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An optical ratiometric approach using enantiopure
luminescent metal complexes indicates changes in
the average quadruplex DNA content as primary
cells undergo multiple divisions+
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The three stereoisomers of a previously reported dinuclear ruthenium(i) complex have been quantitatively
separated using cation-exchange chromatography and the individual crystal structures of the racemic pair
are reported. Cell-based studies on the three sterecisomers disclosed differences in the rate of uptake of
the two chiral forms of the rac diastereocisomer with the AA-enantiomer being taken up noticeably more
rapidly than the AA-form. Cell viability studies reveal that the three cations show identical cytotoxicity
over 24 hours, but over more extended exposure periods, the meso-AA stereocisomer becomes slightly
less active. More significantly, microscopy studies revealed that although both isomers display a near
infra-red “light-switch” effect associated with binding to duplex DNA on binding to chromatin in live
MCF7 and L5178-R cells, only the AA enantiomer displays a distinctive, blue-shifted component associ-
ated with binding to quadruplex DNA. An analysis of the ratio of “quadruplex emission” compared to
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Introduction

Following the report that a Pt" complex intercalates into
duplex DNA,"? metal complexes that reversibly interact with
nucleic acids have been increasingly studied. Although much
initial work centred on redox-active moieties,> photo-acti-
vated systems soon attracted attention, with polypyridylruthe-
nium() complexes being of particular interest.®™** This led to
the discovery of the “DNA light-switch” [Ru(LL)y(dppz)]**
(Fig. 1) (LL = 2,2"-bipyridine (bpy) or 1,10-phenanthroline
(phen) and dppz = dipyridylphenazine)."*'* The (Ru — dppz)-
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DNA content within live primary cells as they undergo multiple cell divisions.

based *MLCT emission of this complex is suppressed in
water,"”™° but is facilitated by aprotic solvents®>*>* or through
interaction with DNA'*?*** and other water-excluded bio-
molecular environments.>>>°

Although structural studies confirmed that the prototype
complex intercalates into DNA,*’° it is not cell permeant;
however, it was found that related structures can be compart-
mentalised within live cells.>**** Over the following years, a
huge number of related d°-metal complexes that offer potential
as novel cell probes,?>?*34 4142749 therapeutics,>>">>739:607¢7
phototherapeutics®® 7 and theranostics’”’%7°#%%” have been
identified.®® " The interactions of such systems with higher-
order DNA structures have also been studied, with quadruplex
DNA being a particular focus,®>%3247101,102-105

DNA quadruplexes'®'® have been observed within
cells’* ™ and assigned a range of putative biological func-
tions from the modulation and control of gene
expression’® % and DNA replication'’*"** to being incul-
cated in the aetiology of specific genetic diseases and
cancers."*™"** One facet of this research is the structure and
function of telomeres, the G-rich sequences that terminate
chromosomes.

Telomeres are of interest as their attrition during DNA repli-
cation defines the Hayflick limit of cell divisions before

senescence.'**"*® Immortalised cells - including cancer cells
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Fig. 1 (A) Structures of [Ru(phen),(dppz)1?* and AA-1%*. (B) Schematic depicting all three sterecisomers of 14+,

- maintain telomere length through the activation of telomer-
ase or alternative telomere lengthening mechanisms.'¥’~'*!
Studies on the human telomere sequence, HTS, illustrate the
structural diversity of folding in quadruplex structures versus
duplex DNA as, depending on the experimental conditions, a
variety of parallel, antiparallel and hybrid forms have been
reported.'*>*8

While much work on quadruplex binding substrates has
focused on therapeutics, small molecule probes for specific
structures are required. The optical properties of transition
metal complexes, particularly ruthenium systems, make them
candidates for this role, and as part of an ongoing program to
develop DNA-targeting novel luminescent probes and thera-
nostics, the Thomas group reported the first study on light-
switch-related complexes and quadruplex DNA.**

