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Sensitivity of [Ru( phen)zdppz]2+ light switch emission
to ionic strength, temperature, and DNA sequence and
conformationt

Andrew W. McKinley,® Per Lincoln® and Eimer M. Tuite**

The luminescence of DNA-bound [Ru(phen)>dppz]?* is shown to be highly sensitive to environmental
conditions such as ionic strength, temperature, and the sequence and secondary structure of the nucleic
acid, although not to bulky DNA substituents in the major groove. Each enantiomer has two character-
istic lifetimes with any polynucleotide and their relative amplitudes vary as a function of binding ratio.
For [poly(dA-dT)], as a model sequence, the longer lifetime for A-[Ru(phen),dppz]** has been assigned
to canted intercalation of the complex and the shorter lifetime is ascribed to symmetric intercalation. At
a fixed binding ratio, the longer lifetime amplitude increases with increasing ionic strength, without
significant change in lifetimes. Increasing temperature has a similar effect, but also affects lifetimes. In
general, emission is strongest with AT-rich polynucleotides and with higher-order secondary structures,
with intensity increasing as single-stranded < duplex < triplex. However, sequence-context and secondary
duplex structure also influence the photophysics since emission with [poly(dA)]-[poly(dT)] is significantly
higher than with [poly(dA-dT)], or [poly(rA)]-[ poly(rU)]. The strong influence of different environmental
conditions on the emission of nucleic acid-bound [Ru(phen),dppz]** reflects subtle heterogeneities that
are inherent elements of DNA recognition by small molecules, amplified by large changes in photo-
physics caused by differential exposure of the dppz nitrogens to groove hydration.

water. Both phenazine nitrogens must be H-bonded to comple-
tely extinguish *MLCT luminescence."

As a general DNA fluorescent probe, [Ru(phen),dppz]*

phen = phenanthroline) (Fig. 1) is the archetypal “light-switch”
metal complex for recognition of DNA." It is essentially non-
luminescent in water but shows remarkably increased emis-
sion on binding to DNA"? as well as in organic solvents** and
hydrophobic microenvironments.>® This results from differen-
tial population of two close-lying dppz-localized *MLCT
states,” "' with the non-emissive state favoured in polar and
H-bonding solvents.”>™* The formation of H-bonds between
water and the 9,14-nitrogens on the extended (phenazine)
portion of the dppz ring helps to stabilise the dark state which
becomes dominant, resulting in non-emissive behaviour in
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suffers the disadvantage of having a sequence-dependent
quantum yield."*™*® The corollary is that it has potential to
report on the sequence and structure of nucleic acids. In this
respect, the emission of [Ru(phen),dppz]** and [Ru-
(bpy),dppz]”* with duplex DNAs has been reported for both
the racemate’® and enantiomers.'”'® Additionally, interactions
of [Ru(phen),dppz]** and related compounds have been
reported with single-stranded,'®>" triplex,”® quadruplex and
i-motif”* DNA, and with RNA duplex'® and triplex.>

Finally, the complex has been proposed as a probe for DNA
mismatches, since luminescence of [Ru(bpy),dppz]** is greater

Fig. 1 Structures of the [Ru(phen)zdppz]z" enantiomers.
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when metalloinserted at an A-A mismatch than when bound
to the consensus duplex.****

When bound to nucleic acids, the emission decay is multi-
exponential. We have previously reported the variation in life-
times of A- and A-[Ru(phen),dppz]** bound to different DNA
polynucleotides."”'® For a single enantiomer with a homo-
polynucleotide, two discrete lifetimes are observed and their
relative amplitudes vary with the [Ru(phen),dppz]**/nucleotide
([Ru]/[Nu]) ratio. Lifetimes are generally longer for the A-enan-
tiomer and with AT-rich sequences. For either enantiomer with
mixed sequences, e.g. calf-thymus DNA, both the magnitude of
the lifetimes and their relative amplitudes vary with [Ru]/[Nu].?

