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Abstract: The reversible modulation of fluorescence signals
by light is of high interest for applications in super-resolution
microscopy, especially on the DNA level. In this article we
describe the systematic variation of the core structure in
nucleoside-based diarylethenes (DAEs), in order to generate
intrinsically fluorescent photochromes. The introduction of
aromatic bridging units resulted in a bathochromic shift of
the visible absorption maximum of the closed-ring form, but
caused reduced thermal stability and switching efficiency.
The replacement of the thiophene aryl unit by thiazol

improved the thermal stability, whereas the introduction of a
benzothiophene unit led to inherent and modulatable turn-
off fluorescence. This feature was further optimized by
introducing a fluorescent indole nucleobase into the DAE
core, resulting in an effective photoswitch with a fluorescence
quantum yield of 0.0166 and a fluorescence turn-off factor of
3.2. The site-specific incorporation into an oligonucleotide
resulted in fluorescence-switchable DNA with high cyclization
quantum yields and switching efficiency, which may facilitate
future applications.
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Introduction

Light is a powerful and non-invasive trigger that offers the
opportunity to modulate biological functions with high spatial
and temporal resolution.™” However, light modulation requires
the introduction of a photochromic unit if the biomacromole-
cule is not light sensitive by itself, which applies to most
biomolecules, and especially to DNA. As the efficiency of
photomodulation of DNA structure and function will be highest
when the photochrome is as close as possible to the
oligonucleotide, a synthetic method is desirable that makes a
nucleobase part of the photoswitchable unit. Diarylethenes
(DAEs) offer high potential for this task and have been applied
in various fields, such as materials science® " or biological
chemistry.'>'¥ Classical DAEs evolved from the stilbenes by
fixating the double bond into a cyclic system and exchanging
the phenyl rings by heteroaryl (most commonly thiophene)
units. Finally, the introduction of two methyl groups on the
reactive a-carbons of the thiophene rings led to highly fatigue-
resistant and thermally stable photoswitches.®!
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Our lab developed a number of 2'-deoxyuridine- and 2'-
deoxy-7-deazaadenosine-based DAEs, in which the nucleoside
(natural enantiomer) replaced one of the thiophene rings of
dithienylethenes, and demonstrated their use in enzymatic
reactions as well as in nanotechnology applications (Fig-
ure 1A)."*" The comprehensive variation of the substituents at
the thiophene moiety led to the identification of 3 high-
performance photoswitches with near-quantitative back-and-
forth switching and high photo- and thermal stability."®' These
properties were maintained in the environment of an oligonu-
cleotide, and thus allowed the reversible modulation of
enzymatic RNA synthesis by light."® However, our optimization
failed to achieve the desired strong red-shift of the visible
absorbance maximum of the closed-ring form (CF). No matter

A Bridge

FF
F F,
B F,
O = P
i R? S R? ,S. R?

R" g
22 2P
0/ “o ) 0’/ “o o \‘0
R'=Et, iBu R' = Et, Bu
R’ = PhCONHC(CH,R), R’ = PhCONHC(CH.R),

Figure 1. A) Isomerization reaction of dU -based DAEs."® The different parts
of the DAEs are marked. All nucleosides shown in this manuscript are the 2'-
deoxy-D-ribofuranose derivatives. This graphical presentation was chosen in
order to correspond to the nomenclature Nucleoside®ridse-Aml-Substituent Theo
red shadow of the core structure indicates the colour of the CF in solution.
B) Isomerization reaction of a turn-on mode fluorescent DAE.?" The green
glowing indicates the green fluorescence of the CF.
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which thiophene substituent we chose, A, turned out to be
limited to 505-510 nm,"®'® which will likely limit future
applications in biological tissues. Another interesting property
known from certain classical DAEs is intrinsic, switchable
fluorescence. Most of those photoswitches possess a fluores-
cent open-ring form (OF), the fluorescence of which is
quenched by closing the DAE (turn-off mode).”” Recently, a
class of DAEs was reported that bear oxidized benzothiophenes
as aryl units, which induce a turn-on mode fluorescence with a
strongly fluorescent CF isomer (Figure 1B).?" These DAEs were
applied in super-resolution imaging (RESOLFT) where two
distinguishable states (fluorescence on or off) are used to
overcome the diffraction limit of light."*® However, this
approach was so far only applied to proteins whereas for
nucleic acids imaging such DAE based systems do not yet exist.
Super-resolution imaging of nucleic acids has been performed
with intercalating fluorescence dyes, but the application in
living cells was difficult due to reductive conditions needed to
induce a metastable dark state.”>?” Other approaches are based
on the tagging with fluorogenic aptamer-dye combinations,?”
which may alter interaction, localization or stability in vivo, or
fluorescent in situ hybridisation (FISH),?**® which faces delivery
challenges in live cells

