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Bioprobes are low molecular weight compounds which are useful for investigating
mammalian cell functions. The use of bioprobes has substantially assisted the investiga-
tion of complex biochemical processes of the mammalian cell cycle. In this review, cell cycle
inhibitors mainly isolated from the microorganism are described and their possibility as
an antitumor agents is considered. Most cancer cells have some abnormality in the control
mechanism of cell cycle progression. Cyclin-dependent kinases (Cdk), which are activated
by the binding with the cyclin and simultaneously by the phosphorylation/dephosphor-
ylation of itself, play important roles as engines in the cell cycle. Tubulins are considered
to be one of the most important proteins of the cell division machinery. Therefore, Cdk
inhibitors and tubulin binders are possible anticancer drugs. Since the function of proteins
controlling the cell cycle is also regulated by phosphorylation and dephosphorylation,
inhibitors of protein kinases and phosphatases are considered as possible an antitumor
agents. We expect that some bioprobes will be developed for clinical use.
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The rapid advances made in the study of the molecular
basis of mammalian cell proliferation in the past few
years have enabled us to develop new screening systems
for isolating specific inhibitors of the mammalian cell
cycle from microbial sources. We propose the new

' terminology, “bioprobes”, which are naturally occurr-
ing compounds and their derivatives useful for inves-
tigating mammalian cell function. The use of bioprobes
has substantially assisted the investigationvof complex
biochemical processes. There have been many reports on
the isolation of new compounds regulating the cell cycle
as well as on the identification of the molecular tarrgets
in mammalian cells of newly isolated bioprobes!~?3.

The cell cycle of normal mammalian cells is a strictly
regulated process that responds to conditions in the

body. Malignant cancer cells proliferate without
regulation by the environment and spread throughout
the body. Therefore, cell cycle inhibitors and metastasis
inhibitors are considered as possible candidates for new
anticancer drugs. In this review, the development of the
antitumor bioprobes which block the cell cycle and the
mechanism of action of the bioprobes are described.

1. - Molecular Target of Cell Cycle Inhibitors
Cell cycle means the process where one mother cell
divides into two daughter cells. It takes about 24 hours
for one round of the cell cycle in normal human cells.
The cell cycle is periodically classified into the follow-
ing 4 stages: G, S, G, and M (Fig.“1). DNA is re-
plicated in the S phase and the replicated DNA ‘is
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Fig. 1.

Mammalian cell cycle.

NOYV. 1998

Y @
cyclin B ede2

E2F

prG c-Myc
© RBP-1

/ &dl&

G1 cyclin
(D, E, A)

The cell cycle is regulated by a serics of protein kinases and phosphatases which are also regulated by

other proteins.

divided into daughter cells in the M phase. The G, and
G, phases are the preparation periods for transition into
S and M phases, respectively, and in both phases, Cdk/
cyclin complexes play important roles as driving
machinery for cell cycle progression®?.

During the G, phase, the cells sense environmental
condition and prepare for DNA synthesis (G, check-
point). If the preparation is completed, Cdk4 and cyclin
D complex phosphorylate Rb protein (pRb), which is a
gene product of the retinoblastoma (RB) gene®™~!9).
The Rb protein was originally identified as an anti-
oncogenic factor and is now recognized as a suppressor
of cell cycle progression at the G,/G, phase. In the G,/G,
phase, pRb interacts specifically with several cellular
proteins, including the transcription factor E2F and
protooncogene product Myc'!~ 13 After the phosphor-
ylation by Cdkd/cyclin D, pRb is further phosphorylated
by Cdk2/cyclin E complex. The highly phosphorylated
pRb loses its cell cycle suppression activity, and the
cells proceed into the S phase!®. There is another
checkpoint in the G, phase (G, checkpoint), which
cvaluates DNA integrity and cell volume by unknown
mechanism. After preparation, Cdc2/cyclin B complex is
activated and cells progress into the M phase. These
checkpoints suppress the activation of the Cdk/cyclin
complexes in normal cells. On the contrary, these check-
points do not work in cancer cells'®. According to
recent analysis, ectopic expression of cyclin D, induces

phosphorylation of pRb and accelerates progression at
the G, phase'®. In addition, microinjection of either
anti-cyclin D, antibodies or antisense plasmids pre-
vents cells from entering the S phase!”. From such a
viewpoint, it is expected that the cell cycle of the mali-
gnant cancer cells is stopped by the driving machinery
inhibitors, which block the activity of Cdk/cyclin com-
plexes.