We have recently developed a binding model®® for A-[Ru-
(L),dppz]** with [poly(dA-dT)], as a model sequence. In our
model, the ruthenium centre lies in the minor groove, consist-
ent with room temperature NMR results.””?® The model was
derived from simultaneous fitting of photophysical and calori-
metry data, and assigns the two lifetimes to different intercala-
tion geometries. In one geometry, the dppz ligand is
perpendicular to the base pair long axis (symmetric intercala-
tion), and in the other it is rotated towards the base pair long
axis (canted intercalation). Similar geometries were previously
proposed by Barton and coworkers'® for intercalation from the
major groove, since the minor groove was considered too
narrow to accommodate such binding heterogeneity. However,
recent crystal structures have demonstrated differently angled
intercalation geometries for intercalation from the minor
groove,”*® consistent with heterogeneity of intercalation
observed in NMR studies.”” The existence of two modes of
binding in a single site, with different thermodynamics, has
been recently reported also for the minor groove binder
netropsin.®’ No previous model has successfully explained the
physical basis for the variation of lifetimes and amplitudes
with binding ratio and sequence. In our model, canted interca-
lation occurs at either end of contiguously intercalated com-
plexes, and symmetric intercalation occurs for “sandwiched”
complexes and for isolated binders (Fig. 2).
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Fig. 2 Cartoon illustrating the orientation of the complex in (a) symmetric ()
and (b) canted (®) intercalation geometries, and (c) the distributions possible
for the two orientations [Ru(phen)zdppz]2+ bound to [poly(dA-dT)],.
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Partitioning between the two geometries is observed to
depend on L (phen or bpy) and [Ru]/[Nu].*® Analysis of the
thermodynamics shows that partitioning is largely dictated by
anti-cooperative interactions between the ancillary ligands of
adjacently intercalated complexes being offset by cooperative
interactions between the ancillary ligand and DNA backbone.
These effects are more pronounced for the larger phenanthro-
line ligand. For A-Ru(L),dppz]** with [poly(dA-dT)],, the
shorter lifetime is assigned to symmetric intercalation (zy),
where both phenazine nitrogens are exposed to the major
groove.”® However, for other systems, z; could be either the
shorter or longer lifetime, depending on the exposure of the
nitrogens in the two geometries.'®

We previously focused our attention on binding of [Ru-
(phen),dppz]** and [Ru(bpy),dppz]** to alternating poly-
nucleotides as a function of binding ratio. We reported how
the lifetimes and pre-exponential factors for biexponential
emission'”'® as well as the related thermodynamics,”® depend
on enantiomer, ancillary ligand, and sequence. In this paper,
we report how the emission of [Ru(phen),dppz]** enantiomers
also depends on DNA and RNA primary and secondary struc-
ture, as well as variations in ionic strength and temperature.
Hence, although this complex has the potential to report on
unusual DNA structures, it is necessary to be aware of the
many variables which can strongly affect the emission
quantum yield of a [Ru(phen),dppz]**/nucleic acid sample.

Experimental

Enantiomers of [Ru(phen),dppz]Cl, were prepared and puri-
fied as previously described.>®> Excitation spectroscopy was
used to establish that emissive ruthenium complex impurities
contributed <0.1% to the emission. Enantiomeric purity was
established by CD spectroscopy (Jasco J-720). The concen-
tration of [Ru(phen),dppz]*" in HPLC-grade water was deter-
mined using the molar extinction coefficient £(440 nm) =
20 000 M~ em™".? Calf thymus (CT), T4, T2, E. coli, M. lysodeik-
ticus and C. perfringens DNA were from Sigma. Synthetic RNA
polynucleotides [poly(rA)] and [poly(rA)]-{poly(rU)] and DNA
polynucleotides [poly(dA-dT)],, [poly(dG-dC)],, [poly(dI-dC)],,
poly(dA-dG) [ poly(dC-dT)], [poly(dA-dC)|[ poly(dG-dT)], [poly-
(dA)]{poly(dT)], [poly(dG)}-[poly(dC)], [poly(dT)}-[poly(dC)],
[poly(dA)], [poly(dT)], were from Amersham-Pharmacia (now
GE Healthcare). Commercial nucleic acid samples were sup-
plied as lyophilized solids and were dissolved in HPLC-grade
water. Solutions were dialysed (EDTA-treated SpectraPor-2
dialysis tubing, Spectrum) extensively against HPLC-grade
water, then against 5 mM sodium phosphate buffer (pH 6.9).
DNA samples were filtered through 0.45 pm Millipore filters
before storage at —20 °C. Nucleic acid concentrations were
determined using the extinction coefficients provided by the
supplier (ESLT Table S9); stated concentrations are those of
nucleotide repeat units. Triplex [ poly(dT)]*[ poly(dA)]-[ poly(dT)]
was prepared by incubating a 1:2 molar ratio of poly(dA)
and poly(dT) at 90 °C for 30 min followed by 24 h annealing