In this article we therefore aimed at modifying our
established dU-photoswitch architecture in a way that we can
achieve a large bathochromic shift of A,,,.i; and also introduce
switchable intrinsic fluorescence for future applications in
super-resolution microscopy.

Results and Discussion
Exchange of the bridging unit

In order to investigate the influence of the bridging unit, 3
different buildings blocks (benzothiophene (BT), benzofuran
(BF) and methylthiophene (MT)) were selected to replace the
cyclopentene. Towards this end, a general synthesis route was
established involving a sequence of Suzuki-couplings. The route
starts from thiophene boronic acid 1, which was reacted in a
Suzuki coupling to yield the intermediate 2", In the next step
another Suzuki reaction with the bridging unit followed, to
generate 3X® and 4, which were then lithiated, borylated and
coupled to 5-iodo-deoxyuridine to yield the final photoswitches
dUB™-TPR - qUBFTPR - qUMT-TP-PR (Figure 2A, for nomenclature
definition see Table 1). As thiophene (TP) substituents R, 4
different moieties ranging from weakly electron-donating (Np)
over electron neutral (Ph) to slightly electron-withdrawing (2Py,
4Py) were chosen. These substituents had been shown to
improve the fatigue resistance, thermal stability and the
composition of the PSSY for cyclopentene-bridged dU-based
DAEs."™ BT, BF and MT were introduced with the aim to shift
the absorbance in the visible wavelength range in a bath-
ochromic manner, as the conjugated m-system of the CF gets
extended by the introduction of these bridging units. To our
delight, all new DAEs showed photochromism (Figure 2B, Fig-
ure S1), and A..is Of the CF was bathochromically shifted up to
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Figure 2. A) Introduction of different bridging moieties: a) R(BBOH),, Pd(dppf)-
Cl,, Na,CO;, THF, 75 °C. b) benzo[b]thiophen-3-ylboronic acid/benzofuran-3-
ylboronic acid, Pd(PPh,),, DME/H,0, 75°C. ) 1. n-BuLi, B(OBu);, THF, 2. 4-
bromo-2-methylthiophene, Pd(PPh;),, Na,CO;, DME/H,0, 75°C. d)/e) 1. n-
BuLi, B(OBu),, THF, 2. dUI, Pd(dppfCl,, Na,COs, THF/H,0, 75°C. The different
parts of the DAE are marked. B) Isomerization reaction of the modified
photoswitches. C) Absorption spectrum of dUB™™-2%,

110 nm, in comparison with the cyclopentene-bridged parent
switches (Table 1). The benzothiophene-and methylthiophene-
bridged compounds showed the strongest red-shifts, mostly
independent of the substituents, emphasizing the high impact
of the bridging unit on the entire chromophoric system
(Figure 2C). The heteroatom in the 5-membered ring of the
bridging unit is of high importance, which is reflected in the
smaller bathochromic shift of XA .. (~540 nm) for the
benzofuran bridge. This difference is likely due to the higher
aromaticity of the benzothiophene and methylthiophene in
comparison to benzofuran, leading to a stronger delocalisation
of the m-electrons.”**” For all photoswitches, full conversion to
the OF was observed after irradiation with visible light. Further
investigation of the photophysical properties revealed a high
reversibility of back-and-forth switching (92-99%, defined as
the relative amount of CF isomer formed after 10 switching
cycles, Table 1, Figure S2).

