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Abstract:
Cell proliferation is crucial to the growth of multicellular organisms, and thus the proper
control of cell division is important to prevent developmental arrest or overgrowth.
Nevertheless, tools for controlling cell proliferation are still poor in plant. To develop
novel tools, we focused on a specific compound family, triarylmethanes, whose
members show various antiproliferative activities in animals. By combining organic
chemistry to create novel and diverse compounds containing the triarylmethyl moiety
and biological screens based on live-cell imaging of a fluorescently labeled tobacco
BY-2 culture cell line (Nicotiana tabacum), we isolated (3-furyl)diphenylmethane as a
strong but partially reversible inhibitor of plant cell division. We also found that this
agent had efficient antiproliferative activity in developing organs of Arabidopsis
thaliana without causing secondary defects in cell morphology, and induced rapid cell
division arrest independent of the cell cycle stage. Given that (3-furyl)diphenylmethane
did not affect the growth of a human cell line (HeLa) and a budding yeast
(Saccharomyces cerevisiae), it should act specifically on plants. Taking our results
together, we propose that the combination of desired chemical synthesis and detailed
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biological analysis is an effective tool to create novel drugs, and that
(3-furyl)diphenylmethane is a specific antiproliferative agent for plants.

Keywords:
Arabidopsis thaliana, cell division inhibitor, live-cell imaging, organic chemistry,
tobacco BY-2 cell, triarylmethane
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Introduction
Proper control of plant cell proliferation is important for various agricultural purposes.
In particular, accurate tools to inhibit cell division are crucial to avoid overgrowth after
the proper harvest time and to confer dormancy during severe growth conditions. Such
tools are also needed by basic researchers to analyze the spatiotemporal control of
various division events. However, it is difficult to rapidly and temporally arrest cell
division without causing damage. For example, microtubule inhibitors, such as oryzalin,
propyzamide and colchicine, effectively inhibit cell division in diverse plant species, but
only prevent DNA separation in the M phase of the cell cycle without blocking DNA
synthesis in the S phase, and thus generate polyploid cells (Akashi et al. 1988, Liu et al.
1995, Eigsti 1938, Kermani et al. 2003, Grandjean et al. 2004, reviewed in Planchais et
al. 2000). In addition, these agents disrupt the organization of cortical microtubules,
resulting in abnormal cell expansion (Nakamura et al. 2004). S phase inhibitors
including aphidicolin and hydroxyurea block DNA synthesis, without arresting the cell
expansion, resulting in abnormal cell outgrowth (Ishikawa et al. 2011, Planchais et al.
2000). Moreover, these S phase inhibitors are not specific to plant species (Pedrali-Noy
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et al. 1981). Cell proliferation is also inhibited by various environmental stresses, such
as UV-B irradiation and excess boron, but these stresses induce double-strand DNA
breaks, and thus their effects are not reversible (Tuteja et al. 2001, Sakamoto et al.
2011).
In contrast to the poor number of plant-specific cell division inhibitors, various agents
have been developed for animal cells as antitumor drugs. A series of potent anticancer
compounds belong to the triarylmethane family, which has a backbone consisting of
three benzene rings. Organic chemists have created various derivatives of
triarylmethanes with characteristic motifs, and found that several compounds effectively
arrest cell proliferation in human tumor cells (Al-Qawasmeh et al. 2004, Palchaudhuri
et al. 2008). Interestingly, two major triarylmethane agents, S-trityl-L-cysteine (STLC)
and clotrimazole (CLT), block cell division in different manners; STLC targets kinesin
Eg5 and halts cells at M phase, whereas CLT induces G1-specific arrest and also
apoptosis by an as yet unidentified mechanism (DeBonis et al. 2004, Al-Qawasmeh et
al. 2004, Dothager et al. 2005, Skoufias et al. 2006). Since triarylmethanes have a
unique three-dimensional structure (Fig. 1A), which is a basis of their derivatives’
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activity on specific biological events (Dothager et al. 2005, DeBonis et al. 2008),
triarylmethanes would have a potential to develop a new class of agents to affect the
biological aspects, on which no inhibitors have been identified.
The Friedel–Crafts reaction is widely used to synthesize triarylmethane derivatives, but
it often suffers from selective synthesis of desired products and a limited scope of
substrates (Prakash et al. 2009). To overcome these issues, transition-metal catalyzed
cross coupling reactions have been developed; however, additional synthetic steps are
required to prepare suitable coupling partners (López-Pérez et al. 2009). Recently, we
established a method for modular synthesis of triarylmethanes through sequential
arylation catalyzed by palladium catalysis (Fig. 1A; Nambo and Crudden 2014).
Through this method, structurally diverse triarylmethanes can be prepared using readily
available starting materials in three steps.
In this study, we created various derivatives of the triarylmethane family using our
synthetic method, and tested their activities on plant cell proliferation. To assess
whether their inhibitory effect was based on cell division arrest, rather than enhanced
cell death, we utilized live imaging observation of a tobacco BY-2 (Bright Yellow-2)
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cell line (Nicotiana tabacum) whose microtubules are fluorescently labeled to visualize
cell division. This screening revealed a novel compound, (3-furyl)diphenylmethane, as a
rapid and nontoxic inhibitor of cell proliferation, whereas some other derivatives, such
as

diphenyl(3-hydroxyphenyl)methane,

induced

cell

death.

