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Phosphorescent Pt(ll) complexes, composed of a tridentate NANAC donor ligand and a monodentate
ancillary ligand, were covalently attached to DNA oligonucleotides. Three modes of attachment were
investigated: positioning the tridentate ligand as an artificial nucleobase via a 2'-deoxyribose or
a propane-1,2-diol moiety and orienting it towards the major groove by appending it to a uridine C5
position. The photophysical properties of the complexes depend on the mode of attachment and on the
identity of the monodentate ligand (iodido vs. cyanido ligand). Significant duplex stabilization was
observed for all cyanido complexes when they are attached to the DNA backbone. The luminescence
strongly depends on whether a single or two adjacent complexes are introduced, with the latter showing

an additional emission band indicative of excimer formation. The doubly platinated oligonucleotides
Received 25th October 2022 d b ful ti tri lifetime-based th hotolumi
Accepted 26th January 2023 cou e useful as ratiometric or lifetime-based oxygen sensors, as the green photoluminescence

intensities and average lifetimes of the monomeric species are drastically boosted upon deoxygenation,

DOI: 10.1039/d25c05916a whereas the red-shifted excimer phosphorescence is nearly insensitive to the presence of triplet

Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence.

(c<)

rsc.li/chemical-science dioxygen in solution.

Introduction

Nucleic acids represent excellent scaffolds for the predictable
arrangement of functional entities in three-dimensional space,
making use of their modular composition, their facile modifi-
cation and their superb self-assembly." This has enabled,
amongst others, the field of DNA-templated organic synthesis.”
Organic chromophores represent another prominent type of
moieties assembled using nucleic acids.>® The site-specific
incorporation of transition metal ions is of interest, too,
because it can equip the DNA with metal-based properties such
as luminescence. It is typically achieved by introducing metal-
mediated base pairs.”” In this type of artificial base pairs, two
ligand-based nucleosides are located on opposing positions
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within a duplex composed of otherwise complementary oligo-
nucleotides. The respective metal ion then site-specifically
binds to this high-affinity binding site.’”** While the resulting
metal-modified DNA may be fluorescent (depending on the
identity of ligand and metal ion),"”” phosphorescent metal
complexes have not yet been incorporated into the base pair
stack of nucleic acid duplexes. A few examples are known where
a luminescent complex is covalently attached to the uridine C5-
position, positioning it in the major groove of the duplex.’*** In
the past, a variety of luminescent intercalating metal complexes
have been established, with fascinating applications in optical
microscopy.’*™® Moreover, terminally appended photo-reactive
Ru(n) and Rh(m) complexes have been prominently applied,*®
e.g. in the study of charge transfer along DNA duplexes.*® Several
organometallic metal-mediated base pairs have also been re-
ported in the context of Hg(u) and Pd(u) complexes.**® Their
advantage over regular metal-mediated base pairs is the
increased metal-ligand bond strength, so that they persist even
at low concentrations.

We report herein on the site-specific covalent incorporation
of phosphorescent Pt(II) complexes into DNA duplexes (Chart
1). The coordination compounds are derived from a recently
established family of Pt(II) complexes containing a tridentate
N”N~C donor ligand and an ancillary monodentate ligand.
These species show robust phosphorescence, with an emission
wavelength essentially independent of the identity of the
monodentate ligand.**** While their green phosphorescence
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Chart1 (a) Structure of the Pt(ll) complexes used in this study (X =1,
CN) and their different modes of attachment to the oligonucleotide via
(b) a GNA moiety, (c) a 2'-deoxyribose, (d) C5-modified 2'-
deoxyuridine.

(lifetimes and intensities) is quenched by triplet dioxygen (*0,),
their dimers and higher aggregates appear with a red-shifted yet
oxygen-insensitive luminescence portraying excimeric character
supported by metal-metal interactions (i.e., coupling between
d>-orbitals protruding out of the coordination plane). The site-
specific incorporation of a Pt(II) complex into DNA is compli-
cated by the high affinity of Pt(II) for purine N7 positions, as is
well-known from the mode of action of the antitumor drug
cisplatin.*” In the past, two pre-platinated building blocks for
automated DNA solid-phase synthesis were reported to tackle
this challenge.®*** Similarly, the solid-phase synthesis of
a terminally Pt(II)-modified oligonucleotide was reported.*
However, none of these approaches can be applied for the
introduction of the Pt(II) complex under consideration here,
because they make use of exclusively monodentate ligands.
Instead, we decided to use the Cu(i)-catalysed azide-alkyne
Huisgen cycloaddition to achieve the desired site-specific
attachment of the Pt(II) complexes. A similar approach was
recently reported in the context of (non-luminescent) cis-Pt(II)-
modified triplex-forming oligonucleotides.*®

