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ABSTRACT: Covalent crosslinking of DNA strands provides a useful tool for medical, biochemical and DNA nanotechnology
applications. Here we present a light-induced interstrand DNA crosslinking reaction using the modified nucleoside 5-phe-
nylethynyl-2’-deoxyuridine (Ph¢dU). The crosslinking ability of PredU was programmed by base pairing and by metal ion inter-
action at the Watson-Crick base pairing site. Rotation to intrahelical positions was favored by hydrophobic stacking and ena-
bled an unexpected photochemical alkene-alkyne [2+2] cycloaddition within the DNA duplex, resulting in efficient formation
of a PhedU-dimer after short irradiation times of a few seconds. A PhedU dimer-containing DNA was shown to efficiently bind a
helicase complex, but the covalent crosslink completely prevented DNA unwinding, suggesting possible applications in bio-

chemistry or structural biology.

The DNA double helix is an outstanding scaffold for the
guided arrangement of functional groups. Precise control of
chromophores or reactive groups in DNA can lead to func-
tional materials that offer new opportunities for chemical
biology and nanotechnology.!* The formation of a covalent
bond between correctly oriented functional groups in single
strands leads to the formation of an interstrand crosslink
(ICL).5 ICLs are of interest in biology because they inhibit
replication and transcription leading to cellular toxicity.6
Examples of small molecule-induced ICL are formed by an-
ticancer drugs such as cisplatin’ or nitrogen mustards.®
Other common strategies are based on functional groups
connected via disulfide® or imine formation'-1%, nucleo-
philic reactions!?14 or click reactions.!>1¢ Applications aim-
ing at the stabilization of DNA nanostructures!’ often use
photochemical reactions that provide an excellent level of
control for ICL formation in space and time.'8-23 Prominent
examples include classical [2+2] cycloadditions, such as the
formation of thymidine dimers,?42¢ fast and reversible pho-
tocycloadditions between 3-cyanovinylcarbazole?7-30 or py-
ranocarbazole3! with pyrimidine nucleotides, as well as
photochemical cyclobutane formation between modified
styryl units.32-33 Crosslinking by [2+2+2] cycloadditions of
two alkynes with oxygen was used by Kool et al. for pho-
toswitching of oligodeoxyfluoroside dyes,** and by Na-
gatsugi and coworkers to implement an alkyne-alkyne pho-
tocrosslinker using alkyne-modified pyridone groups as nu-
cleobase replacement.3%

Here, we explored 5-phenylethynyl-2’-deoxyuridine
(PredU, Fig 1A) as building block for programmable DNA in-
terstrand crosslinking. The Ph¢dU nucleoside has previously

been incorporated into DNA to explore its fluorescence re-
sponse upon hybridization3¢ and to modulate electron
transport in DNA. 37 Upon photoexcitation of the extended ©
system we expect different reactivity of the PredU moiety de-
pending on its orientation in matched or mismatched base-
pairs (Fig 1B).
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Figure 1. (A) Structure of PhedU. (B) Concept of different orien-
tation of PhedU in Watson-Crick base pair (top) versus mis-
matched situation. (C) UV absorption spectrum of a duplex con-
taining the PhedU modification (X=A). (D) UV melting curves of
DNA duplexes containing different nucleobases or an alkyl-
linker opposite of PhedU (X=A, C, G, T, or n-propyl), 1 uM DNA in
sodium phosphate buffer, pH 7.0.
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Figure 2. (A) DNA duplex used for ICL (X=A,C,G,T). Schematic representation of the (B) match (X=A) and (C) mismatch (X=C,G,T)
situation. Exemplary PAGE (D) and anion exchange HPLC (E) analysis of ICL formation with the PhedU/dC mismatch. Cy3 is depicted
as magenta circle. (F) Kinetics of ICL formation (1 pM DNA in 10 mM sodium phosphate, 100 mM NacCl, pH 7.0). (G) Silver-mediated
metal base pair between dC and PhedU. (H) Schematic representation of ICL inhibition by metal base pair formation, and reactivation
by precipitation of Ag* as AgCl. (I) Kinetics of ICL formation at different [Ag*] (1 uM DNA in 10 mM MOPS, 100 mM NaClO4, pH 7.1).

The PhedU nucleoside, which showed a UV absorption
maximum at 306nm (Fig S1), was incorporated into DNA ol-
igonucleotides by solid phase synthesis using phosphor-
amidite chemistry (Scheme S1). The PredU-containing du-
plex showed a UV absorption band at 320 nm (Fig 1C, S2).
Duplex stability was measured using UV melting curves rec-
orded at 260 nm. The base pairing between PredU and ade-
nine (Tm=40.7 °C) resulted in a slight stabilization com-
pared to the unmodified A/T base pair (Tm=40.0 °C). Other
nucleotides or an abasic site mimic opposite to PhedU
strongly destabilized the duplex (ATm> 10 °C; Fig 1D).