Since

(3-furyl)diphenylmethane had no effect on a budding yeast or a human cell strain,
animals and plants have different sensitivity to triarylmethyl moieties, although the
triarylmethane structure is a potent backbone for cell division inhibitors. This was
supported by our finding that (3-furyl)phenylmethane, which lacks a benzene ring, does
not have antiproliferative activity.

Results
High-throughput assay of cell division frequency
To establish the method to directly monitor the plant cell proliferation activity, we used
live imaging of the tobacco culture cell strain, BY-2. In the dual-color fluorescent line,
GTRC, which constitutively expresses the α -tubulin protein fused to a green
fluorescent protein (GFP-α-tubulin) and the centromeric histone H3 fused to a red
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fluorescent protein (RFP-CenH3), time-sequence observation allowed to visualize the
cell division dynamics (Fig. 1B; Kurihara et al. 2008). Given that microtubules
temporally accumulate around chromosomes as spindle fibers in M phase, live imaging
of GFP-α-tubulin allowed us to visualize the antiproliferative activity (Fig. 1B). This
activity was also monitored in the single-color line possessing GFP- α -tubulin
(BY-GT16) in the presence of 0.1% of vehicle solvent, dimethylsulfoxide (DMSO) (Fig.
2A; Kumagai et al. 2001). For high-throughput screening, we applied each compound to
the cells in a 96-well plate, and performed time-lapse imaging with an automated
confocal microscope (Fig. 1C; see Materials and Methods). We set the concentration of
each compound to 100 µM in BY-2 media, since conventional inhibitors work at several
to tens of micromolar (Yoneda et al. 2007, Planchais et al. 2000), and triarylmethanes
consisting benzenes generally have low solubility in water. As a positive control, we
used 1 µM of a tubulin polymerization inhibitor, oryzalin, which showed a markedly
reduced frequency of spindle fiber-like GFP accumulation but did not affect the
fluorescence intensity, confirming the effective inhibition of cell proliferation without
reducing cell viability (oryzalin in Fig. 2A). At the beginning (0 hr) of time-lapse
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observation, which was approximately at 1 hour after the chemical application, the
appearance of dividing cells was already reduced in oryzalin-treated cells, and cell
division was continuously blocked even after 8 hours (Fig. 2A; Supplementary Table
S1).
We then tested whether the known triarylmethane-based anticancer agents STLC and
CLT affected plant cell proliferation. When 100 µM of STLC was applied to our assay
system, the appearance of dividing cells was indistinguishable from DMSO (STLC in
Fig. 2A; Supplementary Table S1), whereas 100 µM of CLT induced cell death—the
fluorescence signals were lost and the cells were browned and shrunken (CLT in
Supplementary Fig. S1). Given that STLC is effective in human culture cells even at a
100-times lower concentration (Skoufias et al. 2006; see Fig. 7A), these data showed
that animals and plants have different reactivity to triarylmethyl moieties. We also
found that cell proliferation was not affected by 100 µM of the plain type of
triarylmethane, which consists only of intact benzenes (chem1; triphenylmethane;
Supplementary Fig. S1; Supplementary Tables S1 and S2). Therefore, we decided to
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create diverse triarylmethane derivatives to find effective antiproliferative agents in
plant cells.

Synthesis and screening of various triarylmethane derivatives
We synthesized a series of 47 triarylmethane derivatives that included two intact
benzene rings and one specifically modified ring (see the “for the first screen” category
in Supplementary Table S2; Supplementary Methods) using the method that we recently
developed (Fig. 1A; Nambo and Crudden, 2014). We applied these 47 compounds to
our assay system at 100 µM in 0.1% DMSO (Fig. 1C), and found that 38 agents showed
no visible effects on cell proliferation and eight compounds caused cell death (e.g.
chem13, diphenyl(3-hydroxyphenyl)methane; Fig. 2A, B; listed in Supplementary
Table S2). We also found that chem7 ((3-furyl)diphenylmethane) significantly reduced
the appearance of dividing cells without affecting the fluorescence intensity (Fig. 2A;
Supplementary Table S1). No other derivatives showed such a reduction of cell division
frequency (Supplementary Table S2), and the furan unit also worked in a different
orientation (chem49 in Supplementary Fig. S1; Supplementary Table S1), showing that
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furan has specific antiproliferative activity. In order to determine the minimum effective
concentration of chem7, we tested the dilution of 50 and 10 µM, but only the original
concentration, 100 µM, showed antiproliferative activity (“Dilution” in Supplementary
Table S1). Therefore we decided to use 100 µM for further analyses.

