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 Colchicine is an example of tublin-binding drugs. Based on this structure, Photostatin (PST) 
and Combretastatin A4 (CA4) were developed. Upon irradiation of light, azobenzene group of 
PST shows cis-trans isomerization and only cis isomer possesses tublin-binding anticancer 
activity. It has been reported that anticancer activity is maintained even if hydroxyl group of 
PST was modified with phosphate group to form a prodrug.1) In this study, we developed 
anticancer prodrugs which improved water solubility by modifying tublin-binding drugs to the 
end of DNA via phosphoramidite chemistry.2) 
 We synthesized PST amidite monomer. Coupling reaction by automatic DNA synthesizer 
revealed that the PST unit can survive normal deprotection condition. Moreover, it was 
confirmed that structural changes of PST also occur in the DNA by light irradiation. 
Introduction of PST improved double strand stability according to Tm measurements. Finally, 
anticancer activity test was conducted. 
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 チューブリンに結合して作用する抗がん剤の一つとして Colchicine があり、その構

造を基に PST や CA4 が開発されている。特に、PST は光照射によりアゾベンゼン骨

格が cis-trans 異性化し、cis 体のみが抗がん活性を示す。PST の水酸基にリン酸基を

修飾してプロドラッグ化しても、抗がん活性を保持することが報告されている１）。本

研究では、これらの抗がん剤をホスホロアミダイト法２）により DNA 末端に修飾する

ことで、水溶性を高めたプロドラッグを開発した。 
 実際に、PST アミダイトモノマーを合成し、DNA 自動合成機を用いてカップリン

グ反応を行ったところ、PST ユニットは通常の脱保護条件に耐えることが明らかとな

った。さらに、光照射によって DNA 中の PST に構造変化が生じること、Tm 測定に

よって PST の導入が二重鎖安定性を向上させることを確認した。最後に、抗がん活

性試験を行った。 
 
 
 
 
 
 
 
 
1) M. Borowiak et al., Cell 2015, 162, 403-411. 
2) H. Asanuma, et al., Nat. Protoc. 2007, 2, 203-212. 

Fig. 1 Schematic illustration of this study. 
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three CA4 derivatives have progressed to clinical trials (Tozer
et al., 2002; Tron et al., 2006). The CA4 pharmacophore is a
trimethoxybenzene ring held cis to a low-steric-demand,
methoxy-bearing arene (Bhattacharyya et al., 2008). Crucially,
trans-CA4 is several orders of magnitude less potent than the
cis isomer (Tron et al., 2006). We replaced the bridging C=C
double bond of the stilbenoid combretastatins with an isosteric
N=N double bond to give the azobenzene PSTs, which can be
trans4cis photoisomerized with full reversibility and excellent
photostability over many cycles by low intensity visible light (Fig-
ure 1). We anticipated that the cis-PSTs would reproduce the
valuable pharmacology of CA4, while their trans isomers would
be biologically inactive. We aimed to reversibly photoswitch
PSTs between the cis and trans isomeric forms in situ, to turn
their bioactivity on and off, with high spatiotemporal precision,
inside living cells and organisms.

We synthesized a series of PSTs (PST-1–PST-5) by diazonium
coupling, in two to four synthetic steps (Figure 1 and Supple-
mental Information) (Thorn-Seshold et al., 2014). Considering
the solubility problems that have hampered the combretastatins,
we also prepared PST-1P and PST-2S, as azobenzene analogs
(‘‘azologues’’) of two nonspecific combretastatin prodrugs that
have entered Phase III clinical trials: PST-1P is an azologue
of CA4 phosphate (known as CA4P or ‘‘fosbretabulin’’) and