We designed a duplex containing two PredU nucleosides in
neighboring base pairs, by placing one FPredU in each single
strand (Fig 2A). Upon formation of Watson-Crick base pairs
with adenine (X=A), the hydrophobic moieties of the two
PhedU residues point towards the major groove and are lo-
cated too far apart to undergo any photoreaction with each
other (Fig 2B). In contrast, when the Watson-Crick face is
not occupied by hydrogen bonding (i.e. in the mismatched
situation with X=C,G,T), the preferred orientation may be
flipped, in order to increase aromatic stacking interactions
of the hydrophobic moiety.38-3° Irradiation with UV light
could then result in a photoaddition between the modifica-
tions, forming an ICL between the two strands (Fig 2C).

Indeed, we observed ICL formation upon irradiation of
the mismatched duplex samples, but not when the Watson-
Crick base pair was intact. The kinetics of the crosslink for-
mation was measured by denaturing PAGE using 5’-Cy3-la-
beled DNA (Fig 2D). In addition, the experiment was per-
formed without a Cy3 fluorophore and analyzed by anion
exchange HPLC to show that the crosslinking is independ-
ent of the cyanine dye (Fig 2E). Best ICL efficiency was ob-
served when PredU was placed in mismatches with pyrimi-
dine nucleotides. The duplex containing PhedU-deoxycyti-
dine mismatches reached a conversion of about 83% after
30 min of UV irradiation in a stirred quartz fluorescence mi-
crocell in a fluorescence spectrometer at 15°C. The yield for
the thymidine PhedU mismatches was reduced to about 67%,
and the PredU-dG wobble base pairs gave only 26% ICL (Fig
2F, S3). A transilluminator as light source resulted in faster
crosslinking (Fig S4), but the overall ICL yield was lower,
likely due to the low Tw of the double-mismatched 12-mer
duplexes (Fig S5). When the duplexes were extended to 20-
mers, only 30 s of irradiation on the transilluminator was
required to achieve more than 80% ICL yield (Fig S6).

To establish an additional level of control, we turned our
attention to metal-ion mediated stabilization of pyrimidine-
pyrimidine base pairs.#® We hypothesized that binding a
transition metal between PhedU and dC or dT would keep the



phenylacetylene group in the major groove and prevent
crosslinking, while absence or removal of the metals would
favor the reactive stacked orientation. We screened a series
of metal ions and examined the crosslinking efficiency by
denaturing PAGE (Fig S7). The majority of tested transition
metals did not show any effect, but the presence of silver
ions clearly inhibited the reaction (Fig 2G-I). The addition of
2 uM Ag* to the dC/PredU sample increased the Tm by 4.3°C
(Fig. S8) and slowed down the crosslink reaction, and 20 uM
Ag* completely blocked the formation of the ICL. This obser-
vation suggests that PhedU undergoes a similar interaction
with Ag* as in the known metal base pair of thymidine and
cytidine#!. Upon addition of sodium chloride, the Ag* was re-
moved by precipitation as silver chloride, and the ability to
form the ICL was recovered (Fig 2H, S7).

Since the UV-induced reaction between two PredU was un-
precedented, we studied the nature of the crosslinked prod-
uct in detail. The ICL-containing duplex was isolated in pre-
parative scale and characterized by mass spectrometry and
NMR spectroscopy. ESI-MS showed that the irradiated du-
plex consists of the two PredU-modified single strands and
does not contain any addition of another compound (Fig
S9). Considering the previously reported [2+2+2] cycload-
dition of alkyne-modified DNA,34-35 the incorporation of O:
could have been expected, but was not observed. Tempera-
ture-dependent NMR spectroscopy of the crosslinked
12mer duplex showed that the ICL provided a thermal sta-
bilization of the duplex, which was also confirmed by UV
melting curve analysis of the crosslinked 20mer duplex,
which showed a stabilization by 22 °C (Fig S10). The NMR
spectra indicated significant signal overlap (Fig S11), which
makes assignment of the crosslink resonances challenging
and determination of the structure almost impossible.
Therefore, the duplex was enzymatically digested and the
resulting nucleotide mixture was analyzed by LC/MS. Be-
sides the natural nucleosides dC, dG, dT and dA, two almost
co-eluting new products were observed. The extracted ion
chromatogram confirmed that both have the same molecu-
lar mass, originating from the addition of two PhedU units,
without any incorporation of oxygen (Fig 3B, S12). The peak
corresponding to the ICL unit was isolated by RP-HPLC and
the product was fully characterized. The NMR spectra
showed two sets of peaks due to the formation of two iso-
mers. Complete NMR assignment was obtained (Table S3,
Fig 3C, S13-15) and the structure determination revealed
the formation of a cyclobutene linkage between the PhedU
moieties. The photocycloaddition occurred between the C5-
C6 double bond of one PhedU and the alkyne of the PredU unit
in the other strand (Fig 3A). The stacking arrangement of
the two PhedU units in the duplex places two alkene-alkyne
pairs in a symmetrical orientation, which leads to the for-
mation of two diastereomeric PhedU dimers in almost
equimolar ratio. The formation of substituted cyclobutenes
by photoinduced [2+2] cycloaddition of alkynes and alkenes
has been described for various types of activated alkenes
with electron-rich alkynes,*244 but the reaction has not been
observed or used in the context of DNA.