Dissection of the structural significance of (3-furyl)diphenylmethane
To investigate the importance of the triarylmethane structure and furan moiety for the
antiproliferative effect, we modified each of them (see the “for the second screen”
category in Supplementary Table S2). First, we synthesized chem50 and 51, which
lacked one benzene ring from chem7, and found that both lost the furan-dependent
antiproliferative effect (Fig. 3A; Supplementary Tables S1 and S2). In contrast, chem52
(bis(3-furyl)phenylmethane), which harbored two furan units in the triarylmethane
structure, caused cell death (Fig. 3A), presumably because of enhanced activity, as CLT
also induces apoptosis in human cells when used together with other anticancer agents
(Khalid et al. 1999).
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We further modified the structure of chem7 (chem53–60 in Supplementary Table S2;
Fig. 3B; Supplementary Fig. S1), and found that the antiproliferative effect was lost
when some substituents were installed on the benzene ring (chem54 and 55, compare
with chem53; Supplementary Tables S1 and S2; Supplementary Fig. S1), suggesting
that the electronic and steric properties of the adjacent benzene ring might be important
for access to the target protein. We also synthesized chem56–60, which had chemically
more stable furan derivatives than the intact furan, and found that all of them failed to
inhibit cell division (Fig. 3C; Supplementary Tables S1 and S2). Given that it has been
reported that furan is recognized by cytochrome P450 in human cells and metabolically
opened by oxidation (Kobayashi et al. 1987, Peterson et al. 2005, Hamberger et al.
2010), the furan unit might be transformed into some species possessing
antiproliferative activity in a similar fashion.

Effect on developing organs of Arabidopsis thaliana
We further tested whether chem7 could inhibit cell division during plant development
by focusing on various organs of A. thaliana. At first, we tested early embryogenesis by

16

using the live-cell imaging system of in vitro cultivated ovules, which we recently
established (Gooh et al. 2015). As similar to BY-2 assay, the concentration was 100 µM
for chem1 and chem7, and 1 µM for oryzalin in 0.1% DMSO. The embryonic nucleus
and

plasma

membrane

were

labeled

in

dual-color

fluorescent

marker,

pWOX2::H2B-GFP pWOX2::tdTomato-LTI6b, and the regular cell divisions of
embryos were clearly visualized in the control medium (DMSO in Fig. 4A;
Supplementary Movie S1; Gooh et al. 2015). Chem1 showed no effect on embryo
patterning, as in BY-2, while chem7 immediately arrested cell division as strongly as
oryzalin (Fig. 4A; Supplementary Movie S1), showing that chem7 can block the
developmental cell proliferation just after the zygotic division.
Next, to analyze the effect on root growth, 5-day-old seedlings were first grown on
chemical-free media and then transferred to new media containing 0.1% DMSO and 1
µM oryzalin, 100 µM chem1, chem7, or chem13 to compare the subsequent root
elongation (Fig. 4B). The root growth was not inhibited by chem1, but totally arrested
by chem7 as strongly as oryzalin and the cell-death-inducing agent, chem13 (Fig. 4B).
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Root elongation depends on cell proliferation in the proximal meristem (PM) at the root
tip. The PM is defined as the region between the quiescent center and the first elongated
cell in the cortex cell file, where transition zone (TZ) starts for cell differentiation
(brackets in Fig. 4C; Takatsuka and Umeda 2014). The PM size gradually decreased in
the presence of oryzalin (dotted bracket in Fig. 4C), and PMs were totally lost at 5 days
after treatment. The cellular arrangement in the PM was disorganized with expanding
cells and the generation of dead cells (arrowheads in Fig. 4C). Oryzalin also caused
massive nonpolar cell expansion, presumably by inducing polyploidization and
disrupting cortical microtubules (Fig. 4C; Kermani et al. 2003, Baskin et al. 1994). In
contrast, chem7 affected neither the cellular organization nor the cell morphology,
although the cells in PM gradually elongated and thus shifted into TZ (Fig. 4C, D). This
showed that chem7 blocked cell proliferation, but not cell differentiation and elongation,
although chem7 did not cause abnormal cell expansion unlike oryzalin. Note that at 5
days after the treatment, the roots had totally stopped growing (Fig. 4B) but the cellular
arrangement in PM was unaffected, rarely having dead cells (arrowhead in Fig. 4C).
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Furthermore, we also found that chem7 reduced the size of leaves and rosettes at a
similar level to oryzalin (Supplementary Fig. S2). Taken all together, we concluded that
chem7 can block cell proliferation regardless of tissues and organs.