This result indicates that the cyclization and ring opening
reaction proceed without significant side reactions.”"” The
thermal stability is strongly dependent on the substituent on
the thiophene ring, where photoswitches with electron-with-
drawing moieties (2Py, 4Py) showed the highest thermal half-
lives at 25°C (Table 1, Figure S3). In general, the thermal half-
lives are lower than for cyclopentene-bridged deoxyuridine
DAEs, which may be due to the difference in enthalpy between
OF and CF. During the cyclization reaction, the aromatic
stabilization energy of the benzofuran, benzothiophene and
methylthiophene bridge is lost and therefore the CF is higher in
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Table 1. Photophysical properties of photoswitches with different bridging units. Nomenclature: Nucleoside®rdoe-Am!-Substituent

dUBT_TP_No (BT TP_Ph | JBT_TP_2Py  |JBT_TP_4Py (|J BF_TP_Np o |J BF_TP_Ph ] | J BFTP_2Py (| JEF_TP_4Py f | JMT_TP_Ph

NE g Tnor]® 563 563 565 560
g [10°M'em ™ 10.00 8.38 8.76 8.14
reversibility [%]" 95 97 96 90
thermal stability [h] a5 @5 13 21
PSS [%]” 68 68 69 68
P I 0.42 0.50 0.42 0.43
dggnm ol 0.20 0.24 0.19 0.18
&8 0.16™ 018" 016" 047"
Poc /g0 2.10 2.08 2.21 2.39

553 549 544 539 580
12.51 1022 1278 10.30 13.35
95 98 98 97 92
26 & 34 25 26
62 48 57 56 54
0.21 0.19 0.28 0.32 0.26
0.28 0.22 0.22 0.28 0.16
024" 019" 022" 0.29" 0.14"
0.75 0.86 1.27 1.14 1.63

2 Wavelength for the absorption maximum in the visible range. ® Extinction coefficient of the closed ring form at the absorption maximum in the visible
range in water/ethanol (2/1).c Reversibility: A(t)/A0 at the absorption maximum in the visible range after 10 cycles. ¢ Thermal half-lives of the closed ring
form at 25 °C. © Photostationary state after irradiation with UV-light. f Ring, cyclization quantum yields at 300 nm. ¢ Ring opening quantum yields at 300 nm.
" Ring opening quantum yields at 567 nm. ' Ring opening quantum vyields at 528 nm. ' Ratio of ring closing to ring opening quantum yield at 300 nm.

energy than the OF."" For this reason, the energy at room
temperature is sufficient to overcome the activation barrier for
the thermal ring opening reaction. Another important aspect
for any application is the composition of the photostationary
state after UV irradiation, PSS (Table 1, Figure S4). Switching
yields of up to 69% could be obtained, depending on the
bridging unit. The highest values were determined for the
benzthiophene bridge whereas for the benzofuran and meth-
ylthiophene bridge, values of around 55% were measured.
These reduced switching yields (compared to their cyclo-
pentene-bridged counterparts) can be explained by the lack of
a spectral separation in the UV range (i.e., a wavelength range
where the OF absorbs much stronger than the CF) and
furthermore by the ratio of the quantum yields for the
cyclization and ring opening reaction upon UV irradiation.
Whereas for the benzothiophene series this ratio is around 2,
for the benzofuran series it was ~1 or even lower (Table 1). It
can be concluded that chemical variation of the bridge is much
better suited for tuning A, than variation of the substituent
at the thiophene unit. In our next approach we investigated the
influence of different aryl units with the aim of further
optimizing photophysical parameters such as the thermal
stability or the PSSYY composition.