Results and discussion
Synthesis and nomenclature

To be able to compare different locations of the Pt(II) complex
within the DNA duplex, three points of attachment were eval-
uated: (a) via a glycol nucleic acid (GNA) moiety, (b) via a 2"
deoxyribose and (c) via a C5-alkynylated 2"-deoxyuridine moiety
(Chart 1). The Pt(II) precursor complexes PtI and PtCN were
prepared via oxidative addition (and subsequent ligand
exchange in the case of PtCN) using a suitably iodinated ligand
precursor (Scheme 1). These precursor complexes were attached
to the respective oligonucleotides in a post-synthetic Cu(1)-cat-
alysed azide-alkyne Huisgen cycloaddition (see ESIt for
details). Table 1 summarizes the DNA duplexes under investi-
gation in this study. It is essentially one duplex sequence with
a variable central base pair. All four canonical nucleobases are
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Schemel Synthesis of the Pt(ll) precursor complexes Ptl and PtCN for
the subsequent cycloaddition to a suitably alkyne-modified oligonu-
cleotide. (a) NIS, Pd(OAc),, CH3CN, 90 °C, 2 d; (b) Pty(dba)s, THF, 50 °C,
90 min; (c) KCN, CHzOH/CHsCN (1: 1), 90 °C, 3 h. For further synthetic
details, see ESLT

placed opposite the artificial one. Taking into consideration the
two Pt(II) complexes (Ptl, PtCN) and the three modes of
attachment (GNA, Chart 1b; DNA, Chart 1c; Uri, Chart 1d), 20
duplexes with a single site-specific Pt(II) modification were
prepared, plus eight reference duplexes in which the Pt(II)-
containing GNA or DNA building blocks were replaced by an
unsubstituted 1H-1,2,3-triazole-4-yl base (tri). Throughout the
herein reported work, the identity of the Pt(II) complex and its
mode of attachment are designated using a superscript deno-
tation. For example, I"'°™SNA represents duplex II (with
a cytosine opposite the artificial nucleobase) bearing a PtCN
complex attached via a GNA moiety. Similarly, ODN1""PN4
represents a single-stranded oligonucleotide with a central non-
platinated 1H-1,2,3-triazole attached via a 2’-deoxyribose. In
addition, duplex V was prepared, bearing two centrally located
consecutive PtCN complexes (connected via a 2-deoxyribose)
and two complementary guanine residues.

Characterization of duplex stability and conformation

DNA melting studies were initially performed with all duplexes
in which the Pt(II) complexes are attached directly to the DNA

Table 1 DNA duplexes under investigation in this study”

Duplex Sequence

Ix ODN1* 5'-d(CTT TCT XTC CCT C)-3’
ODN2¢ 3-d(GAA AGA GAG GGA G)-5'

m* ODN1* 5'-d(CTT TCT XTC CCT C)-3'
ODN2° 3"-d(GAA AGA CAG GGA G)-5'

rr ODN1* 5'-d(CTT TCT XTC CCT C)-3’
ODN2* 3-d(GAA AGA AAG GGA G)-5'

v* ODN1* 5'-d(CTT TCT XTC CCT C)-3’
ODN2" 3"-d(GAA AGA TAG GGA G)-5'

\% ODN3* 5'-d(CTT TCT XXC CCT C)-3’
ODN4 3-d(GAA AGA GGG GGA G)-5'

“ The letter X represents the identity of the Pt(II) complex and its point
of attachment (PtI, PtCN, GNA, DNA, Uri). In Pt(I)-free reference
duplexes, an unsubstituted 1,2,3-triazole moiety (Tri) was used. See
text for more details.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Melting temperature Tr,/°C and change in melting temper-
ature AT.,/°C compared to [TWGNA_|THGNA gnq [TDNA_|yTriDNA
respectively®

Duplex T AT Duplex Tin AT
JrriGNA 26.1 n.a. rri.DNA 30.5 n.a.
Proena 19.9 -6.2 | S 13.8 -16.7
[T oNA 24.3 n.a. I PNA 28.1 n.a.
[IPELCONA 19.0 -53 etLbNA 11.6 —16.5
[IfPTibGNA 28.2 n.a. I PNA 31.3 n.a.
et 20.4 -7.8 11 i 12.2 -19.1
vTONA 25.0 na. VT PNA 27.7 n.a.
[VPheNA 19.1 -5.9 TyoLoNA 11.8 —-15.9