Cell cycle-independent blocking of cell proliferation
The proliferation arrest without affecting cell morphology implied that chem7 might
rapidly inhibit cell division regardless of the cell cycle stage, in contrast to oryzalin,
which inhibits M phase but not S phase, and thus induces polyploidization (Kermani et
al. 2003). To test this idea, we analyzed the cell cycle state after agent application, using
A.

thaliana

that

expresses

(pCYCB1;2::CYCB1;2-YFP)

both
and

the
the

M
S/G2

phase-specific
phase-specific

cyclin

B

marker

CDT1a

marker

(pHTR2::CDT1a (C3)-RFP) (Iwata et al. 2011, Yin et al. 2014). In the root tip,
YFP-positive cells were abundant in the PM, marking cells at M phase in the mitotic
cycle (DMSO in Fig. 5; Iwata et al. 2011). On the other hand, RFP-positive cells were
observed over the entire region, representing cells at S/G2 phase in the mitotic cycle and
also the endocycle, where the S phase is repeated and the M phase is skipped to increase
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DNA ploidy in differentiated cells (Fig. 5; De Veylder et al. 2007, Edgar et al. 2014,
Takatsuka and Umeda 2014, Yin et al. 2014). Neither fluorescence pattern was affected
by the negative control, chem1 (Fig. 5). In oryzalin-treated roots, YFP-expressing cells
increased but RFP-positive cells decreased, suggesting M phase arrest (Fig. 5). This was
consistent with the fact that oryzalin inhibits chromosome alignment, and thus cells are
arrested at the spindle assembly checkpoint in the prometaphase-like stage (Yu et al.
1999). Finally, oryzalin caused the loss of fluorescent-positive cells at 5 days after
application, suggesting that these abnormally expanded cells were dying (Fig. 5). In
contrast, the application of chem7 just gradually reduced the size of the YFP-abundant
region while retaining both colors even at 5 days after application, consistent with the
gradual reduction of PM size (Fig. 5, compare with Fig. 4C). Therefore, we concluded
that the antiproliferative effect of chem7 was independent of cell cycle stage.

Plasticity of the antiproliferative effect
The absence of secondary defects caused by chem7 on cell morphology and viability
raised the possibility that cell division could be restarted after removal of the compound.
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To test this idea, we first incubated BY-GT16 for 8 hours with different compounds,
and then washed them out to perform live imaging (Fig. 6A). The cell division
frequency increased after the removal of chem7, but not after removal of chem13, as the
cells were already dead, or oryzalin, as the cells were round and expanded (Fig. 6A,
compare with Fig. 2A; Supplementary Table S1). A similar result was obtained using
roots of A. thaliana when 5-day-old seedlings were grown on chemical-containing
medium for 2 days and then transferred to a new medium that did not contain the agents
(Fig. 6B). The roots gradually restarted their elongation after rescue from
chem7-containing medium, and the root length at 3 days after the rescue was
significantly greater than in seedlings transferred from oryzalin- or chem13-containing
media, although the root was still shorter than DMSO- or chem1-treated roots (Fig. 6B).
These results indicated that chem7 was partially reversible.

Effects on other species
In order to assess whether chem7 is a plant-specific antiproliferative inhibitor or also
acts on animal cells, we utilized HeLa.S-Fucci2, a human cervical cancer cell line
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expressing a fluorescent cell cycle marker (Fluorescent Ubiqutination-based Cell Cycle
Indicator; Sakaue-Sawano et al. 2011). We cultured the cells in the presence of STLC,
chem1 or chem7 at 1, 10, or 100 µM in 0.2% DMSO for 2 days and tested their effects
on cell proliferation using a MTS assay that quantifies living cells (Cory et al. 1991).
STLC severely affected cellular viability even at 1 µM (Fig. 7A). On the contrary,
chem7 had no effect at 1 or 10 µM, and had only a mild effect at 100 µM, which was
comparable to chem1 (Fig. 7A). We also investigated the effect of these chemicals on
cell cycle progression. Fucci2 is a genetically encoded cell cycle indicator composed of
two chimeric fluorescent proteins, mCherry-hCdt1 and mVenus-hGem (Sakaue-Sawano
et al. 2011). Reciprocal accumulation of these two proteins turns cell nuclei red in G1
phase and green in the S/G2/M phases (Sakaue-Sawano et al. 2011). We added
compounds to the cell culture at the indicated concentrations and performed time-lapse
imaging (Fig. 7B). In the presence of 1 µM STLC, we observed the accumulation of
round-shaped cells that emitted green fluorescence followed by cell death (arrowhead in
Fig. 7B). These results suggested that STLC blocks the cell cycle in the M phase, which
is consistent with a previous report (Skoufias et al. 2006). In contrast, no obvious
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differences in cell cycle progression were observed between cells treated with DMSO
and 100 µM of chem7 (Fig. 7B), and the proliferation of chem7-treated cells was not
reduced compared to DMSO-treated cells (Supplementary Table S3).
We also tested a budding yeast (Saccharomyces cerevisiae). Live imaging showed
logarithmic growth in the presence of DMSO or 100 µM chem1, and similar
proliferation was observed when 100 µM chem7 was present (Supplementary Fig. S3).
In contrast, this proliferation was inhibited by 100 µM chem13, although cell
morphology was not markedly affected (Supplementary Fig. S3). Chem13 induced cell
death in BY-GT16 (and presumably also in A. thaliana), suggesting that triarylmethane
derivatives have different roles in different species.
Taken together, our results suggested that chem7 might inhibit mechanisms specific to
plant species.
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Discussion
Biological screening based on desired chemical synthesis
In the past decade, chemical genetic screening has appeared as a powerful tool to study
biological mechanisms, instead of genetic screening based on random mutations in the
genome (Spring, 2005). In conventional chemical genetic screening, commercially
available libraries including diverse compounds are utilized to identify specific
molecules that can cause an expected phenotype (Irwin 2006, Yoneda et al. 2007). In
contrast, we focused on a unique structure, triarylmethane, some derivatives of which
inhibit crucial events of animal cell division, and created various derivatives ourselves.
By the first screen utilizing the time-lapse imaging of tobacco cell culture, the novel
inhibitor (3-furyl)diphenylmethane (chem7) was identified, and we further synthesized
new molecules to identify which chemical properties were necessary for its
antiproliferative activity. This is the advantage of combining desired chemical synthesis
and direct observation of cell proliferation. We hope that this work will be a new
example of the combinational research of synthetic organic chemistry and live-cell
imaging to identify specific inhibitors. In addition, we also combined the analysis of
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various organs and species, including not only plants, such as tobacco and A. thaliana,
but also human and yeast, which enabled us to identify the specific effect of
(3-furyl)diphenylmethane on the cell proliferation of plants.

