25 mg/mL
leucovorin, 1 mCi/mL [**S]methionine, and 0.875 pg/mL E. coli
aminoacyl-tRNA synthetases (Sigma) in 50 mM sodium caco-
dylate (pH 7.4), 15 mM MgCl,, and 7 mM 2-mercaptoethanol at
37°C for 30 min (Stanley 1974). Charged tRNA was purified by
phenol/chloroform extraction, exclusion chromatography on a
Sephadex G-50 spin-column, and ethanol precipitation.

Purified 40S and 60S ribosomes (0.06 wM) (Fraser et al. 2007),
0.5 mM GTP, 1 pM model RNA (GGAA[UC];UAUG[CU],,C),
2 oM labeled [**S]methionyl-tRNA,, and a high-salt wash of ribo-
somes (Lorsch and Herschlag 1999) were incubated with 50 pM
Cyt A. Reactions were subsequently started by the addition of
0.4 mM puromycin at 26°C. Aliquots were stopped in 0.4 M sodium
acetate, spotted on cation-exchange IONEX-25 SA-Na TLC plates
(Macherey-Nagel) (prerun in distilled water and dried), and
developed in 2 M ammonium acetate and' 10% acetonitrile.
Experiments were visualized by phosphorimaging (Typhoon
Trio, Amersham).

tRNA-binding and translocation assays

tRNA-binding and translocation assays were performed essentially
as described (SirDeshpande and Toogood 1995; Robert et al.
2006). ["*C]Phe-tRNA™™ was prepared by charging 0.2 mg/mL
yeast tRNAPP® (Sigma) with 3.75 mM ATP, 0.06 mM ['*C]phe-
nylalanine in 50 mM Tris-HCl at pH 7.5, 20 mM Mg(OAc),, and
120 mM KCl using 10% (v/v) yeast S100 as the source of tRNA
synthetase. Charged tRNA was purified via phenol/chloroform
extraction, passed through a Sephadex G-50 spin-column, fol-
lowed by ethanol precipitation (Odom et al. 1990).

For eEF1A-dependent assays, reactions were performed with
1.77 uM salt-washed 80S ribosomes, (0.4 pg/mL) poly(U) RNA,
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and 0.2 pM [“C]Phe-tRNA™ with 4.65 pg of eEF1A. Either
0.15 mM GMP-PMP, GDP, or GTP was added in HEPES buffer
(20 mM HEPES at pH 7.5, 10 mM MgCl,, 100 mM KCl, | mM
DTT) and reactions (100 L) were incubated at 37°C for 30 min.
Aliquots (6% of the total reaction) were taken, diluted in 0.8 mL
of HEPES buffer and filtered through Type HA nitrocellulose
filters (Millipore). Amino acyl-tRNA binding was quantitated by
scintillation counting and values obtained without ribosomes
were subtracted to remove background. The remaining reaction
volume (of samples containing GTP) was used to perform
translocation assays. Additional GTP (1 mM) was added to 15%
of the samples in the presence or absence of 0.5 mM puromycin
and/or 0.05 wg/uL eEF2 and incubated at 37°C for 30 min. The
reaction was quenched with 1 M NH,HCO; and extracted with
ethyl acetate. Ninety percent of the organic layer was used for
quantitation by scintillation counting. A puromycin assay was
performed on 10% of the original reaction to determine the amount
of aminoacyl-tRNA already bound to the P-site (Wurmbach and
Nierhaus 1979), which was normalized and deducted from the
values obtained above to determine the total amount of tRNA
translocated.

Nonenzymatic tRNA-binding reactions were performed essen-
tially as described for eIF1A, except higher amounts of poly(U)
RNA (0.4 mg/mL) were used, and the reaction was performed in
the absence of both GTP (or its analogs) and eEF1A.. Reactions
were carried out in Tris reaction buffer (50 mM Tris-HCl at pH
7.5, 60 mM KCl, 20 mM MgCl,) containing 50 uM of compound.
Translocation assays were performed as described above, except
that they were carried out in Tris reaction buffer.

eEF1A enzymatic assays

GTP cross-linking to eEF1A was performed in 20-pL reactions
containing 1 pg of eEF1A and 2.5 pnCi of [a-*P)GTP (3000 Ci/
mmol) (Perkin Elmer) with or without 0.8 pg of Phe-tRNAP"
(Sigma) in GTPase buffer (25 mM HEPES at pH 7.5, 125 mM
KCl, 8.5 mM MgCl,;, 1 mM DTT). Reactions were incubated at
37°C for 15 min in the presence of 50 pM Cyt A, 1 mM cold GTP
competitor, or DMSO, and cross-linked using a 254-nm germi-
cidal UV lamp at 4°C for 15 min. Reactions were digested with 0.5
pg/pL RNase A for 10 min at 37°C, separated by SDS-PAGE, and
visualized by autoradiography. Negative controls contained 1 pg
of BSA instead of eEFI1A.