DNA is synthesized in the S phase. In the S phase,
the nucleosome structure is modified to allow DNA to be
replicated; therefore, a part of the single stranded DNA
is exposed. Naked DNA strands are sensitive to DNA
attacking compounds, such as bleomycin, neocarzinosta-
tin, and cyclophosphamide!®~29, Enzymes for DNA
replication such as DNA polymerase are the target
candidate to be inhibited'®. Indeed, aphidicolin is a
specific inhibitor of DNA polymerase «®!. The
replicated DNA is condensed to form chromosomes
and then divided into two daughter cells in the M phase.

In the M phase, a series of most dynamic changes is
observed such as the condensation of the chromosome,
disappearance of the nuclear membrane, and distribution
of the chromosome into two daughter cells. The function
of DNA topoisomerases is required for proper
chromosome condensation and failure of the con-
densation leads to missegregation of chromosomes.
Etoposide and camptothecin affect DNA topoisomerases
and inhibit the correct DNA distribution??). The most
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important part of the machinery for chromosome divi-
sion is the mitotic spindle. Tt consists of large numbers
of short microtubules that surround each centrosome. As
mitosis proceeds, the elongating ends of the microtubules
attach to the chromosomes at each kinetochore and align
the chromosomes in a metaphase plate, If this alignment
is disrupted by irregular microtubules, mitosis is arrested.
Vinblastine and taxol directly interact with tubulin?®
and arrest the cell cycle at the M phase. Thus, a drug
which disrupts the microtubule array is useful in the
treatment of malignant tumors which show rapid and
abnormal cell proliferation. Indeed, some of the most
useful cancer therapeutic agents are microtubule
inhibitors, such as vinblastine and taxol**2>. These
compounds inhibit microtubule assembly and dis-
assembly, respectively. The drugs which inhibit DNA
replication or chromosome distribution are used
as antitumor agents which block tumor cell growth.
Moreover, these cell cycle inhibitors are useful for
investigation of cell cycle regulation mechanism in
mammalian cells,

2. Screening of Cell Cycle Inhibitors

We have established a bioassay system to find cell cycle
inhibitors using a mouse temperature-sensitive mutant
cell line, tsFT210, which has a defect in the cdc2
gene® % (Fig. 2). When cultured at the high, restrictive
temperature, of 39.4°C, tsFT210 cells are arrested at the
G, phase and become large in size. The microbial ex-
tract is added to the cells, simultaneously lowering the
temperature to 32°C. Four hours after release from G,
arrest, the cells enter into the G, phase. At this time,
G, phase cells are easily discriminated from G,/M cells
by their size under microscopic observation. If the test
sample inhibits cell cycle progression at G,, the increase
of the G, cells is inhibited. The cell-morphology-based
bioassay utilizing tsFT210 cells is very simple and
sensitive for detecting Cdc2 kinase inhibitors and also
G,/M phase inhibitors of the mammalian cell cycle.
Using the bioassay system, we screened cell cycle
inhibitors from microbial sources and discovered several
inhibitors including novel compounds such as tryprosta-
tins A and B?773", Thus, this bioassay allowed the
detection of cell cycle inhibitors and provided a
convenient and useful method for the screening of new
inhibitors from microorganisms.

3. Cdk Inhibitors
As described in the previous section, cdkd4 or cdk2
forms complexes with the G, cyclin and phosphorylate
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Fig. 2. Bioassay to detect cell cycle inhibitors
[rom microbial metabolites.
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tsFT210 cells are arrested at the G, by the culture
at non-permissive temperature, 39°C. Since the G, cells
contain a double amount of DNA and are large in size,
it 1s casy to discriminate the G,-cells from the S-cells
or G,-cells by flow cytometry or microscopic ob-
scrvation. Sercening samples are added to the culture
of tsFT210 cells simultaneously with the release from
the G, arrest. If a sample has the cell cycle inhibition
activity, the cell cycle remains at the G, or M phase.

the Rb protein, which enables cell cycle progress from
the G, to S phase. Compounds that inhibit cdk activity
and arrest cells at a specific point in the cell cycle have
proven to be extremely useful tools for unravelling cell
cycle regulatory events and might be useful for cancer
chemotherapy.