“ Experimental conditions: 1 pM DNA duplex, 5 mM MOPS buffer (pH
7.0), 150 mM NaClO,, 2.5 mM Mg(ClO,),.

backbone, ie., via the GNA or the 2-deoxyribose linker. All
duplexes bearing a PtI complex show a broad melting transition
and a melting temperature Ty, significantly below that of the
corresponding Pt(II)-free reference duplexes (Table 2 and
Fig. S17). Nevertheless, the duplexes mainly adopt a regular B-
DNA-type geometry, as indicated by their CD spectra
(Fig. S27). The destabilization is even more pronounced for the
duplexes in which a 2"-deoxyribose linker is used to attach the
Pt(II) complex. The broad melting transition could be explained
by the loss of the iodido ligand, followed by a non-specific
complexation of one of the canonical nucleobases, either in
an intrastrand or an interstrand fashion. As numerous nucleo-
bases are available for this platination, different products are
expected, all of which melt at different temperatures. The
resulting duplexes are expected to be distorted, thereby
explaining the decrease in Ty,. The fact that the iodido ligand is
easily substituted is also apparent from the mass spectra of
ODN1""SM* and ODN1""PN* (Fig, $3 and S41), where the
iodido ligand is found to be cleaved off.

Hence, in a second set of experiments, the iodido ligand was
exchanged by a cyanido unit, which is expected to bind more
tightly to the Pt(II) ion due to its strong o-donor and m-acceptor
character. This was again confirmed by mass spectrometry,
where a non-dissociated Pt(II) complex was observed for
ODN1™*NSNA and ODN1P*ONPNA (Rig, S5 and S67). Indeed, the
PtCN-modified duplexes show a more regular melting behav-
iour, as illustrated in Fig. 1 based on duplexes II*. In the
presence of the Pt(II) complex, a significant increase in T, is
observed with respect to the triazole-containing reference
duplexes. The increase is largely independent of the comple-
mentary nucleobase (Fig. S71), with duplex IF**™S™ pbeing
a prominent exception. In general, the melting transition is
steeper for duplexes in which the Pt(II) complex is attached via
a 2’-deoxyribose, compared to the GNA linker. This is in agree-
ment with the distortion expected upon the incorporation of the
non-canonical backbone fragment. Again, the CD spectra indi-
cate no major structural changes upon the introduction of the
Pt(II) complex (Fig. 1b and S7t), except for the fact that the
Pt(II)-free reference duplexes show an unusually strong positive
Cotton effect at ~280 nm. However, as the wavelengths of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Melting curves and (b) CD spectra of duplexes HITTGNA
[I[PEENGNA I TADNA g |PYENDNA Broken lines represent the use of
the GNA linker, solid lines of the DNA linker. Data for PtCN-containing
DNA are shown in red, for the Pt(ll)-free reference strands in black. (c)
Melting curves of duplexes IP“NPNA (qotted line) and V (solid line). The
inset shows the corresponding CD spectra. Experimental conditions: 1
uM DNA duplex, 5 mM MOPS buffer (pH 7.0), 150 mM NaClOy4, 2.5 mM
Mg(ClOy,),.

Cotton effects do not significantly shift in the presence of the
Pt(II) complex, major structural changes can be ruled out.
Table 3 lists the melting temperatures of the duplexes in the
presence of PtCN. The reason for the increased stabilization of
duplex I*“™SN in comparison to the other duplexes with
a PtCN, GNA modification remains unclear. While it could be

Chem. Sci., 2023, 14, 2399-2404 | 2401
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Table 3 Melting temperatures T,,,/°C and change in melting temper-
ature AT.,/°C compared to [TWGNA_|THGNA gnq [TDNA_|yTriDNA
respectively®

Duplex Tm ATy, Duplex Tm ATy,
[PECN.GNA 34.1 8.0 [PCN,DNA 37.5 7.0
[IPtCNGNA 39.0 14.7 [IPteNDNA 35.7 7.6
TPt eNGNA 33.8 5.6 11 B 35.1 3.8
TVPteNGNA 34.1 9.1 TVPteN,DNA 34.2 6.5

“ Experimental conditions: 1 pM DNA duplex, 5 mM MOPS buffer (pH
7.0), 150 mM NacClOy, 2.5 mM Mg(ClO,),.

speculated that the complex optimally fits into a duplex with
a complementary 2"-deoxycytidine, such an explanation would
not be in agreement with the shallow melting transition (vide
supra) or the data for PtCN, DNA.