This journal is © The Royal Society of Chemistry 2013
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at room temperature in 5 mM phosphate buffer (pH 6.9)
containing 150 pM MgCl,. Formation of triplex was
confirmed by its characteristic CD spectrum® and melting
profile.

Absorption spectra were measured with a Cary 100-Bio UV/
vis spectrometer. Emission and excitation spectra were
recorded on a SPEX Fluoromax spectrofluorimeter. Emission
lifetimes were determined by the frequency modulation
method using a SPEX Fluorolog-tau instrument; broadband
emission was detected using a high-pass filter for 4 > 540 nm.
For several samples, comparable results were obtained by
single photon counting with detection at the maximum emis-
sion wavelength. Emission measurements were made using
10 x 4 mm or 10 X 2 mm semi-micro emission cuvettes, with
excitation along the short path to minimize inner filter effects.
No spectral perturbations due to aggregation of complex were
observed for complex concentrations below 30 pM at low ionic
strength.

Frequency modulation reports the relative fractional lumi-
nescence amplitude (f}) for each lifetime (z;), which is con-
verted to relative pre-exponential factor (a;) by eqn (2):**

I(t) = Io[oy exp(—t/71) + an exp(—t/72)] (1)
I 7
=S (2)

For a constant total population of excited states, the relative
steady-state emission intensity is calculated as the sum of the
lifetimes multiplied by their pre-exponential factors:

I(calc) = Z(o X 73) (3)

Experiments with polynucleotides were generally performed
at low ionic strength in water to maximize electrostatic inter-
actions of the ruthenium complexes with the nucleic acids,
and to avoid aggregation of complex that might occur at high
ionic strength. The standard buffer was 5 mM sodium phos-
phate (pH 6.9) in HPLC-grade water. NaCl and MgCl, used to
increase ionic strength were of molecular biology grade
(Sigma).

Results
Emission with alternating polynucleotides

Both enantiomers of [Ru(phen),dppz]** exhibit two lifetimes
when intercalated with the alternating DNA homopolymer
[poly(dA-dT)], and the magnitudes of the double exponential
lifetimes depend on enantiomer. Fig. 3 shows a global analysis
of single photon counting data for A- and A-[Ru(phen),dppz]**
bound to [poly(dA-dT)],. The pattern of pre-exponential factor
variation with [Nu]/[Ru] corresponds with our previously
reported frequency domain results (ESI; Tables $1-S4).'®

We find no measurable effect of argon- or oxygen-saturation
on the emission of [Ru(phen),dppz]** bound to DNA, even
though 0, is a good quencher in organic solvents.” Thus, the
emissive MLCT state is well protected from dissolved gases in

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Pre-exponential factors (a) for enantiomers of [Ru(phen),dppz]**
bound to [poly(dA-dT)],. A- = closed symbols; 7, = 773 (29) ns, @; =5 = 132 (9)
ns, . A- = open symbols; 7, = 297 (5) ns, O; 7s = 37 (2) ns, [ Aex = 337 NM; dem
=620 nm. [Ru] = 25 pM; 1 mM cacodylate/10 mM NaCl (pH 7) buffer; 25 °C.

solvent when the complex is intercalated. The pre-exponential
factors vary with binding ratio, with zg dominating at high
[Nu]/[Ru]. Hence, the emission quantum yield and the
measured luminescence intensity vary with [Nu]/[Ru] for each
system. The relative enhancements vary with nucleic acid
sequence and the nature of the ancillary ligand, as well as
enantiomer.'® In addition, we now report that emission is sen-
sitive to two further experimental conditions, namely tempera-
ture and ionic strength.