Electrophoretic mobility shift assays were performed in 10-uL
reactions in GTPase buffer using 0.5-2 pg of eEF1A and 1 mM
GTP. Reactions were preincubated at room temperature for 10 min,
after which time 20,000 cpm of ['*C]Phe-tRNAF™ was added, and
the incubation continued for an additional 15 min. Equivalent
molar amounts of unlabeled Phe-tRNA™™ were used as competitor.
Reactions were analyzed on 6% native polyacrylamide (29:1
acrylamide:bisacrylamide) gels and electrophoresis performed in
1X TBE (90 mM Tris, 90 mM boric acid, 2 mM EDTA). Gels
were then treated with En’Hance (Perkin Elmer), washed in
water, dried, and visualized by autoradiography.

GTPase assays (20 pL) were performed in GTPase buffer con-
taining 0.5 p.g of eEF1A and 1 p.Ci of [y->?P]GTP (6000 Ci/mmol)
(Perkin Elmer) incubated with or without 0.8 g of unlabeled Phe-
tRNA™™, 16.8 pmol 408, and 60S ribosomal subunits, and 31.4 pmol
poly(U) RNA at 25°C. Control reactions were also performed
without eEF1A or using only eEF1A (without tRNA, ribosomes or
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RNA). Aliquots (2 pL) were taken and reactions stopped in 2 pL of
25 mM EDTA on ice. PEI Cellulose F TLC plates (EMD Chemicals,
Inc.) were spotted with a 1.5-L sample and developed using 0.3 M
NaH,PO,/1 M LiCl,. TLCs were quantitated using phosphorimaging
on a Typhoon Trio (Amersham).

Viability assays

Viability assays were performed using Annexin-FITC and pro-
pidium iodide (PI) staining. HUVECs were treated with com-
pound for 24 h in a 24-well plate. Cells were washed in PBS and
trypsinized. Cells, PBS washes, and cell culture medium were
collected together and centrifuged at 610g for 5 min. Cell pellets
were washed in PBS and resuspended in 35 wL Annexin V binding
buffer (10 mM HEPES-NaOH at pH 7.5, 140 mM NaCl, 2.5 mM
CaCl,). PI (Sigma) to a final concentration'of 5 wg/mL and 1.75 pL
FITC Annexin V (BD Biosciences Pharmingen) were added to re-
actions and incubated at RT for 20 min in the dark. Samples were
diluted by the addition of 200 L of Annexin V binding buffer and
analyzed on a Guava Easy Cyte Plus (Millipore). Each experiment
included unstained, PI-only, and Annexin V-only controls.

Chorioallantoic membrane (CAM) assay

The CAM assay was performed by Links Biosciences, LLC. Fer-
tilized eggs were placed in an egg incubator at 37°C and 50% hu-
midity. After 6 d, the egg shell was cracked and gently opened. A
5 X 5-mm sterile filter paper square saturated with either 25 pL of
compound (50, 125, 250, 625 pmol), 4.2 nmol SU5416 (Sugen,
Inc.), or vehicle (2% DMSO in PBS) was placed in areas between
vessels. After 48 h, the CAMs were isolated and fixed in methanol/
acetone. Representative images were collected by photography to
permit quantitative analysis of vessel density.
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Novel Natural Products Open the Door of Chemzcal Biology and
Medicinal Chemistry

Hideaki Kakeya™ and Shinichi Nishimura

Exploitation of novel small molecules from natural sources such as microbial metabolites,
medicinal plants, and marine invertebrates has contributed to the discovery of lead molecules for
drugs as well as research tools on chemical biology. Chemical biology based on forward/reverse
chemical genetics is a new paradigm that accelerates drug development and the functional analy-
sis of genes and proteins. Moreover, novel natural products with unique structural or biological
characteristics attract both chemists and biologists, thereby developing the field of chemical biolo-
gy and medicinal chemistry. We have discovered several novel bioactive microbial metabolites by
both in vive cell-based phenotypic screenings and iz vitro target-oriented screenings, and investi-
gated their modes of action using a chemical genetics or a chemical genomics approach. In this
review, we focus on the following topics; i) recent screemng technology and the chemical library,
i) overview of bioactive natural products and semi-synthetic derivatives we have discovered, iii)
chemical genetics approach for apoptosis signaling pathway, iv) chenucal genomics approach for
target identification of antifungal agent, and v) perspective.