The role of (3-furyl)diphenylmethane in cell proliferation
We found that (3-furyl)diphenylmethane worked regardless of the cell cycle stage and
did not have severe effects on cell size, viability, or pattern formation. These features,
together with reversibility, are beneficial for the use of this agent as an effective and
temporary cell division inhibitor. So far the minimum effective concentration of
(3-furyl)diphenylmethane is 100 µM, which is relatively high to use as a conventional
agent, and thus further structural modification to improve water solubility will be
needed to minimize the effective dose of (3-furyl)diphenylmethane.
It is also important to identify the target of (3-furyl)diphenylmethane to understand its
inhibitory mechanism. One possible candidate for the target protein might be a kinesin,
since STLC directly binds to the catalytic domain of a human kinesin, Eg5 (Skoufias et
al. 2006). However, this is unlikely because STLC itself did not affect the cell
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proliferation of BY-2 even at a 100-times higher concentration than the effective
concentration in human cells, and all known kinesins in A. thaliana (61 genes) are
predicted to function in microtubule-related regulation, such as spindle assembly and
the formation of the preprophase band at M phase (reviewed in Zhu and Dixit, 2012).
Therefore this idea cannot explain the different effects of (3-furyl)diphenylmethane
from the strong microtubule inhibitor, oryzalin.
Another candidate might be some regulator of the production and/or uptake of essential
nutrients, such as sucrose, nitrogen, and phosphate. For example, phosphate starvation
increases sensitivity to the plant hormone auxin in the root meristem to halt cell
proliferation (López-Bucio et al. 2002, Pérez-Torres et al. 2008). This idea would
explain

that

the

cell

proliferation

activity

was

partially

restored

after

(3-furyl)diphenylmethane was washed out, as plants can restart the growth after
starvation ends. The fact that the cell proliferation was not fully restored after the
removal of (3-furyl)diphenylmethane suggests the possibility that this compound has a
potential reactivity causing irreversible cell damage or that the excessive cell
differentiation exhausts the proliferating cells as the PM was reduced in roots.
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Identification of the (3-furyl)diphenylmethane target would show us the exact inhibition
mechanism of plant cell proliferation.
How can we identify the target protein? Given that the usual triarylmethane contains
two intact benzenes and one specifically modified benzene ring, we predict that binding
would occur as follows: the two hydrophobic benzenes bind to hydrophobic residues
surrounding the core catalytic site of the target protein to stably hold the compound, and
the specific benzene ring perturbs the core site. This idea is supported by our findings
that the two intact benzenes are both required for the antiproliferative activity of
(3-furyl)diphenylmethane. Our finding that the inhibitory effect was lost by stabilizing
the furan unit might imply that this unit is metabolically modified to an active form,
similarly to the known metabolic pathway of cytochrome P450 that opens the furan ring
(Kobayashi et al. 1987, Hamberger et al. 2010). Therefore, a plausible way of
identifying the target would be conjugating a PEG chain at the benzene junction of
(3-furyl)diphenylmethane to leave all rings intact and to connect this compound to a
protein adhesion column to collect the target proteins from a crude extract of BY-2 cells
(reviewed in Ziegler et al. 2013).
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Materials and Methods
General procedure for synthesis of triarylmethane derivatives
A 10 mL sealable glass vessel containing a magnetic stirring bar was flame-dried under
a vacuum and filled with argon after cooling to room temperature. In the case of
chem13,

allylpalladium

chloride

dimer

(1.8

mg,

5

µmol),

1,3-bis(2,6-diisopropylphenyl)imidazolinium chloride (4.3 mg, 10 µmol), dry dioxane
(0.25 mL), and 1 M NaOHaq (0.3 mL, 0.3 mmol) were added to the glass vessel at
room temperature under a stream of argon. After stirring the mixture at this temperature
for