Exchange of the aryl unit

The thiophene (TP) aryl moiety was replaced by a thiazol (TZ),
benzothiophene (BT) or benzofuran (BF) unit, and especially BT
revealed high potential for the introduction of photomodulat-
able fluorescence. To enhance this fluorescence, the BT moiety
(either as aryl moiety or as bridging unit) was oxidized to the
corresponding sulfone (BT ox), as benzo[b]thiophene-1,1-diox-
ide-based DAEs are known to be fluorescent.?” The synthetic
routes started from commercially available precursors and used
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several Suzuki-couplings (Figure 3 A, C). The final oxidation of
the BT was done with m-CPBA in DCM and yielded the oxidized
photoswitches without significant side products. The obtained
photoswitches all showed photochromism (Fig 3B, Figure S1)
with absorption maxima in the visible range that strongly
depended on the combination of the aryl moiety and the
bridge. With BF as bridging unit, an increased bathochromic
shift of A..; was observed in the following order: BT ox
(450 nm) < BT (497 nm) <TZ (509 nm) <TP (549 nm) (Figure 4).
The same trend was also seen for the BT- and the MT-bridged
series. This order is in good agreement with classical DAEs as
the exchange of a thiophene moiety by a thiazol has been
reported to induce a hypsochromic shift of A, due to the
increase in the HOMO-LUMO gap of the closed ring isomer.??
Furthermore, theoretical studies of BT- and BT ox-based DAEs
revealed that oxidation of the sulphur atom decreases the
energy level of the HOMO and therefore also widens the
HOMO-LUMO-gap, which results in a blue-shifted absorption
maximum.®® The HOMO of a symmetrical BT-based DAE is well-
distributed over the whole molecule but the lone electron pairs
on the sulphur atom create a node in the electron density to its
neighbouring atoms. The HOMO can be stabilized by oxidation,
which leads to the elimination of the node and therefore lowers
the energy of the HOMO, resulting in a higher HOMO-LUMO
gap.?¥ The reversibility of all photoswitches was above 94%
after 10 cycles with only one exception (dUM-">"" : 849,
Table 2, Figure S2) indicating only minor to no side reactions
during the cyclization. The thermal stability for the different aryl
units is generally high, especially for BT ox as the aryl unit, a
thermal half-life of up to 377 h at 37°C was measured (Table 2,
Figure S3). However, for BT ox as bridge (dU™*®%), a strong
decrease of the thermal stability (8.7 h) was observed. This
behaviour is in contrast to the literature, where for symmetrical
BT-based DAEs a BT ox-bridge was reported to increase the
thermal stability.®® The introduction of thiazol as aryl unit

17388  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. A) Introduction of thiazol: a) Ph(BOH),, Pd(PPh,),, Na,CO,, toluene/water, 75 °C. b) NBS, chloroform, 60°C, 18 h. ¢) 1. LDA, THF, —78°C, 2. Methyl
iodide, -78°C to RT. d) benzo[b]thiophen-3-ylboronic acid/benzofuran-3-ylboronic acid, Pd(PPh;),, DME/H,0, 75 °C. e) 5-Methylthiophen-3-yl boronic acid,
Pd(PPh,),, Na,CO,, DME/H,0, 75°C. f)/g)1. n-BuLi, B(OBu),, THF, 2. dUI, Pd(dppf)Cl,, Na,CO,, THF/H,0, 75°C. The different parts of the DAE are marked. B)
Isomerization reaction of the modified photoswitches. C) Synthesis of benzothiophene based photoswitches: h) 1. LDA, THF, —78°C, 2. ethyl iodide, —78°C to
RT. i) periodic acid/iodide, acetic acid/H,S0,, 65 °C, 5 h. j)/m) benzo[b]thiophen-3-ylboronic acid/benzofuran-3-ylboronic acid, Pd(PPhs),, DME/H,0, 75°C. k)
R(BOH),, Pd(PPh;),, Na,CO3;, DME/H,0. I) NBS, THF, RT, 18 h. n) 1. n-BuLi, B(OBu);, THF, 2. dUI, Pd(dppf)Cl,, Na,CO;, THF/H,0, 75 °C. 0) mCPBA, DCM, RT, 5 h. The

different parts of the DAE are marked.
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Figure 4. Absorbance spectra of the closed isomers of DAEs with different
aryl moieties and the same bridging unit (Benzofuran). The area under the
curves is coloured according to the colour of the PSSYY mixture in solution.