Key words: natural products, chemical biology, chemical genetics, chemxcal genomics, medicinal
chemistry, system chemotherapy, anti-cancer agent, apoptosis, antifungal agent,
angiogenesis
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Table 1 Recent development of drugs derived from natural products.

actinomycete

pitavastatin
yondelis/Et-743

drug lead ; origin indications source?
arteether artemisinin ; plant antiparasitic ND
caspofungin pneumocandin B ; fungi  antifungal ND
pimecrolimus ascomycin ; actinomycete antiallergic ND
galantamine galantamine ; plant anti-Alzheimer’s S
micafungin FR901379 ; fungi antifungal ND
miglustat 1-deoxynojirimyein ; Type I Gaucher disease S

mycophenolate sodium  mycophenolate ; fungi
mevastatin ; fungi
Et-743 ; tunicate

immunosuppressant S
hypolipidemic S
anticancer S

A ND; derived from a natural product and modified through semisynthesis. S; synthetic drug.
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Fig. 2 Chemical structures of drugs described in Table 1.
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Table 2 Natural products and their target proteins
identified by chemical genetics.

OFHEZ k- AL TV ALEd DB, 21T, |1 compound target protein function of
BLUOR2 ICEAKT, B, BRINLRAERLE — T =
_ : . i 1- tei rt

WHROEESOWE RS £z, FAWAIEERF . " protein transee
o i e ) i e cyclosporin A cyclophilin immune system
RDOT7 b= 7bftbhTdY, %0)1‘1“]%?—,') ECH pro-caspase-8 protease
NAARYF X —DHRELEL VY, ETB Hsp60 chaperone

T A A TIE, EZEEMFER(NIHOo—Fvy 7 FK506 (tacrolimus) FKBP immune system
DRk LT?}%X‘ SNy TRy NI — 7 BT T fumagillin MetAP2 aminopeptidase
S -7 N - geldanamycin Hsp90 chaperone

EE 2004 Eﬁ_‘ i&% L, 2008 ii]' 5 2MBIRAL lactacystin 20S proteasome protein degradation

T3 (http://nihroadmap.nih.gov/molecular leptomycin B CRM Vexportin 1 nuclear export
libraries/)e ZOBEMEER S B0, INrFILEY manumycin farnesyltransferase prenyltransferase
FTATS) — RN EIRDLIEDNT—ILD 1 DICEESX pironetin tubulin-a cytoskeleton
NTwao BIE, H30FEMLEMIEDLR TN pladienolide SF3b splicing
B RREEILAMEIehOBUEETHL, 2% & radicicol Hsp90 chaperone

' o ° ’ rapamycin FKBP immune system

=3 A N A = = — A7
100 FEOLEM P o2 BLEMT AT 7 ") —HiHf S reveromycin Ile-tRNA synthetase  protein synthesis
NBEFETH S, BRMNTIX, European Molecular Bio- spergualin Hsp70/Hsc70 mumnne syskem
logy Laboratory (EMBL)-European Bioinformatics spliceostatin SF3b splicing
Institute (EBI) 2% 2 FED{L&WmEH ¥ o fLL, 1t trapoxin HDR0 o
S o AT oV TR A BE S FoTwd trichostatin A HDAC transcription
. wortmannin PI-3 kinase lipid kinase

(http://www.ebi.ac.uk)o ¥ 72, BE Tt Korea
Research Institute of Chemical Technology (KRICT) %*
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LNy 7 &I L, 25 FILEW % B2 128k %
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Fig. 3 Chemical structures of natural products described in Table 2.
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Wk, Thbb, BEMBROEME»OEZHLMRARE
HAZES Y P =27 RFIH LT, HRLFEHISEEE (R
FEARE MRS GIEYE), ML FEEN, MR
B EEY, MEEHEHiETESE & 2o 1R T EE
LREBEL, BFEIE - BEBEBITTROBR, M
) (ARE, SRRE L L) PSS EET 2 RER
EEAGF, BXUZFAL %) — FMeaW & LIHHRE
BEBALEMEBRIEL TV D (Hok:, &3, B4), &5
(2, BRAERENNT T OEA BRI, BEE
HAHBIRTFE & 248 & L 7oiRREME S T 7 0 — T DG - £l
B, BIUTIAMNAAn I BEL TW
o INFTIC, HADEBMEORREZERZICLT,
B O EBEE/NG TR S WA FMEICE
LT3,