Influence of ionic strength on emission

The steady-state emission of A-[Ru(phen),dppz]** bound to
[poly(dA-dT)], increases with ionic strength (lower panels,
Fig. 4 and 5; ESIf Tables S5 and S6); significant changes are
observed at [Nul]/[Ru] = 50 with smaller changes at [Nu]/[Ru] =
6. The biexponential lifetimes are essentially invariant as the
ionic strength is raised; thus, intensity enhancements result
principally from increased population of the long-lived excited
state, as evident in Fig. 4 and 5 (upper panels). The two life-
times are associated with different intercalation geometries for
binding from the minor groove, symmetric (z5) and canted
(z),"®%® and their relative populations are dictated by a
balance of dye-dye and dye-DNA interactions. Altered pre-
exponential factors at a fixed binding ratio indicate a shift in
equilibrium between binding modes, implying that dye-dye
and dye-DNA interactions are differently influenced by ionic
strength.

At [Nu]/[Ru] = 50, for ionic strength below 150 mM Na' or
10 mM Mg*", the measured steady state emission intensity
coincides with that predicted from time-resolved data. At
higher NaCl concentrations, the measured intensity drops
below the prediction, indicating displacement of bound dye as
expected from the ionic strength dependence of A-[Ru-
(phen),dppz]** binding to CT-DNA (slog K/§[Na*] ~ 2).*?

At [Nu]/[Ru] = 50 in 5 mM phosphate, nearly 80% of the
excited states decay with the short lifetime. This drops to
~60% on addition of 150 mM NaCl, and to ~40% with a
further increase to 1.2 M NaCl. This behaviour accounts for
the higher proportion of long lifetime species observed in our

Dalton Trans., 2013, 42, 4081-4090 | 4083
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Fig. 4 Pre-exponential factors (upper plot; &) and steady-state emission inten-
sity (lower plot; /) for A{Ru(phen)zdppz]2+ bound to [poly(dA-dT)], as a func-
tion of added NaCl. Upper Plot: [Nu]/[Ru] = 50; o, (811 ns, @); as (138 ns,
). [Nul/[Ru] = 6; a (863 ns, Q); as (176 ns, [). Aex = 440 nM; Aemn > 540 nm.
Lower Plot: [Nu]/[Ru] = 50; measured intensity (A); intensity predicted from life-
times according to egn (3) (®). dex = 440 NM; demy = 615 nm. [Ru] = 20 pM;
5 mM phosphate (pH 6.9); 25 °C.
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Fig. 5 Pre-exponential factors (upper plot; &) and steady-state emission inten-
sity (lower plot; /) for A-[Ru(phen)zdppz]z" bound to [poly(dA-dT)], as a func-
tion of added MgCl,. Upper Plot: [Nu]/[Ru] = 50; a (864 ns, @); as (179 ns,
). [Nul/[Ru] = 6; a (745 ns, O); as (126 ns, [). dex = 440 nM; dem > 540 nm.
Lower Plot: [Nu]/[Ru] = 50; measured intensity (A); intensity predicted from life-
times according to egn (3) (#). dex = 440 NM; dey = 615 nm. [Ru] = 20 pM;
5 mM phosphate (pH 6.9); 25 °C.

calorimetry work in 150 mM NaCI*® compared to our photo-
physics work in 5 mM phosphate.'® The response to addition
of MgCl, is similar, but the effects are observed at two orders

4084 | Dalton Trans., 2013, 42, 4081-4090
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of magnitude lower concentrations of added salt, e.g. only
2 mM Mg*" is required for ag to drop to ~60%. No displace-
ment of [Ru(phen),dppz]*" is observed for [Mg>"] <25 mM. In
the crystal structures published to date,>**° the complexes are
bound in isolated intercalation sites. This occurs despite tens
of millimolar concentrations of spermine, Ba>*, and cacodylate
in the crystallization mixes which would be expected to favour
canted dimers according to our model. However, the high
density of material in the crystal and the observation that only
certain sequences crystallize with Ru means that the crystal
structures are snap-shots of particularly favourable potential
binding geometries for those conditions rather than represen-
tations of thermodynamic minima in solution. Future photo-
physical experiments with the oligonucleotides used for
crystallography, and on the crystals themselves are required to
reveal more detail about binding at those particular binding
sites.