30

min,

diphenylmethyl

phenyl

sulfone

(30.8

mg,

0.1

mmol),

3-hydroxyphenylboronic acid (27.6 mg, 0.2 mmol), and dry dioxane (0.25 mL) were
added, and then the vessel was sealed. The mixture was stirred at 120 °C for 12 hours.
After cooling to room temperature, the mixture was passed through a pad of silica gel
with copious washings with EtOAc (~15 mL). The filtrate was concentrated under
reduced pressure. The crude product was purified by PTLC (hexane:EtOAc = 10:1) to
give diphenyl(3-hydroxyphenyl)methane (chem13, 12.2 mg, 47%) as a white solid. The
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method used to synthesize other compounds is described in Supplementary Methods
and is also available upon request. Detailed methods and data sets of each product, such
as 1H and 13C NMR spectra, are also shown in Supplementary Methods.

Strains and growth conditions
All strains of Arabidopsis thaliana were in Columbia background. A. thaliana was
grown in Petri dishes containing 1.5% agar medium and 1/2 Murashige and Skoog (MS)
medium, or on soil under continuous light at 18–22°C. The HeLa.S-Fucci2 cell line was
provided by RIKEN BRC. Cells were cultured under 5% CO2 at 37°C in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100
units/mL penicillin and 100 mg/mL streptomycin. The budding yeast strain AH109 was
grown according to the Yeast Handbook (Clontech, https://www.clontech.com).
Tobacco BY-GT16 and BY-GTRC cells were maintained as previously described
(Kumagai

et

al.

2001,

pWOX2::tdTomato-LTI6b

Kurihara
were

et

described
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al.

2008).

previously

pWOX2::H2B-GFP
(Gooh

et

al.

and

2015).

pCYCB1;2::CYCB1;2-YFP and pHTR2::CDT1a (C3)-RFP were also described
previously (Iwata et al. 2011, Yin et al. 2014).

Live imaging and screening
For time-lapse imaging of BY-GTRC and BY-GT16 strains, 3- or 4-day-old cell culture
were used. The BY-GTRC cells were mounted on a cover slip with a gas-permeable
sheet (Opticell; Nunc, http://www.thermofisher.com/). The BY-GT16 cells were diluted
in the culture media to 1/10~1/20, and 1 mL of the diluted cells were mixed with 1 µL
of stock solution of each chemical compound (100 mM of triarylmethane derivatives or
1 mM of oryzalin in 100% DMSO); i.e. the final concentration is 100 µM
triarylmethane derivatives or 1 µM oryzalin with 0.1% DMSO. The 100 µL of the
mixed

cell

was

transferred

into

a

96-well

glass

bottom

plate

(Greiner,

http://www.greinerbioone.com/), and time-lapse imaging was started (0 hr) at
approximately 1 hour after the chemical mixing.
Time-lapse imaging was performed using an inverted confocal microscope system with
a stable incubation chamber (CV1000; Yokogawa Electric, http://www.yokogawa.com)
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equipped with 488-nm and 561-nm lasers (Yokogawa Electric) and EMCCD camera
(ImagEM

C9100-13;

Hamamatsu

Photonics,

http://www.hamamatsu.com/jp/en/index.html). Images of BY-GTRC were acquired
using

a

40×

objective

lens

(40x

UPLSAPO,

NA

=

0.95;