To evaluate the effect of two consecutive Pt(II) complexes
within a DNA double helix, duplex V was synthesized. It is
derived from I"*“™P™ (the PtCN-containing duplex with the
highest T,,) by formally replacing the T:A pair adjacent to the
X:G pair by second X:G pair. Duplex V melts at 34.0 °C and
hence at a slightly lower Ty, as I"*®™°N4 (Fig, 1c). Its CD spec-
trum resembles that of B-DNA. Nonetheless, slightly blue-
shifted maxima with respect to those in the CD spectrum of
duplex I*NPN* indicate a slight structural change upon the
incorporation of the second Pt(I) complex (Fig. 1c).

The general applicability of our approach of a post-synthetic
modification of nucleic acids with organometallic complexes
was confirmed by applying the Pd(ir) complex PACN analogous
to PtCN. As expected, the behaviour of the resulting duplexes is
essentially identical, as exemplified by a comparison of the
respective melting temperatures (Fig. S8, Table S17).

Time-resolved photoluminescence spectroscopy

The photoluminescence spectra of the Pt(II}-containing oligonu-
cleotides show an emission band peaking around 510 nm with
a clear vibrational progression indicative of an emission from metal-
perturbed ligand-centred states, in agreement with the results ob-
tained for comparable complexes outside the DNA context (for

representative  examples, see  Fig.  S20-S241).**'  The

Edge Article

photoluminescence lifetimes are summarized in Table 4. They are
in the order of ps and confirm that phosphorescent oligonucleo-
tides were obtained. As the lifetimes also depend on the microen-
vironmental shielding of the Pt(II) complex from physical
quenching by water and *0,,”* they provide valuable structural
information.

In the following, we will first discuss the behaviour in air-
equilibrated solutions. Here, duplexes bearing PtCN entities
in a complete DNA context have the longest amplitude-weighted
average lifetimes, compared to PtCN attached via a GNA linkage
and all PtI-containing duplexes. This means that in duplexes
containing the oligonucleotide ODN1P*™PNA" the Pt(II)
complex is best shielded from water and dioxygen. The average
lifetimes of the PtCN complexes attached via the uracil C5
position are shorter by 20-30% (see Fig. S9t for their melting
curves and CD spectra and Table S27 for their T,,). Here, the
Pt(II) complex is protruding into the major groove. It is there-
fore expected to be less efficiently shielded from water, which is
in agreement with the shorter lifetimes. The poorer shielding in
the single-stranded oligonucleotides ODN* is reflected by their
even further shortened lifetimes.

Upon Ar-purging, i.e., in the absence of *0,, the lifetimes clearly
reflect the different structural shielding from physical quenching.
In general, they are always longer upon deoxygenation. The
systems with PtI moieties show the shortest lifetimes, in agree-
ment with a faster deactivation rate related to a lower ligand field
splitting. The average lifetimes of PtCN-bearing duplexes are very
similar, irrespective of the identity of the nucleobase in the
complementary position and whether they are attached via a 2"
deoxyribose or a GNA linker. The duplexes with PtCN facing the
major groove (ie., attached to uracil) display a somewhat shorter
average lifetime (by 3-11%). Still, the duplex lifetimes remain
longer than those of the corresponding single-stranded oligonu-
cleotides, indicating that the complex is better shielded from
quenching in the duplex. Taken together, these data are in
agreement with the localization of the PtCN complexes either in
the base pair stack or as groove binders. Even the shorter average
lifetimes of all the DNA duplexes bearing PtI moieties reflect the
different solvent and 0, accessibility of their Pt(Il) centres, in
agreement with the non-specific cross-linking to other DNA
strands as proposed above on the basis of the melting profiles.