Although the dinuclear complex 1** ([{Ru(phen),},(p-
tpphz)]*"; tpphz = tetrapyrido[3,2-a:2',3"-¢:3",2"-h:2"",3""j|phe-
nazine) - closely related to [Ru(phen),(dppz)]** (Fig. 1) - is vir-
tually non-luminescent in aqueous solution, it displays a x50
enhancement in NIR emission (670-700 nm) when bound to
duplex DNA. It also binds to anti-parallel HTS with an order of
magnitude more tightly (K, > 10” M™') and produces an
intense “quadruplex light-switch” effect (luminescence
enhancement: >150) that is blue-shifted by around 50 nm.**

Consequently, it was found that 1** is readily taken up by
live cells. Apart from its low toxicity, one striking aspect of the
complex is its selectivity: co-localisation studies with commer-
cial probes such as DAPI, SYTO-9 and PI revealed that while
heterochromatin of live cells is stained, RNA is not.*>*® These
conclusions were confirmed by TEM and consequent super
resolution studies.”” Detailed studies on a variety of structures
reveal that the distinctive quadruplex light-switch effect is only
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produced by quadruplexes containing diagonal loops."*®
Finally, in cell-free studies, a combination of biophysical and
NMR structural data revealed that although both AA-1** and
AA-1*" bind to duplex DNA™® to produce lower energy emis-
sion, showing identical binding affinities and emission
enhancements, only AA-1*" displays high affinity for HTS and
the blue-shifted quadruplex light-switch signal.">!

Herein, we report a facile and reliable procedure for the sep-
aration and isolation of AA-1*", AA-1*", and AA-1*" and
compare their live cell uptake, cytotoxicity, and imaging
properties.

Results and discussion

Several methods have previously been used to isolate diastereo-
mers of 1**. In previous studies, we used chirally-pure mono-
nuclear synthons'>>*'>? to obtain AA-1*" and AA-1**. However,
this method proved to be inconsistent in yields and enantio-
purity, so a more reliable route to obtain the enantiomers of
the racemic (rac) diastereomer and the meso diastereomer was
sought. As the three diastereomers of its bpy analogue were
successfully separated by cation-exchange chromatography for
structural and single molecule imaging studies,'**">* we inves-
tigated whether a similar method could be extended to separ-
ate the analogous diastereomers of 1**,

Using the cation-exchange chromatographic methods devel-
oped by the Keene group,'>*™*” all three stereoisomers were
separated in a two-step procedure that was slightly different to
that used to separate the three stereoisomers of the close struc-
tural analogue of 1** - [{Ru(bpy),}.(p-tpphz)]**.

This journal is © The Royal Society of Chemistry 2025
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Diastereomeric separation of the rac and meso forms was
first accomplished by two passes down a one-metre SP
Sephadex C-25 column with a 0.06 M aqueous sodium octano-
ate solution as the eluent. Due to the differential second-
sphere association of the eluent anion with the cations, this
led to the elution of discrete bands containing AA-1**, fol-
lowed by the rac isomer.

The chiral resolution of rac-1** was then achieved by the
same technique using a higher concentration of sodium
(-)-dibenzoyl-i-tartrate solution (0.15 M) as the eluent com-
pared to that required for the resolution of rac[{Ru(bpy),}.(p-
tpphz)]** (0.05 M)."® Under these conditions, two discrete
bands were separated in a single 1 m pass through the column
(see ESI, Fig. S1t). A comparison of CD spectra with previous
literature reports confirmed that AA-1** was eluted as the first
band followed by AA-1** (see ESI, Fig. S21); furthermore, the
structures of the two enantiomers were confirmed by X-ray
crystallography.

Good quality crystals of [AA-1](Cl), were obtained by
vapour diffusion of diethyl ether into nitromethane solutions,
whereas [AA-1](PF¢), was obtained by vapour diffusion of
acetone into aqueous solutions of the complex - Fig. 2 and the
ESI (Tables S1 and S2;} for thermal ellipsoids, see Fig. S3 and
S4+t).