significantly increased the thermal half-lives compared to their
thiophene counter parts (182 h vs. 4.5 h), which is in accordance
with literature for classical DAEs.*® The determination of the
PSSY revealed switching yields ranging from 17-68% (Table 2,
Figure S4), whereas after visible light irradiation a full con-
version to the open form was apparent. With regard to the
PSSY, dUPT->* is again an exception with a very low switching
yield (17 %) that is likely due to the combination of a very high
quantum vyield for the ring opening reaction upon UV
irradiation, and the inverse spectral separation (the CF absorbs
stronger than the OF, see Figure S1). The switching yields for
the BF and MT bridge series with different aryl units are quite

Chem. Eur. J. 2021, 27, 17386 - 17394 www.chemeurj.org

similar and are mainly determined by the ratio of the quantum
yields. This ratio is around 1 for all of them and difference of
the switching efficiencies among this series (benzofuran or
methylthiophene as bridge) could be explained by the different
ratios of the extinction coefficients of the open and closed
isomer. For dUP-®T-"" this ratio is favourable for the cyclization,
yielding 60% of closed-ring isomer in the PSSY. For the
oxidized benzothiophene unit, even higher switching yields of
68% were observed and must be attributed to an increased
spectral separation in the UV-range since the ratio of the
quantum yields stays nearly unchanged. The photoswitches
with a benzothiophene bridge demonstrate a switching yield of
around 65% which is mainly influenced by the ratio of the
quantum yields (around 2, see Table 2). Taken all data into
account, there are two different ways of achieving high
conversions in the PSS": On the one hand, benzothiophene can
be used as bridging unit, which leads to a ratio of the ring
closure vs. ring opening quantum yields of around 2, or on the
other hand one can use benzothiophene dioxide as aryl unit,
which induces a significant spectral separation in the UV range,
resulting in a large difference in the extinction coefficients
between OF and CF. Another useful feature was discovered by
investigating the fluorescence properties of the benzothio-
phene-based photoswitches. It could already be seen by eye
that their OFs exhibit bright fluorescence, which was quenched
to some extent by the cyclization reaction. Upon UV excitation
(300 nm, Figure S5), the OF isomers emit blue light with slightly
different emission maxima. The oxidation of these switches
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Table 2. Photophysical properties of photoswitches with different aryl units. Nomenclature: Nucleoside®"dge-an!-substituent
dUBT*BF dUBF*BT dUBF_BT_Ph dUBF,BT,ND dUBT_ox_BF dUBT_BF_DX dUBF_BT_ox_Ph dUBT,TZ,Ph dUBF,TZ,Ph dUMT_TZ_Ph

Nl o [nm]” 515 485 497 491 484 450 450 542 509 549

£ [10°M'em ™ 8.06 6.94 11.60 14.99 12.46 8.48 16.44 8.74 10.90 10.09

reversibility [%]" 94 99 99 99 99 99.5 99.9 g7 99 84

thermal stability [ | 407 37 145 210 87 377 377 182 104 92

PSS [%]” 66 54 53 60 an 68 68 65 47 54

b 0.50 0.28 0.31 0.40 0.09 024 023 0.50 029 0.42

i 022 027 0.28 0.37 0.54 022 0418 0.22 027 0.27

b5 0.18" 0.23" 021" 020" 0.26" 021" g.150 0.15" 0.23" 0.18"