KITAGAWA et al. reported that butyrolactone I is a
sclective inhibitor both of Cdk2 and Cdc2, but scarcely
inhibits C-kinase, A-kinase, casein kinase, MAP kinase
or EGF receptor-tyrosine kinase*?. Butyrolactone I
inhibited phosphorylation of pRb catalyzed by cyclin
A-Cdk2 and inhibited cell cycle progression from the G,
to S phase in WI-38 cells. Tt also inhibited the activity
of Cdc2 kinase (histone HI kinase) and arrested cells at
the G, phase.

We have found several protein kinase inhibitors
structurally related to staurosporine®®~ 3% (Fig. 3). These
compounds show broad inhibition spectra of protein
kinases including protein kinase C and Cdc2 kinase.
Human K-562 leukemia cells are sensitive to these
inhibitors and arrested at the G, phase.

Phosmidosine (Fig. 4) had been isolated as an anti-
fungal agent in our laboratory®®. Recently, we report-
ed that phosmidosine inhibits the cell cycle of the mam-
malian cells at the G, phase®”3®. In addition, it
was found that the synthesis of cyclin D, was inhibited
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Fig. 3.
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Fig. 4. Phosmidosine

by phosmidosine treatment in WI-38 human fibroblast.
When cyclin D, concentration is low, cdk4 and cdk?2 ac-
tivities are too weak to phosphorylate the Rb protein.
Since the phosphorylation of pRB is essential for the G,

to S transition, phosmidosine -blocks the cell cycle:
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at the G, phase by suppression of cyclin D, expres-

- sion®® (Fig. 5).

4. . Protein Phosphatase Inhibitors
Protein phosphatases are categorized into three groups
based on their substrate specificity: protein serine/

_ threonine phosphatases (PPase), ptrotein tyrosine phos-

phatases (PTPase) and dual specificity phosphatases
(DSPase)*?). Recently, it was reported that PTPase and
DSPase are key enzymes in the signal transduction
pathway for a wide range of cellular processes. Cdc254®
and MKP-1 (3CH134)*" are known to be DSPase
involved in cell cycle regulation and response to growth
factor stimmulation, respectively. A specific inhibitor of
DSPase would be a valuable tool to reveal signal trans-
duction. Therefore, we used VHR*?, a human homo-
logue of vaccinia viral VHI, as a target phosphatase
to be inhibited by microbial metabolites for the screening.
VHR expressed in bacteria had stronger dephospho-
rylation activity in vitro on pNpp (approximately 100-
fold) than bacterially expressed Cdc25B.



VOL. 51 NO. 11

Fig. 5.
? ‘ p53
ij Waf1 /C|p1 /p21
c cImD1 Cdk4 y clinD- Cdk2

.

c
Restriction Point P \L
_—.—>

@

THE JOURNAL OF ANTIBIOTICS

977

Schematic model of the cell cycle arresting point of phosmidosine.
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Phosmidosine suppressed cyclin D, protein levels and the phosphorylatlon of pRB in response to mltogen

stimulation and irreversibly arrested the cell cycle in G;.

During screening, we isolated RK-682 (Fig. 6) as
a DSPase inhibitor from the culture broth of Strep-
tomyces sp.*>. The chemical structure of RK-682 was
already described as a phospholipase inhibitor** or
as an HIV protease inhibitor*> by other researchers.
However, the concentration of RK-682 required for the
inhibition of VHR activity was lower than the con-
centrations for phospholipase and HIV protease.
RK-682 consists of a tetronic acid and a saturated fatty
RK-682 derivatives showed different
inhibitory activity on various phosphatases, such as
VHR, Cdc25, CD45 and so on*®.