Consistent with its chiral P2(1)2(1)2(1) space group, the
cations in the structure of [AA-1](Cl), define right-hand
double helical strands (Fig. 2A). Contrastingly, in the structure
of [AA-1](PFe)4, the cations are aligned within perpendicular
layers (Fig. 2B). Presumably, the differences in these two struc-
tures are driven by the need to accommodate anions of
different sizes within the spaces created by the cations. With
the three stereoisomers of 1** isolated, their structures con-
firmed, and their optical response to DNA in cell-free aqueous
titrations confirmed to be consistent with our previous
reports®”°®'3! (also see ESI, Fig. S5 and S6t), their uptake into
MCF-7 human breast carcinoma cells individually was first
investigated using confocal laser scanning microscopy (CLSM).

Time-course images of cells treated at identical concen-
trations, as well as the average luminescence intensity per cell

Fig. 2 Details of the crystallographic structures of [AA-1](Cl), and [AA-
11(PFg)4. (A) Structure of the AA-1** cation (top); a helical arrangement
of symmetry-related cations is revealed in their packing (bottom). (B)
Structure of the AA-1** cation (top); packing of symmetry-related
cations reveals a perpendicular arrangement of layers (bottom).

This journal is © The Royal Society of Chemistry 2025
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in the field of view, are shown in Fig. 3. To mirror experiments
we reported in our original reports using the unresolved
complex,’”° we treated the cells with 500 uM solutions of
each individual stereoisomer. Strikingly, all three stereoi-
somers ultimately produced the same intracellular emission
intensity after ~60 minutes. Previous reports have shown that
after this period, the intracellular concentration of unsepa-
rated 1** was ~900 pM; given that each stereoisomer shows a
similar emission intensity when bound to duplex DNA, these
observations indicate that the final intracellular concentration
of each stereoisomer was entirely comparable. Nevertheless,
the rate at which this maximum is reached differs.

The stereoisomer AA-1* is taken up most rapidly, with a
sharp increase in emission intensity from the nucleus
observed from 10 minutes onwards. Conversely, AA-1** shows
a gradual increase in intensity over approximately 35 minutes,
whereas the cellular uptake rate of the meso form lies between
the two enantiomers. The complex is known to be taken up in
an energy-dependent manner*® and although the effect of chir-
ality on uptake and localisation is not as pronounced as
observed for some related mononuclear polypyridyl
complexes,'>*71%° the fact that uptake rates are dependent on
the chirality of the 1** cation offers further evidence that a
specific molecular recognition process is involved.
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Fig. 3 MCF-7 cells treated with (A) AA-1**, (B) AA-1** and (C) AA-1**
at time points of 0, 15, 30, 45 and 60 minutes. To aid visualisation, false
colour is used in these images. (D) Changes in the average luminescence
intensity profiles over time (per cell in the field of view). Blue squares =
AA-1*, red circles = AA-1** and green triangles = AA-1%*.
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In recent reports, we showed that although 1** is not classi-
cally cytotoxic, it is antiproliferative as it blocks cytokinesis by
inhibiting f-actin assembly.®>® As it has been demonstrated
that the stereochemistry of metal complexes can have a pro-
found effect on the cellular responses they provoke, the possi-
bility that a particular stereoisomer of 1** is responsible for
the observed changes in cell viability was first investigated.

To test this hypothesis, the half-maximal inhibitory concen-
tration, ICs,, for each stereoisomer in MCF-7 cells was deter-
mined by an MTT metabolic activity assay. To assess both cyto-
toxicity and antiproliferative effects, cells were treated with
AA-1*, AA-1*" or AA-1*" for 24 and 72 hours, respectively,
and compared with cisplatin under the same conditions. The
results from these assays (see ESI, Fig. S71) are summarised in
Table 1.