RIBLIUR AR LIALEWEEICRE T AHIZEDHH
SHFLT, TR AZ2HET 2 EBEE T
4 M FYxz=> A MT-21, ETB, ECH, # & UF RKTS-

B &UIZODVTHHT 5,
HARSERIEME ORI E

MRED 1 D2THE TR =Y AOKIHEF I, B4
REROBERLZY S B2, £, 7RIV R,
ADFFEHEESEIIBVWTEERENTHLLERDL
No, THEF— ADOWFRIE, 1990 £ L ) BEA B
BENTVALNKRBHALEL S, T4bb, TR
VARFEEBICERICHH SN TWRZ L L2 LR
205D, —HTIETH b= AKFEEMRIE I
T, TR M=V AEEKFHEMPBEDOEERS 70— R
Ty TENDDHDL, ZDE ) R EMRE Y BT
THDIWEREY =V &b EBERNTFIENATT
O—7 LIEER T Y,
TEM=VAOFESFHIZBNTYL, N A 70—7
FFALTELDHMEPELNTESR, THRF—V AT
BFaNAFTO—TiE, THRF—VAFEYE L TR
P AMEME L KBS NG, 2D BT RF—Y
AFEWE IRFAFREOB SR EDS, BEL DA
Rand+7uo—77RREEh T2, ZO—KT, 7
A= 2IEIWE IR, ZVAD-fmk i2f{FS B H A
N—YOEEIRETICED, BERABORTFF
HHEEFSERTH Y, FTF FEDOTE M- 21
RMEEBDOTOR, B, FALVET Y —KEHT
R — Y ARDPAMBOBREZLNCH, BORERER
BISERFZ, BUMEE) v~ F 2 EHes RRBICOESL
TBY, FALY Ty —EERT R b~ AMHIENIE
NOEROEEED ) — FMeaWmELR Y S 5,

Table 3 Bioactive natural products and synthetic derivatives discovered
by Kakeya, Osada, and co-workers.

name biological activity origin Ref.

epolactaene neurite differentiation/ Fusarium sp. 5
apoptosis induction
tryprostatin A&B cell cycle arrest (G2/M) Aspergillus sp. 6
spirotryprostatin A&B  cell cycle arrest (G2/M) Aspergillus sp. 7
cyclotryprostatin A'D  cell cycle arrest (G2/M) Aspergillus sp. 8
cytotrienin A apoptosis induction Streptomyces sp. 9
MT-21 apoptosis induction synthetic 5, 10
ETB apoptosis induction synthetic 11
RK-1009 cell cycle arrest (G2/M) Streptomyces sp. 12
cytoxazone immunomodulator Streptomyces sp. 13
lucilactaene cell cycle arrest (G1) Fusarium sp. 14
azaspirene anti-angiogenesis Neosartorya sp. 15
epoxyquinol A&B anti-angiogenesis unidentified fungi 16
epoxytwinol A anti-angiogenesis unidentified fungi 17
RK-95113 anti-angiogenesis Aspergillus sp. 18
ECH apoptosis inhibition unidentified fungi =~ 19
RKTS-33&34 apoptosis inhibition synthetic 20
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Fig. 4 Chemical structures of natural products and synthetic derivatives described in Table 3.
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Fig. 5 Signaling pathway for apoptosis.
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RHED LS THHFRICACC BREH T 5 BEMN
HEPEIBO THTH Y, HBEICBIT 5 ACC &REE
BixE{FHTH >,