Vanadate is a well-known and useful inhibitor for

acid moiety.

investigation of the role of PTPase in eukaryotic cells*”.
However, we found noticeable differences between
vanadate and RK-682. For example, RK-682 was a
more potent inhibitor (approximately 20-times stronger)
than vanadate against VHR. Furthermore, RK-682 and
vanadate had different arrest points on cell cycle
progression via different inhibition of the dephos-
phorylation of Cdk2 and Cdc?2 as follows. In mammalian
cell cycle progression, G,/S and G,/M transition are
regulated by Cdk2 and Cdc2 activities, respectively. The
Cdk4-cyclin E complex is essential during the S phase for
phosphorylation of Cdc25A*®. Cdil (cyclin depen-
dent kinase interactor) has a dual-specificity phosphatase
activity and interacts with and negatively regulates
Cdk249. RK-682 inhibited the dephosphorylation of
Cdk2 catalyzed by another unidentified phosphatase and

Fig. 6. RK-682.
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inhibits cell cycle progression at the G, phase. On the
contrary, vanadate inhibits dephosphorylation of Cdc2
catalyzed by Cdc25B and inhibits cell cycle progression
at the G, phase. These observations indicate that each
phosphatase inhibitor has a different specificity with
respect to phosphatases.

Recently, we have isolated phosphatoquinones A and

B (Fig. 7) from Streptomyces sp., which showed PTPase

inhibitory activities with ICs, values of 28 and 2.9 um,
respectively®®. Phosphatoquinones A and B are useful
tool for investigating the role of PTPase in the signal
transduction.
Stevastelins, isolated from the cultured broth of
Penicillium sp. NK374186, are composed of valine,
threonine, serine and a 3,5-dihydroxy-2,4-dimethylstearic
acid moiety. Stevastelins have growth inhibition activity
against OKT3-stimulated human T cell proliferation, but
their biological properties have been not elucidated’?V.
We found that some stevastelin derivatives (Fig, 8)
inhibit the dephosphorylation activity of VHR and
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some inhibit cell cycle progression. To clarify the
structure-activity relationships, we (prepared a series of
stevastelin derivatives and evaluated their inhibitory
activities both on protein phosphatases and on the cell
cycle. We found the functionality at the threonine
residue to be important for their inhibitory activities 32,
Protein serine/threonine phosphorylation is a key reg-
ulation mechanism of the organization and dynamics
of the actin cytoskeleton during cell motility, differentia-
tion and cytokinesis. The level of the protein phos-
phorylation is dependent on the relative activities of
both protein kinases and protein phosphatases. We
examined the effect of phoslactomycin F (PLM-F)
(Fig. 9), a protein phosphatase 2A inhibitor, on the
regulation of the cytoskeleton of NTH/3T3 fibroblasts®®.
Treatment of cells with PLM-F induced actin filament
depolymerization after 4 hours. This effect was reversible
and actin filaments were reformed 1 hour after removal
of the inhibitor. Results obtained from direct microinjec-

Fig. 7. Phosphatoquinone A and B.
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tion of PLM-F into cells suggested the concentration of
PLM-F in the cell was lower than that in the medium.
As PLM-F had no effects on polymerization of purified
actin in vitro, PLM-F must induce actin depolymeriza-
tion through an indirect mechanism. An in vitro assay
showed that PLM-F inhibits protein phosphatase 2A

.at a lower concentration (ICs, about 3 ug/ml) than it

inhibits protein phosphatase 1. An in situ phos-
phorylation assay also revealed that PLM-F treatment
stimulated the phosphorylation of intracellular vimen-
tin. These results suggest that PLM-F is a specific
inhibitor of protein phosphatase 2A, which is involved
in the regulation of the organization of the actin
cytoskeleton.

5. Tubulin Binders

The chromosomes of eukaryotic cells are distributed to
daughter cells by a series of processes: condensation of
DNA, elimination of the nuclear membrané, formation
of the spindle and segregation of chromosomes. Mi-
crotubules play an important role in this process during
the M phase.

Microtubules consist of tubulin (mainly « and P
and various kinds of microtubule associated proteins

‘(MAPs). Several proteins such as y-tubulin exist at

the microtubule organization center (it is called a central
body in the animal cell and the spindle pole body in
yeast). The microtubule stability depends on a balance
of polymerization and disassembly of the tubulin, and
the cell cycle stops when this balance collapses.