These data show that each stereoisomer demonstrates low
toxicity towards this cell line over 24 hours, which is entirely
comparable to previous estimates obtained using unresolved
1", Indeed — within the experimental error — their ICs, values
are identical and are an order of magnitude higher than the
equivalent concentration for cisplatin. As the doubling time of
MCF-7 cells was determined to be ~35 hours, an extended
incubation time of 72 hours allowed any effects on cell divi-
sion to be examined.

Consistent with our previous report,® the increase in incu-
bation time led to an appreciable decrease in ICs, figures for
the complex. Interestingly, these figures reveal some difference
between the effects of the stereoisomers on cell viability.
Within error, the IC5, values for the enantiomeric pair AA-1**
and AA-1"" were identical and were also comparable to the
IC5, value for cisplatin under these conditions. However, the
meso diastereomer was less active, displaying an activity that
was approximately half that of its rac diastereomer. These
observations indicate that the interaction between AA-1** and
cytoskeletal elements may be slightly lower than that displayed
by AA-1*" and AA-1*". Next, any differences in the imaging
properties of the individual cations were investigated.

As outlined above, a combination of optical titrations, NMR
structural studies, and computational methods have revealed
that AA-1*" is responsible for the distinctive blue-shifted
“quadruplex light-switch” effect. As this effect was also seen in
live cells when they were treated with an unresolved mixture of
1**, experiments to investigate whether these in-cell obser-
vations are also solely due to AA-1** were then carried out.

Initially, a procedure previously employed with unresolved
1*" and MCF-7 cells was used. Emission from the three stereoi-

Table 1 ICsg values? against MCF7 cells for the stereoisomers of 1**
Complex ICs0/pM (24 h) ICs50/pM (72 h)
AA1Y* 141+3 11+3

AN 131+6 742

AAIM 134+ 4 22+2
Cisplatin 13+3 6+2

% Average of three experiments.
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somers was analysed in stacks at a spectral resolution of
10.8 nm, resulting in the partitioning of the duplex and quad-
ruplex emissions into two separate “channels”.

When the relationship between the two channels was ana-
lysed by plotting their intensity against each other within cell
images, a plot of these data for AA-1** reveals a clear linear
relationship between the channels, confirmed by a high R*
value (0.96) for a fit to a straight line. As the ratio between the
two wavelengths remained unchanged, the 640 nm emission
was designated as merely a function of the 680 nm emission
maximum. A similar analysis for AA-1** produced contrasting
results as such a simple linear relationship was not observed.

The similar straight-line fit for AA-1** led to a R* value of
~0.75, but more distinctly, the overall average 2:3 ratio
between the equivalent two channels for AA-1*" showed that
there is a considerably greater contribution from the higher
energy emission compared to AA-1*". A close comparison of
individual cells revealed why this was the case: it was clear that
the high-energy channel makes a non-uniform contribution to
the overall emission compared to the 670-680 nm peak (see
ESI, Fig. S8-10 for more detailst). To further investigate this
effect, a second cell line was used.

A previous study using an unseparated mixture of 1*"
stereoisomers showed that the 640 nm emission was more pro-
minent in treated L5178-R mouse lymphoma cells.*> This was
attributed to the fact that compared to MCF-7 cells — which
have an average telomere length of only 2 kB — telomeres in
L5178-R cells have an average length of 80 kB;'®' thus, by
increasing the G-rich sequence content, the possibility of
detecting quadruplex structures was increased. Similar experi-
ments and analysis using AA-1*" and AA-1*" resulted in strik-
ing observations.

Overall rates for uptake into the murine cell line were faster
than those for uptake into MCF-7 cells, with maximum emis-
sion reaching after only 40 minutes. This is probably due to
the L5178-R line being grown in a suspension culture, while
MCF-7 cells are adherent. Beyond this, a difference in uptake
rates between the two enantiomers was also observed, with
AA-1"" again displaying more rapid uptake compared to AA-
1% however, a more notable difference emerges when the intra-
cellular emissions from AA-1*" and AA-1*" are compared -
Fig. 4.