The NMR assignment was fully consistent with the cyclo-
butene- PredU dimer formation and the presence of two in-
tact phenyl rings. Nevertheless, other possible cycloaddi-

tions such as photochemical hexadehydro-Diels-Alder reac-
tions*s or radical cyclization reactions were also consid-
ered, which could potentially involve the ortho positions of
the phenyl rings. To demonstrate that the phenyl groups
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Figure 3. (A) PhedU-dimerization by photochemical alkene-al-
kyne [2+2] cycloaddition. (B)LC/MS analysis of the enzymati-
cally digested DNA duplex containing the ICL. Extracted ion
chromatogram (EIC) of PhedU-dimer. (C) Structure of the cross-
linked product with assignment of the most relevant protons in
the 1H NMR spectrum (in D20, 600 MHz, 25 °C).

were not directly involved in the crosslink reaction, anal-
ogous studies were explored with 5-(pyrimidin-2-yl-
ethynyl)-2’-deoxyuridine (?ymdU). The corresponding ymdU
phosphoramidite was synthesized and incorporated into
DNA strands (Scheme S2). The results of the crosslinking re-
action with "mdU-modified strands were comparable to the
results with PhedU, as observed by PAGE shift and HPLC of
the crosslinked duplex, and further confirmed by LC/MS
and 'H-NMR of the PymdU-dimer after digestion (Fig S16).
These results showed that the phenyl group is not directly
involved in the reaction and can be replaced by another ar-
omatic/heteroaromatic residue that maintains similar hy-
drophobic interactions and n-n stacking geometry. To-
gether with the results of the mixed PhedU /PymdU duplex (Fig
S17), these observations support the alkene-alkyne [2+2]
photocycloaddition reaction as a plausible mechanism for
PhedU and PymdU dimerization as novel type of DNA inter-
strand crosslink.

ICLs are DNA damages that prevent unwinding of the
DNA duplex and inhibit replication and transcription.*6-47
We expect the PredU dimer to be recognized as DNA damage
and at the same time to act as a roadblock for DNA helicases.



Thus, PredU could serve as tool for biochemical and biophys-
ical characterization of DNA damage response and DNA re-
pair in vitro. To explore this possibility, we incorporated
PhedU into the stem region of an open fork DNA substrate (Y-
fork) suitable for helicase assays with 5’ to 3’ polarity, such
as the nucleotide excision repair helicase XPD,*® and its
complex with the structural subunits p44 and p62 of
TFIIH.#-50 The crosslinked version of the Y-fork was formed
by UV irradiation (CL Y-fork) (Fig S18), and the PAGE-
purified DNA used for analysis of the interaction with pro-
teins. The binding affinity was examined by fluorescence
anisotropy and compared to unmodified and PhedU contain-
ing DNA Y-forks before crosslinking. All three variants
showed similar Kp values in the nM range (Fig 4A). In addi-
tion, formation of the protein-DNA complex was confirmed
by an electrophoretic mobility shift assay (Fig 4B, S19). Hel-
icase activity was measured using a fluorophor /quencher
system with DABCYL added at the 3' end and Cy3 located at
the 5' end of the second strand. After formation of the pro-
tein-DNA complexes, helicase activity was initiated by addi-
tion of ATP. An increase in Cy3 emission was observed for
the unmodified and PredU containing Y-fork, consistent with
unwinding of the duplex by the helicase. In strong contrast,
no change in Cy3 emission was detected in the case of the
crosslinked Y-fork, indicating effective inhibition of helicase
activity (Fig 4C, S20-21). These results demonstrates that
the PhedU dimer ICL can be effectively used to lock helicase
progression on DNA in vitro.

In summary, we presented a new effective and fast pho-
toinduced interstrand crosslink based on an unexpected al-
kene-alkyne [2+2] cycloaddition using the known PhedU nu-
cleoside. We demonstrated that the mutual orientation of
two PhedU units in a DNA duplex can be switched between
inactive and cross-link-competent conformations. The pro-
grammability was exploited by Watson-Crick hydrogen
bonding or metal-mediated base pairing, in contrast to hy-
drophobic stacking, to control the DNA crosslink formation.
The modified nucleoside is easily accessible and can be pre-
cisely incorporated into DNA. Therefore, we expect the new
photochemical crosslink to be used for mechanistic and
structural studies of DNA-processing enzymes, or for the
creation of DNA-based nanostructures.
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Figure 4. (A) Fluorescence anisotropy and (B) electrophoretic

mobility shift assay showing comparable XPD/p44/p62 bind-
ing of unmodified and PhedU-containing Y-fork DNA before and
after crosslinking. Cy3 label (magenta circle). (C) Helicase as-
say using Cy3 and DABCYL (gray circle) labeled DNA substrate
upon addition of ATP, showing efficient inhibition of unwind-
ing by the crosslinked PhedU-dimer.
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