A number of tubulin-disassembling reagents have been
reported, such .as colchicine®®, vinblastine®> and
maytansine®®. These are classified into three groups
based on the binding kinetics to tubulin: the colchicine
binding site, the vinca alkaloid binding site; and the
maytansine-rhizoxin binding site. All these agents

Fig. 8. Stevastelin A and B.
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Fig. 9.
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directly bind to p-tubulin itself and inhibit the
self-assembly of purified tubulin irrespective of the
spectes of the assembly-inducers in vitro. These
compounds might be useful cancer therapeutic agents.

Pironetin (Fig. 10) was originally isolated from the
culture broth of Streptomyces sp. as a plant growth
regulator and then a potent suppressor of the lympho-
cyte-blastogenesis>”-*®. We have studied the biological
effects of pironetin on cell cycle progression and its
antitumor activity®®. At 10~20ng/ml, pironetin com-
pletely inhibits cell proliferation of 3Y1 cells. The

cell cycle analysis revealed that pironetin arrested

cell cycle progression at the M phase in a dose-
dependent manner. The antiproliferative effects of
pironetin were also observed in the range of 20~ 50
ng/ml with several tumor cell lines. In CDF1-SLC mice
bearing P388 leukemia cells, the intraperitoneal admin-
istration of 6.3mg/kg pironetin over a 5-day period
showed a moderate antitumor effect (T/C: 128%). Since
the chemical structure of pironetin is different from
other M phase inhibitors such as colchicine or vinblas-
tine, pironetin could be the lead compound for a poten-
tial new antitumor drug. ‘
Tryprostatin A and B (TPS-A and TPS-B) (Fig. 11)
were purified from the culture broth of Aspergillus
fumigatus BM9396%-61) TPS-A inhibited cell cycle
progression of asynchronously cultured 3Y1 cells in the
M phase$?, On the other hand, TPS-B (demethoxy
analog of TPS-A) showed nonspecific cell cycle inhibition
on cell growth even though it inhibited cell growth
at a lower concentration than TPS-A. TPS-A treatment
induced the reversible disruption of -cytoplasmic
microtubules of 3Y1 cells as observed by indirect
immunofluorescence microscopy in the range of
concentrations which specifically inhibit M phase pro-
gression. TPS-A also inhibited the in vitro assembly of
microtubules which were purified from bovine brains;

THE JOURNAL OF ANTIBIOTICS 979

Fig. 10. Pironetin and its derivatives.
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Fig. 11. Tryprostatin A and B.
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however, there was little or no effect on the self-assembly
of purified tubulin when polymerization was induced by

_glutamate. TPS-A did not inhibit the assembly promoted

by taxol, and by the digestion of the carboxyl-terminal
domain of tubulin. On the contrary, TPS-A blocked
tubulin assembly induced by the carboxyl-terminal
domain interacting inducers, MAP2, tau and poly-L-.
lysine. These results indicate that TPS-A is a novel
inhibitor of MAP-dependent microtubule assembly and
specifically inhibits cell cycle progression at the M phase
by the disruption of the microtubule spindle®?.

, 6. Future Prospects

Chemotherapy has assumed an increasingly important
role in the management of patients with cancer. The
employment of laboratory research on the biochemical
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and pharmacological actions of antitumor compounds
should result in new leads that will permit future ad-
vances in the chemotherapy of tumors. This review
describes aspects of the biochemical mechanism of ac-
tion of some of the most important antitumor agents
isolated in our laboratory.

Antitumor compounds including alkylating agents,
platinum-containing compounds, folate antagonists,
purine and pyrimidine nucleoside antimetabolites, and
the "anthracycline and bleomycin antibiotics were
previously developed. Most of these antitumor com-
pounds showed cell cycle inhibition activity on tumor
cells. We have directly aimed to develop drugs which
inhibit specific targets in cell cycle control. An objective
of this review was to describe possible new biochemical
targets and activities for novel bioprobes that are useful
to investigate cell cycle mechanisms and might lead to
the therapies of the future. These include cdk inhibitors,
phosphatase inhibitors and tubulin binders to block cell
cycle progression. It is my expectation that bioprobes
will be useful for future investigating the cell cycle
regulating mechanisms and that such knowledge may
assist in developing more efficacious antitumor com-
pounds in the future.
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