Olympus,

http://www.olympus-global.com/en/network/) at 7 z-stacks with 5-µm intervals every
10 min for 24 hours. Images of BY-GT16 were collected using a 10× objective lens
(10× UPLSAPO, NA = 0.40; Olympus) at 10 z-stacks with 10-µm intervals every 10
min for 24 hours. We used the band-pass filters of 520/35 nm for GFP and 617/73 nm
for RFP, and two positions in two replicates were observed for each compound. To test
the agent removability, BY-GT16 was incubated with each compound for 8 hours
without imaging, and then the medium was replaced with a fresh medium for time-lapse
imaging as above.
Live imaging of A. thaliana embryogenesis was performed using in vitro ovule
cultivation method (Gooh et al. 2015), except for the microscope system, where the
CV1000 was used with a 40× objective lens.
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For live imaging of yeast cells, an overnight culture was 100-fold-diluted and placed in
the CV1000 using a similar setting to BY-GT16 but with a 40× objective lens.
For live imaging of the HeLa.S-Fucci2 cell line, cells were plated onto a 96-well glass
bottom plate at a density of 5 × 103 cells/well. After 24 hours of culture, compounds
were added to the cells and they were placed in the CV1000. Images were acquired
every 30 min with a 40× objective lens under 5% CO2 at 37°C. mCherry-hCdt1 and
mVenus-hGem were excited by 488- and 561-nm laser lines, respectively. We used two
band-pass filters of 520/35 nm for mVenus and 617/73 nm for mCherry.
Same stock solutions were used for all assays, and thus the final concentration of
DMSO was always 0.1%, only except for the human cell assays, where cultures were
treated with 500-fold concentrated stocks dissolved in 100% DMSO, and thus the final
concentration of DMSO in the culture media was 0.2%. For dilution series experiments,
the stock solutions were at first diluted in 100% DMSO, and they were used as
1000-fold stock solution for each dilution series (i.e. the final concentration of DMSO
was 0.1%).
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Histological analysis
To examine the cell arrangement in the root, root tips were stained with 10 µg/mL PI
solution (Sigma, http://www.sigmaaldrich.com/sigma-aldrich/home.html) and observed
using

a

confocal

laser-scanning

microscope

(LSM780;

Carl

Zeiss,

http://www.zeiss.com/microscopy/en_de/home.html) with a 20× objective lens (20×
Plan-APOCHROMAT, NA = 0.80; Zeiss). The PI emission signal was detected
between 560 and 735 nm with 561-nm excitation. LSM780 was also used to observe
roots expressing pCYCB1;2::CYCB1;2-YFP and pHTR2::CDT1a (C3)-RFP. The
emission signal of YFP was detected between 491 and 558 nm with 488-nm excitation,
and that of RFP was detected between 570 and 649 nm with 561-nm excitation. The
length of A. thaliana roots was measured with the MBF ImageJ software.

MTS assay for cell viability
HeLa.S-Fucci2 cells were plated onto clear 96-well plates at a density of 8 × 102
cells/well and cultured in DMEM supplemented with 10% FCS. After 24 hours of
culture, compounds were added with the cells at the concentrations indicated in Fig. 7A,
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and incubated further for two days. DMSO was used as a vehicle in this experiment, the
concentration of which was 0.2%. MTS assay was performed using the CellTiter 96
AQueous One Solution Cell Proliferation Assay (Promega, http://www.promega.com/)
according to the manufacturer’s instructions. Briefly, 20 µL of MTS solution was added
to each well containing 100 µL of medium and incubated for 1 hour at 37°C.
Absorbance at 490 nm was monitored by a microplate reader.
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Legends to figures
Fig. 1 Combination of synthetic chemistry and live-cell imaging to create novel drugs
that affect plant cell proliferation.
(A) Schematic procedure of modular synthesis of triarylmethane derivatives. Two
sequential C–H arylations and a desulfonative Suzuki–Miyaura cross coupling convert
methyl phenyl sulfone to triarylmethanes. (B) Time-sequence observation of the cell
division behavior of BY-GTRC. Arrowheads indicate spindle formation in dividing
cells. Numbers indicate the time (hr: min) from the first frame. GFP-α-tubulin (green)
and RFP-CenH3 (magenta) are merged. (C) Schematic procedure of the screening. Each
triarylmethane derivative was mixed with fluorescently labeled BY-2 cells in a 96-well
glass bottom plate, and time-lapse imaging was performed with an automated confocal
microscope to screen the compounds that affect cell proliferation activity.
Scale bar, 40 µm.

Fig. 2 (3-Furyl)diphenylmethane was identified as a cell division inhibitor among newly
generated triarylmethane derivatives.
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(A) Time-sequence observation of the cell division behavior of BY-GT16 (BY-2 cells
expressing p35S::GFP- α -tubulin) in the presence of the indicated compounds.
Arrowheads show dividing cells, which formed spindles at the respective timing, and
actually divided in the later time frames. The right panels are merged GFP and bright
field images showing cell viability. (B) Structure of triarylmethane derivatives. Various
functional groups were placed at the Ar position (green); these derivatives are
categorized based on their effects on BY-2 cells.
Oryzalin and each triarylmethane derivative were added at 1 and 100 µM, respectively,
in 0.1% DMSO. Scale bar, 40 µm.

Fig. 3 Triarylmethane structure, adjacent benzene rings, and reactive furan unit are all
crucial for antiproliferative activity.
(A, C) Time-sequence observation of the cell division behavior of BY-GT16 in the
presence of the indicated compounds. Arrowheads show dividing cells. The right panels
are merged GFP and bright field images. (B) Structure of triarylmethane derivatives
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containing a furan unit. Various functional groups were placed at the Ar position (blue);
these derivatives are categorized based on their effects on BY-2 cells.
Each triarylmethane derivative was added at 100 µM in 0.1% DMSO. Scale bars, 40
µm.