‘t’oc/clag‘g,"”m o 227 1.04 1.1 1.08 0.17 1.09 1.28 2.27 1.07 1.55
2 Wavelength for the absorption maximum in the visible range. ® Extinction coefficient of the closed ring form at the absorption maximum in the visible
range in water/ethanol (2/1) © Reversibility: A(t)/A0 at the absorption maximum in the visible range after 10 cycles. ¢ Thermal half-lives of the closed ring
form at 37 °C. © Photostationary state after irradiation with UV-light. * Ring cyclization quantum yields at 300 nm, ¢ Ring opening quantum yields at 300 nm. "
Ring opening quantum yields at 528 nm. 'Ring opening quantum yields at 505 nm. ' Ring opening quantum yields at 470 nm. ¥ Ring opening quantum
yields at 567 nm. ' Ratio of ring closing to ring opening quantum yield at 300 nm.

induced a slight red-shift of A,,, of around 22 nm and led to a
fluorescence increase for dUPF-BT-NP-ox gng UBF-BT-Phox - After
irradiation to the closed-ring isomer, the fluorescence was
reduced up to 1.4 fold, demonstrating the ability to reversibly
turn off fluorescence by inducing electronic and steric changes
in the molecule. However, the switching efficiency of these
DAEs is around 68%, which limits the turn-off factor of the
fluorescence to 1.4 fold (Figure 5A, B).

Exchange of the nucleobase

To improve the fluorescence modulation, another approach
was investigated in which the nucleobase (uracil) was replaced
by the fluorescent nucleobase analogue 4-cyanoindole. It
mimics the structure of adenine and is able to hybridize with all
nucleobases as a universal hydrophobic base.”” We recently
reported 2'-deoxy-7-deazaadenosine DAEs with near-quantita-
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Figure 5. Fluorescence spectra of A) dUBF-87-2x-Ph B) qUBF-ET-Ph C) 4CIN-TP-2PY (D) 4CINP-TP-

blue and for the PSSY in red.
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. The fluorescence spectrum of the open ring isomer is shown in
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tive switching yields and overall good photophysical
properties." In that study, we used cyclopentene (CP) as
bridging wunit and introduced a trifluormethyl-substituted
phenyl substituent to the thiophene aryl. This is why we
assumed that 4-CN-indole incorporated into a switch with a
similar substitution pattern might be a good candidate for
achieving high switching yields and at the same time showing
efficient turn-off fluorescence. Additionally, we synthesized
three other derivatives, including two having the core structure
with the best fluorescence properties from the previous section
(BF BT Ph). The synthetic route was adapted from our 2'deoxy-
7-deazaadenosine switches and starts from commercially avail-
able 4-cyanoindole. First, the introduction of the methyl group
at position 1 of 4-cyanoindole was achieved by protecting the
nitrogen atom with benzenesulfonyl chloride followed by
lithiation and methylation with methyl iodide to obtain 19.
After deprotection of the nitrogen and iodation on the 2-
position, a glycosylation with Hoffer's chlorosugar was accom-
plished to yield 21. The deprotection of the hydroxyl groups
with methanolic sodium hydroxide yielded the final deoxynu-
cleoside analogue 22 (Figure 6A). The final photoswitches were
now obtained by a Suzuki coupling with various precursors that
combine different bridges, aryl units, and substituents. For the
benzofuran-bridged photoswitch with benzothiophene dioxide
as aryl moiety (d4CIN®-87-"*Ne) the oxidation reaction was
accomplished with mCPBA in DCM at room temperature. The
investigation of the photophysical properties revealed a rever-
sible switching behaviour and excellent thermal stabilities for
these switches (A.,.is: 530-560 nm, Figure 6B, Figure S1-3). Our
presumption regarding the PSS composition held true for the

SOzPh

cyclopentene-bridged photoswitches dCIN®-"-?* and dCIN®*-
" where switching yields of 86% and 90% could be
obtained and at the same time a full conversion to the open
form after visible light irradiation was observed. For dCINEF-5T-NP
and dCINSF-BT-Neox the PSSY contained 67% and 48% CF,
respectively, highlighting the strong influence of the benzothio-
phene bridge on the switching efficiency (Figure 6B, Figure S4).
The poor spectral separation limits the PSSY for these two
compounds (see Figure S1).