The emission from AA-1*" still shows a single emission
centred at 680 nm, with the two emission channels from cells
treated with AA-1** showing a straight-line correlation.

However, when L5178-R cells are treated with AA-1*", there
is a significantly greater contribution to emission from the
630-640 nm channel compared to the optical response of the
same enantiomer with MCF-7 cells - Fig. 4A and B.
Additionally, the higher energy emission is clearly localised
within specific regions of the nucleus compared to the general
chromatin staining produced by the low-energy emission -
Fig. 4C. Furthermore, in cells treated with AA-1*", the relation-
ship between the two channels is nonlinear, Fig. 3D, produ-
cing a straight-line correlation of only R* = 0.58. As these
experiments confirmed that an increase in the intensity of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 L5178-R cells treated with (A) AA-1*" and (B) AA-1** and (C)
details of the region within the yellow box shown in (B); left:
670-700 nm, right: 630-640 nm. (D) Scatter plot for 670-700 nm
emission intensity (x-axis) vs. 630-640 nm emission intensity (y-axis) for
individual live L5178-R cells. To aid visualisation, false colour is used in
these images.

high-energy “quadruplex channel” component in the emission
of the treated L5178-R cells was observed, the use of AA-1*" as
a tool to analyse the changes in the quadruplex content in
aging live primary cells was investigated.

Human dermal fibroblast (HDF) cells are known to
decrease in mean telomere length by ~2 kb with each popu-
lation doubling."**'%>'% since this shortening of G-rich telo-
meric DNA lowers the putative quadruplex-forming content of
the live cells, we reasoned that this might be detected by
changes in the high-energy emission of AA-1**, thus we
treated samples of primary HDF cells at early and late passage
numbers with AA-1*".

Before any imaging experiments were carried out, the effect
of the three stereoisomers on the viability of these primary
cells was first determined by an MTT metabolic activity assay
employing the same conditions employed for the studies on
MCEF?7 cells (see ESI, Fig. S11 and Table S37). It was found that
the effect of the complexes on HDF cells appeared to be
slightly lowered compared to MCF7 cells, with ICs, values
being in the range of ~150-170 pM and, again, the meso-form
displayed the lowest cytotoxicity. The imaging properties of the
complexes in HDF cells were then investigated.

Fig. 5A displays the CLSM images of HDF cells treated with
AA-1"" at passage 2, P2. As expected, the high-energy quadru-
plex emission channel was localised within specific areas of
nuclei. A lack of uniformity with duplex emission was con-
firmed by a poor fit to a linear relationship between the two
channels (R> = 0.74). In contrast, control experiments using
AA-1*" revealed a straight-line fit between the two channels
(R* = 0.96). Untreated cells were then passaged to P14, when

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 HDF cells treated with AA-1**. (A) Passage 2 cells. (B) Passage 14
cells. (C) Scatter plot for 670-700 nm emission (x-axis) vs. 630-640 nm
(y-axis) for individual live HDF cells at passage 2 (left) and passage 14
(right).

they were then again treated with AA-1** and AA-1**. Although
there was no change at all in the emission output of AA-1*" in
P14 cells compared to P2 cells, a comparison of emission from
P14 cells treated with AA-1*" showed that there was a signifi-
cant decrease in the contribution from the high-energy quad-
ruplex channel to the overall luminescence of the probe -
Fig. 5B. Furthermore, the duplex and quadruplex emission
channels now showed a much closer correlation to a straight
line (R* = 0.89) - Fig. 5C.