PST-2S is an azologue of the serinyl anilide ‘‘ombrabulin’’ (Oh-
sumi et al., 1998; Pettit and Rhodes, 2009). Lastly, PST-1CL
was synthesized to explore dual optical-and-biochemical target-
ing via exopeptidases (Thorn-Seshold et al., 2012).
The switching of the PSTs was demonstrated by UV-Vis spec-

troscopy (Figure 1D and Supplemental Information, Part B). All
compounds were rapidly and fully reversibly photoswitched in
phosphate-buffered saline (PBS) buffer, without degradation
overhundredsofcycles,by low-power illumination. Theirpara-me-
thoxy substituents enable PSTs to be trans4cis photoswitched
using visible light (Knoll, 2003), benefiting in vivo compatibility:
380–420 nm light gives approximately 90% cis isomer, which
bears the CDI pharmacophore; longer wavelengths give
decreasing cis percentages until 500–530 nmgives approximately
85% trans isomer, which does not bear the pharmacophore (Fig-
ure S1A). In the dark, spontaneous (unidirectional) cis/trans
isomerization leads to 100% trans isomer, with half-lives t, ranging
from 0.8–120 min (Figure S1B), being modulated by the substitu-
tionpattern (Knoll, 2003).Thisprocessactsasasafetymechanism,
whereby the concentration of bioactive cis isomer will drop to zero
unless blue light pulsesare reapplied on the timescale of this rever-
sion half-life. Therefore, even without using green light to actively
switch off the PSTs, any cis-PST diffusing into a non-illuminated
area, or remaining after a period of illumination, will spontaneously
and rapidly be isomerized to trans, thus spatiotemporally restrict-
ing the PSTs’ inhibitory bioactivity to illuminated zones only.

TheToxicity of PSTsDepends on IlluminationConditions
The potency, robustness, and light-specificity of the PSTs’ bio-
logical effects were directly assessed in cellulo. Trans-PSTs
were assayed by shielding experiments from light (100% trans;
‘‘dark regime’’), while cis-PSTs were assayed by applying a
‘‘toxic regime’’ of frequently pulsed, short illuminations (e.g.,
75 ms pulses of 390 nm light every 15 s). To apply these illumi-
nations in cell culture, we hand-built a cheap, computerized
LED lighting system to illuminate > 30 well plates separately
with independent wavelengths and timings (Figure S6 and
Supplemental Information). Crystal violet assays in the MDA-
MB-231 human breast cancer cell line showed that PSTs
are powerfully cytotoxic under the toxic lighting regime, but
not in the dark. Their EC50 values of 0.5–5.4 mM under the toxic
regime represent potencies up to 100 times greater than under
the dark regime (Figures 2A and 2B and Figures S2A–S2I),
and closely similar results were obtained for the PSTs’ light-
dependent cytotoxicity in HeLa (cervical cancer) cells (Figures
S2J–S2N).
We then investigated the dependency of the PSTs’ bioactivity

on the irradiating wavelength in detail. We examined the prolifer-
ation of HeLa cells exposed to PST-1P, after pulsed illuminations
at a range of wavelengths from 370–535 nm, by MTT assay (Fig-
ures 2C and 2D). Illumination at 380–390 nm gave the most
potent cytotoxicity, while the dose-response curves for wave-
lengths up to 525 nm were translated progressively higher con-
centrations by factors that match the relative trans/cis ratios at
those wavelengths (Figure S1C). This supports the conclusions
that the choice of illuminating wavelength determines the con-
centration of the cis form generated, and that this cis concentra-
tion is the primary determinant of the PSTs’ bioactivity. For
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Figure 1. Design, Synthesis and Switching of the Photostatins
(A) Structural comparison of PSTs with colchicine and CA4 (the pharmaco-

phore is indicated in blue).

(B) Synthesis and switching of representative compound PST-1: only the cis

isomer displays the CDI pharmacophore.

(C) PST prodrugs that are unmasked by enzymes.

(D) PST-1 is rapidly and reversibly photoswitched, with excellent photo-

stability, by alternating 388 nm (violet) and 508 nm (green) illuminations (plot:

absorbance at 378 nm, in PBS; see also Figures S1A and S1B).
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