For dCIN®™-""" on the other hand, the ring cyclization
quantum yield at 340 nm is high (78 %) while the ring opening
quantum yield is low (13%). This favourable ratio, combined
with the good spectral separation around 340 nm, endow this
photoswitch with near-quantitative switching (90 %, Figure 6C).
The OF isomers of all 4-CN-indole based switches showed
bright blue fluorescence at 450-470 nm when excited at
306 nm, whereas the PSS" showed a reduced fluorescence
(Figure 5C, D). In general, the fluorescence intensity was higher
than for the benzothiophene- based deoxyuridine switches
(except for dCIN®-E-2* Figure S5). dCIN®-™-""" showed the
best combination of photophysical properties and was chosen
for further characterization of its fluorescence properties. After
cyclization, its fluorescence decreased by a factor of 3.2,
allowing for the reversible tuning of the fluorescence in a non-
invasive manner (Figure 5C, D). The fluorescence quantum yield
of the open ring isomer was determined relative to umbellifer-
one, that exhibits blue fluorescence with a quantum yield of
0.62 in water (Figure S6/7). The quantum yield of the open-ring
isomer is rather low (¢;=0.0166), which is likely due to the
competition between fluorescence and cyclization, which is
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Figure 6. A) Synthesis of d4CIN-switches: a) NaH, benzene sulfonyl chloride, THF, RT. b) 1. n-BuLi, TMEDA, methyl iodide, THF 2. NaOH, Ethanol, RT. c) I,, KOH,
DMF. d) NaH, Hoffer's chlorosugar, ACN, RT. e) NaOH, methanol. B) Table of photophysical properties. C) Isomer spectra of d4CIN-based switch: open form

(black), PSS (green), calculated closed form (purple).
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clearly in favour for cyclization ($oc=0.78). However, this
fluorescence quantum yield is in the same range as those
reported for other fluorescent nucleobases.®® For an application
in biological systems, dCIN®-"-""" seemed to be a promising
candidate because of its high switching efficiency (90%) and

strong fluorescence modulation.

Fluorescent oligonucleotides

For incorporation into short, non-selfcomplementary oligonu-
cleotides, the deoxynucleoside dCIN was protected with
dimethoxytritylchloride followed by a Suzuki reaction with the
corresponding precursor, yielding the DMT-protected photo-
switch 24. The conversion to the phosphoramidite (25) was
accomplished in the last step and this building block could be
successfully integrated in an oligonucleotide by solid-phase
synthesis at various positions (ON-1, ON-2, ON-3, Figure 7A,
Figure $8/9). All modified oligonucleotides showed photo-
chromism with slightly bathochromically shifted absorption
maxima (Figure 7B/C, Figure S1). For the 4CIN switches, a
reduction of the thermal stability was noted that strongly
depends on the neighbouring nucleotides (Figure 7C, Fig-

ure S3): Especially for ON-2, where our photoswitch is flanked
by two pyrimidines, the thermal stability is decreased dramati-
cally. For ON-1 and ON-3 the flanking bases are one pyrimidine
and one purine base, which potentially could inhibit the
thermal opening reaction due to steric reasons. In the double
strand a different trend of the thermal stability is apparent,
indicating a high sensitivity on the surrounding nucleobases.
While the nucleoside showed only 5% deterioration after 10
cycles of back-and-forth-switching (Figure 6B), 79-85% of the
photochromic oligonucleotides remained intact after the same
treatment, indicating a slightly increased deterioration relative
to the nucleoside (Figure 7C, Figure S2). In the duplex the
deterioration further increased for ON-3, whereas ON-2 and ON-
1 showed roughly the same fatigue after 10 cycles compared to
the single strand. In the oligonucleotides, the PSS"Y was still at
an elevated level with switching yields between 78-88%
(Figure 7C, Figure S4). The ring cyclization quantum yields
decreased only slightly in the single and double strand
(compared to the nucleoside), however the ratio of the
quantum yields (open vs. closed) is still in favour for the
cyclization reaction. We also investigated the thermodynamic
stability of the duplexes formed by hybridization with their
complementary strands. For ON-1-DS and ON-2-DS, an increase
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Figure 7. A) Synthesis of a 4CIN-based photoswitch phosphoramidite: a) DMT—CI, DMAP, pyridine, RT. b) different precursors, Pd(PPh;),, Na,CO;, DME/H,0,