Table 4 Amplitude-weighted average photoluminescence lifetimes t/us of the Pt(ll)-containing DNA in solution, under air-equilibrated and de-

aerated (i.e., Ar-purged) conditions®

Air-equilibrated

Argon-purged

DNA PtLGNA  PLDNA  PtCN,GNA  PtCN,DNA  PtCN,Uri  PtLGNA  PLDNA  PtCN,GNA  PtCN,DNA  PtCN,Uri
ODN1¥ 53 5.9 4.3 4.9 6.2 11.6 13.2 19.5 20.7 19.8
1X 9.9 9.6 13.3 19.0 14.0 13.6 14.6 24.5 24.8 22.0
m* 7.7 9.3 13.6 16.6 11.6 13.8 14.4 23.9 23.6 21.4
r* 9.8 10.9 12.8 18.0 14.5 13.8 15.1 23.1 22.7 22.2
vx 9.2 10.7 13.6 17.1 15.1 13.9 15.1 23.9 23.5 21.9

“ Experimental conditions: 1 uM DNA (single-stranded in the case of ODN1¥, double-stranded for I¥, I, IIi¥, IvX), 5 mM MOPS buffer (pH 7.0), 150
mM NaClO,, 2.5 mM Mg(ClO,),, room temperature, experimental uncertainty & 0.1 us. The corresponding original data, together with the fitting

parameters, are given in the ESI (Fig. S25-574).
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The doubly platinated duplex V shows significantly different
luminescent properties. Fig. 2 shows the photoluminescence
spectra of this duplex and of the corresponding single-stranded
ODN3 under different atmospheric conditions. In addition to
the emission band with vibrational progression centring
around 500 nm, a broad emission band is observed above
600 nm, indicating the presence of excimers. The average life-
times of these excimeric species are significantly shorter than
those of the monomers (Tables S3 and S4t). They are likewise
shorter than those of the respective mono-platinated species
IP*CNPNA and ODN1™°N (Table 4). In general, the lifetimes are
reminiscent of what had been reported previously for a related
Pt(II) complex interacting non-covalently with ctDNA via groove-
binding.*’

Interestingly, duplex V and single-stranded oligonucleotide
ODN3 respond differently to the presence of dissolved molecular
dioxygen. The luminescence intensity of the excimers above
600 nm is much less sensitive to dissolved dioxygen than that of
the monomers at 500 nm. Thus, it could be used as an internal
reference to sense the concentration of dissolved °*0,, if
compared with the monomeric emission (for clarity, the spectra
shown in Fig. 2 have been normalized to the excimeric maximum

1.35

0.0 . : : :
500 600 700 800
Alnm e
b) 157 133
\
1.2
0.94
0.6
0.34 AR
0.3
0.0 : - :
500 600 700 800
Alnm ——>

Fig. 2 Photoluminescence spectra and relative intensities of the
monomers (with respect to the red-shifted excimers) of doubly
platinated (a) duplex V and (b) single-stranded ODN3. Black solid line:
air-equilibrated; red solid line: Ar-purged; black dotted line: O,-
saturated. Intensities normalized for clarity at (a) 625 nm and (b)
620 nm.
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peaking at ca. 620 nm). Interestingly, while the relative lumi-
nescence intensity of the monomer emission at 500 nm increases
about 1.7-fold upon Ar-purging, this increase is much larger (3.2-
fold) for the single strand, in agreement with an enhanced
exposure to physical quenching. To confirm that this effect is due
to the presence of dissolved 30,, the measurements were
repeated by comparing Ar-purged to O,-saturated solutions.
Here, the relative monomer emission intensities increase 1.9-
fold and 3.9-fold, respectively. Hence, the doubly platinated
oligonucleotide ODN3™N (and to a lesser extent the corre-
sponding duplex) constitutes an excellent candidate for a *0,
sensor based on the relative phosphorescence intensities of
monomer and excimer (ratiometric quantification). On the other
hand, while the average lifetimes of the green monomers are
drastically prolonged wupon de-oxygenation, the photo-
luminescence decays are less sensitive if monitored at the
emission maximum of the red excimers. In fact, their relative
ratios mirror the qualitative trend observed for the intensities,
but the multi-exponential nature (Tables S3 and S4, Fig. S75-
S867) precludes a straightforward comparison (mainly due to the
manifold of co-existing conformers), thus requiring the evalua-
tion of amplitude-weighted average lifetimes.**

Conclusions

Tethering a phosphorescent tag to a nucleic acid is of high
interest. Compared to commonly applied fluorophores,*
a phosphorescent tag represents a tremendous advantage in
anticipated in vitro experiments because of the suppression of
background fluorescence in time-gated measurements. The
Pt(IT)-modified nucleic acids described here represent excellent
candidates for such an application. We propose that they could
serve as lifetime-based or ratiometric intensity >0, sensors in
aqueous solutions, broadening their scope by providing a dual
readout for photoluminescence (lifetime imaging) microscopy.
Future work will aim at establishing such an application in
biological models and at introducing the Pt(II) complexes via
shorter linkers, so that their location within the DNA can be
predicted more precisely.
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