Experimental
Separation of stereoisomers

The three stereoisomers were separated through the following
procedure. The diastereomeric mixture of [1](PFs), (250 mg)
was converted into chloride salts by metathesis with tetra-n-
butylammonium chloride in acetone solution. The precipi-
tated chloride salt was collected by filtration, washed with cold
acetone and dried in vacuo. The resultant dark orange precipi-
tate was dissolved in a minimum amount of water and intro-
duced onto a one metre SP Sephadex C-25 column (dimen-
sions - 26 x 100 mm). On elution with a 0.06 M sodium
octanoate solution, an initial fast-moving pale-red band com-
posed of a minor unidentified impurity was rejected. To
increase the effective length of the column, once the Sephadex
column had been equilibrated with the eluent, a plunger was
lowered onto the surface of the support and the system was
allowed to recycle with an eluent flow regulated using a peri-
staltic pump. After the third passage down the column, defini-
tive separation was achieved. The meso (first band) and rac
(second band) diastereomers were precipitated by the addition

Dalton Trans., 2025, 54, 8241-8250 | 8245
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of aqueous KPF, solution to the respective eluates. The solids
were extracted with dichloromethane, and the organic extracts
were dried with anhydrous Mg,SO,. Following filtration, the
solvent was evaporated, and the residues were dried in vacuo.
Yields: meso, 80 mg; rac, 100 mg.

Using a similar method to that described above, rac-[1][Cl],
was introduced onto a column (dimensions: 16 x 1000 mm).
Upon elution with 0.15 M sodium (—)-dibenzoyl--tartrate solu-
tion, two distinct bands were collected and isolated as the
hexafluorophosphate salts. Band 1, A,A-1*" complex: CD Amay/
nm (CH;CN) 256 (Ae/dm® mol™* em™, +330.1), 269 (—471.3).
Band 2, A,A-1*" complex: CD Aya/nm (CH3CN) 256 (Ae/dm?
mol ™" em ™, -328.3), 269 (+471.7).

Conclusions

Taken together, these data and associated analysis reveal that
after cells have undergone multiple passages, they display less
higher-energy emission from DNA-bound AA-1*". This
suggests that the average quadruplex content of the primary
cells is dependent on their replication history. One obvious
contribution to this effect is the attrition of telomeres that
occurs during DNA replication. Telomeres in human cells have
an average length range of 10-20 kb and commonly shorten by
30-200 bases in each S-phase of the cell cycle.'®*'%*17 go,
although any changes in emission due to a reduction in quad-
ruplex-folded telomeres after a single cell-doubling process
will be small and are unlikely to be detected, these changes
will become increasingly pronounced over a larger number of
replications, which is consistent with the data presented in
Fig. 5.

However, the decrease in the overall quadruplex signal may
also be due to other factors linked to cellular ageing. Certainly,
a recent report has demonstrated that quadruplex structures
are much more abundant in stem cells and their occurrence
reduces as differentiation progresses.'®® This report is one of
many that indicates that dynamic quadruplex structures play a
key role in the epigenetics'®'’® of even fully differentiated
cells by modulating processes such as histone marking and
methylation, which are also involved in the aging process. For
example, it is well established that increased DNA methylation
is a marker of cellular aging'”' and quadruplex forming
sequences are particularly associated with “ageing clock” DNA
methylation sites.'”* Yet, it has also been shown that, by inhi-
biting methyltransferase activity, quadruplex structures protect
DNA from methylation.'”?

Finally, it seems that many processes involving dynamic
quadruplex structures will be cell cycle-dependent. A case in
point is the capping/uncapping of telomeres,'*¢*7*17> in
which the folding and resolution of quadruplexes appear to
play a key role. Given that not all cells in the unsynchronised
populations used in this report show the same intensity and
localisation of the distinctive high-energy emission, this possi-
bility will be explored in future experiments involving synchro-
nized cell populations.
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Data availability

Supporting data have been included as part of the ESI} and
crystallographic data are available from the CCDC (CCDC
deposition numbers 2354069 and 2394277 for AA-1*" and AA-
1*", respectively).
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