75°C c) CEP—CI, NEt;, DCM, RT. B) Absorbance spectrum of ON-2 in the duplex: Open form (black), PSS (green), calculated closed form (purple).

C) Sequences

of the modified oligonucleotides. The modified positions are marked in red, blue or green. Table: [a] Wavelength for the absorption maximum in the visible

range. [b] Extinction coefficient of the closed-ring form at the absorption maximum in the visible rang in TRIS-buffer. [c] Reversibility At/A(0) at the absorption
maximum in the visible range after 10 cycles. [d] Thermal half-lives of the closed isomer at 37 °C. [e] Photostationary state (PSS") [f] Ring cyclization quantum
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isomer (OF) and in the duplex (DS).
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of the melting temperatures (T,) compared to the natural
duplex was apparent, indicating a stabilising effect of the
modified nucleotide (Figure S10). In contrast, ON-3-DS showed
a decrease of 7.5°C, which leads to the assumption that the
photoswitchable nucleotide is forced into the syn-conformation
by the neighbouring G, as described recently.' The
fluorescence quantum yields decreased by a factor of 1.6 after
incorporation into a single DNA strand (¢;=0.00103-0.0095).
After the formation of the duplex, the decrease of the quantum
yields was strongly position-dependent. Whereas for ON-1 and
ON-2 only a small decrease was observed, for ON-3 a strong
quenching of the fluorescence was apparent (Figure 7C, Fig-
ure S5). This quenching could be assigned to the proximity of a
guanosine in the complementary strand of ON-3, which is also
described in literature.®” The turn -off factors upon photo-
switching vary depending on the environment of the single
strand or duplex. For ON-1, this factor is around 2.4, both in the
duplex and in the single strand, whereas for ON-2 and ON-3
this factor increases from SS to DS (2.05—3.03, 2.2—2.76). All in
all, ON-2 showed the best performance, when applied in a
duplex with a turn-off factor of 3, which is comparable with the
free nucleoside (Figure 7D).

Conclusion

This article gives a comprehensive insight in the structural
variability of nucleoside-based DAEs, where every part of the
photochromic unit was modified. When we first reported
nucleoside-based DAEs", we (and also the reviewers) assumed
that we had been very lucky and by chance picked a
combination of structural components that provided photo-
chromism. The current study demonstrates that the photo-
chromic core structure is very robust, and all its parts can be
exchanged without losing photochromism. It was revealed that
especially the benzothiophene and methylthiophene bridging
units lead to strong bathochromic shifts of A..s and in
combination with thiazol as aryl unit also improved thermal
stabilities were apparent. The introduction of benzothiophene
and its oxidized form enabled us to reversibly modulate the
fluorescence by switching the photoswitch between its two
isomers. Additionally, the fluorescence modulation could be
enhanced by the introduction of 4-cyanoindole as nucleobase
analogue, which exhibits blue fluorescence in its open form
that could be quenched with a turn-off factor of 3.2. Due to its
high switching yield and fluorescence modulation, d4CIN®-"-
"™ was introduced into an oligonucleotide at different
positions. In  the environment of an oligonucleotide,
fluorescence modulation was retained and found to be slightly
dependent on the neighbouring nucleobases. To the best of
our knowledge, this is the first time that a fluorescent
nucleobase, which is part of a DAE, allows to reversibly
modulate its fluorescence. For the use in super-resolution
microscopy, further optimizations are needed, to ensure proper
quenching of the fluorescence and high quantum yields.
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