¥4 b M)z AlX, HL-60 HifZIC BV TRE -
REREAERIC T R b— Y AR 7 27 F L DR
2 DNA OWR L2 FE L7z, —F, EFER#HEF WI-
BRI BT L0 FULLOBERETCL TR -
ARFE L 2hol, FA MM ZZVADTHEE—Y
AFEE, N-TEFVYRATA v THEI SN, £
DOREREN-T2F VL) yCRIRl S hoizZ
ERENS, IV FYTERICLZEREZEON
SR ENL, $6i2, FA P MU= AR, TF
TV FYTEEENLT, HFBERO Ste-20 ¥ 5 ¥
RET T THAHMST/Krs ¥ 7 BriGEfbL, 7K
PV ARBETAIEEALLICLEY, ThbD,
HA4 PRIk o THEESRIZH A/N—ED,
£FE O Mst 1/Krs 2, Mst 2/Krs 1 % % A 28— YR IBAL
THIMTL, #ORE LS FEH 36kDa DNEMA
(p 36 MBPK; p 36 myelin basic protein kinase) 25383
GZEF-VYEREETLAIEZHLMZL, FNETE
DEBNEZOEMASTRETH o7 Mst/Krs ¥ ¥ /37
BOTRY—VAFEFIIBIAERTHEHL I L,
F7:, BERMERSW TV 2 KERITAFTT2REH
Mgz BWTiE, ThEHAFAAFIZL - Tp36 MBPK
DEEEETZD LN, MST/Krs @EH D 5 Wi
p 36 MBPK O iE#ALSMATARIRER - —D 1D
KR0S BWRERERLAY, 5610, HE, Yav
TaynNIRey AF\EIIBNTH Ste-20 ¥+ — ¥k
£ 1T 7 Hippo % Mst/Krs 258, #MALT, AT
RS LTwA 2 EaRERED,
32 PRF=XAFHAFMT-21 LU ETB

F#IRE Fusarium BYWEETLIRT 7 ¥ Y OFf

ML BEEHEMEOBRT, HRT K - AFE

# MT-21, 8 & U ETB(epolactaene tertiary-butyl
ester) ¥ R L7, B, MT-21 iZMHL AL T
Fro2O—-ACOER%FET S ANT (adenine
nucleotide translocase) FHEH & L TAKFIHI AT
3%, %7, ETBiR, 3 ba v My THEBREERLL
TREY PATAMICT LT 27 R b~V ABEE
BEETHI LR L, 2T, BEEHAHEENA
DHIR % EIZETB EMNATRIED 005 F T —7
(€4 ~{LETB, ®6) %%t - 8I®L, ETB#H&S ~
NIBRDEE - FAERTo/7. FO&KSE, ETB oM
REES BN 1 2L LTHTF vy Hsp b0
*REL, Vo TERAKEBEREcEZ L,
Hsp 60 DFF ¥ v RO Y igHic5 2 5 ETB DEBTR
SHL7-45, ETB XEEEIC Hspb60 DFF ¥ v RO ViE
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Fig. 6 Chemical structures of biotin-conjugated
ETB and ECH.
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Hb, —HT, BHODHLERLEWEZERTEGE
ThoTh, BRI Y RIEORBEENVLR, HbH0
i, BT ARIBFERIEENTRARETH B, L
Vo S IIiEER B S, S50, EIHS NS
BTHV, EVoBalliRbdeBFE LT Th L,
Theonellamide i, WA SICL W RES N 125
EOTI/BPOLIBEONRTF FTHHY,
Theonellamide A-F iZ AL ED#M Theonella sp. £ ¥,
theonegramide, theopalauamide (& % fL €1 Philippine,
Palau 3 & Uf Mozambique CTHRE & 172 #5# Theonella

swinhoei 7 H BB Eh 722 (7)., wh b histidi-
noalanine %2 X - THEB I N SHMN 2 ZRERE
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theonellamide B Ry =0H; R =Me; R3=Br;Ry=Br,Rs=0H; X=H
theonellamide C Ry=H;R=H;A3=H;R;=Br; Rs=0H; X=H
theonellamide D = H; Ry = H; R3 = Br; Ry = Br; Rs = OH; X = B-L-Ara
theonellamide E Ry = H; Ry = H; Rz = Br; Ry = Br; Rs = OH; X = B-D-Gal
theonellamide ' Ry=H;Rz=H; Ry =Br;R4=Br;As=0H; X=H
theonegramide Ry = OH; Ry = Me; Rg = Br; Ry = H; As = H; X = B-D-Ara
theopalauamide Ry = OH; R = Me; Ry = Br; Ry = H; Rs = H; X = B-D-Gal

Fig. 7 Chemical structures of theonellamides and
their congeners.
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Fig. 8 Chemical genomic profiling for target molecule and pathway identification.
Profiling of chemical genetic interactions is of help for identification of tar-
get protein and pathway. Once phenotypes of gene mutants for a query com-
pound are defined, modes of action of the compound can be expected from
statistical analysis using phenotype compendia. For example, the mutants 6,
8, and 10 are sensitive to the query compound and the mutants 3 and 7 are
resistant to the compound. Comparison with the compendia of chemical
genomic profiles reveals that the query compound has a similar target path-
way or modes of action with that of the compound A.
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Fig. 9 Synthesis of fluorescently labeled theonellamide, TNM-BF.
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