Fig. 4 (3-Furyl)diphenylmethane is sufficient to block cell division in various organs of
Arabidopsis thaliana.
(A) Time-sequence observation of embryogenesis in the presence of the indicated
compounds. Nucleus and plasma membrane of the embryos were labeled with
pWOX2::H2B-GFP (green) and pWOX2::tdTomato-LTI6b (magenta), respectively.
(B) Root length of A. thaliana after the indicated compounds were applied to seedlings
5 days after germination (DAG). Error bars represent SD (n ≥ 19). The values at 5 days
after chemical application were not significantly different between DMSO and chem1,
or among oryzalin, chem7 and chem13, but these two groups were significantly
different from each other (P < 0.01, Tukey-Kramer test). (C) Roots stained with
propidium iodide (PI). Roots were observed on the indicated days after the application
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of each compound. Solid and dotted brackets show proximal meristems (PMs) and
unclear PM regions in chem7- and oryzalin-treated roots, respectively. Arrowheads
indicate dead cells, which were fully stained by PI. (D) Cell number in PMs of (C) at 1
and 2 days after application of the indicated compounds. Error bars represent SD (n = 2).
Significant difference from the value of DMSO-treated roots was determined by the
Dunnett's test (P < 0.01 (**) or P < 0.05 (*)) in (D). Ns, not significant. Note that cell
number was not counted in oryzalin-treated roots, since the region of PM was unclear as
shown in (C).
Oryzalin, chem1 and chem7 were added at 1, 100 and 100 µM, respectively, in 0.1%
DMSO. Scale bars, 10 µm (A), and 100 µm (C).

Fig. 5 (3-Furyl)diphenylmethane acts independently of the cell cycle stage.
A.

thaliana

roots

expressing

pHTR2::CDT1a

(C3)-RFP

(magenta)

and

pCYCB1;2::CYCB1;2-YFP (green), labeling cells in S/G2 and M phase, respectively.
Roots were observed on the indicated days after the application of each compound.
Brackets show the region where YFP- and RFP-positive cells are both abundant.
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Oryzalin, chem1 and chem7 were added at 1, 100 and 100 µM, respectively, in 0.1%
DMSO. Scale bar, 100 µm.

Fig. 6 Effect of (3-furyl)diphenylmethane is partially reversible.
(A) Time-sequence observation of BY-GT16 after removal of the indicated compounds
following incubation for 8 hours. Arrowheads show dividing cells, and the right panels
are merged GFP and bright field images. (B) Root length of A. thaliana after removal of
the indicated compounds following incubation for 2 days (day −2 and −1). Error bars
represent SD (n ≥ 20). The values at 3 days after removal were not significantly
different between DMSO and chem1 or between oryzalin and chem13, but both groups
showed significant difference from each other and from chem7 (P < 0.01,
Tukey-Kramer test).
Oryzalin, chem7 and chem13 were added at 1, 100 and 100 µM, respectively, in 0.1%
DMSO. Scale bar, 40 µm.

Fig. 7 (3-Furyl)diphenylmethane does not inhibit the growth of human cells.
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(A) Viability of HeLa.S-Fucci2 cells accessed by MTS assay. The number of viable
cells after 3 days exposure to the indicated compounds is expressed as a percentage of
the DMSO-treated control. Error bars represent SD (n = 4). (B) Time-sequence
observation of the cell cycle progression of HeLa.S-Fucci2 cells in the presence of the
indicated compounds. Red and green fluorescence were emitted from mCherry-hCdt1 (a
G1 phase marker) and mVenus-hGem (a marker of the S/G2/M phases), respectively.
Yellow and white arrowheads indicate the cells before and after division, respectively
Arrows indicate a cell arrested at M phase and then undergoing cell death.
STLC and chem7 were added at 1 and 100 µM, respectively, in 0.2% DMSO. Scale bar,
25 µm.
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Supplementary Fig. S1 Effects of other triarylmethane derivatives.
Time-sequence observation of the cell division behavior of BY-GT16 in the presence of the
indicated compounds. Arrowheads indicate dividing cells. The right panels are merged GFP and
bright field images showing cell viability. Each compound was added at 100 µM in 0.1% DMSO.
Scale bar, 40 µm.
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Supplementary Fig. S2 Effects of (3-Furyl)diphenylmethane on shoot growth.
Shoot structures of 21-day-old Arabidopsis thaliana plants (16 days after application of the
indicated compounds). Oryzalin and chem7 were added at 1 and 100 µM, respectively, in 0.1%
DMSO. Scale bar, 1 cm.
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Supplementary Fig. S3 (3-Furyl)diphenylmethane does not inhibit the proliferation of yeast.
Time-sequence observation of the proliferation of a budding yeast (Saccharomyces cerevisiae)
in the presence of the indicated compounds. Each compound was added at 100 µM in 0.1%
DMSO. Scale bar, 10 µm.