At [Nu]/[Ru] = 6 (close to saturation of intercalation sites) in
5 mM phosphate, about 35% of the excited states decay with
the short lifetime. Increasing ionic strength has only a small
effect, with a drop to about 30% on addition of >150 mM NaCl
or >2 mM MgCl,, before displacement occurs. Our observation
of much stronger effects of MgCl, is consistent with previous
reports that Mg”* ions bind to DNA at least 20 times higher
than Na*.?*®

Influence of temperature on emission

Temperature below the duplex melting transition (T;,, ~ 70 °C)
influences the lifetimes and pre-exponential factors of [Ru-
(phen),dppz]** bound to [poly(dA-dT)], (Table 1).

The variation of pre-exponential factors suggests a temp-
erature-induced shift in equilibrium between different binding
geometries, implying that dye-dye and dye-DNA interactions
respond differently to temperature. For both enantiomers, the
proportion of long-lived excited states increases with temp-
erature, indicating a higher population of canted complexes.
Thermodynamic analysis®® of A-[Ru(phen),dppz]** intercala-
tion with [poly(dA-dT)], indicates that interaction between
symmetric (zg) and canted (7;) complexes is more exothermic
(cooperative) than interaction between two oppositely canted
complexes. Increasing temperature should thus favour the
latter interaction, leading to an increase in the proportion of
the long lifetime, as observed.

Table 1 Effect of temperature on the emission lifetimes of A- and A-[Ru-
(phen),dppz]** with [poly(dA-dT)],. [Nul/[Ru] = 50; [Ru] = 5 pM; 5 mM phos-
phate (pH 6.9); lex = 440 NM; Aem, > 540 Nm

A-[Ru(phen),dppz]** A-[Ru(phen),dppz]**

T/°C  t/ns  ap/% 15/ns  as/% 1/ns  a/%  tg/ns  as/%

13 1100 22 99 78 562 10 42 90
22 776 26 135 74 382 13 38 87
33 771 50 148 50 349 20 37 80
45 804 54 181 46 329 24 46 76
54 787 65 202 35 282 32 48 68
64 738 71 178 29 218 38 45 62

This journal is © The Royal Society of Chemistry 2013
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Additionally, lifetime changes occur with increasing temp-
erature, suggesting that increased dynamics in the DNA duplex
in the pre-melting region leads to altered exposure of the inter-
calated dppz ligand to water. Lifetime reductions were also
observed with [poly(dG-dC)], (ESL; Table S7), although the
pre-exponential factors with that polynucleotide were relatively
invariant.

Influence of nucleic acid sequence on emission

Fig. 6 and 7 show comparative emission intensities for A-[Ru-
(phen),dppz]*" with various DNA repeat sequences. Since [Ru-
(phen),dppz]** does not emit in aqueous solution, the
titration is carried out by adding the complex to a solution of
polynucleotide. As the complex binds, the emission increases
until the binding sites are saturated; thereafter, the emission
plateaus, and the cutoff approximates the binding site size.
With certain nucleic acids, e.g. [poly(dA-dT)],, the emission
drops before saturation of intercalation sites (Fig. 6), due to
quenching of intercalated complexes by externally associated
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Fig. 6 Intensity titrations of A-[Ru(phen)zdppz]2+ with alternating and non-
alternating duplex homo-polynucleotides compared to mixed sequence
CT-DNA. [Ru(phen),dppz]®* is titrated into a solution of nucleic acid. [Nu] =
10 pM; 5 mM phosphate (pH 6.9); 25 °C; dex = 440 NM; Aem = 615 nm. CT-DNA
(k); [poly(dA-dT)l, (m); [poly(dG-dQ)], (C); [poly(dA)l-[poly(dT)] (#); [poly-
(dG)}-[poly(dQ)] (&); no added DNA (+).
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low binding ratio, relative to that with [poly(dA-dT)],. [Ru] = 20 pM; [Nul/[Ru] =

50; 5 mM phosphate (pH 6.9); 25 °C; Aex = 440 NM; Ae, = 615 nm.
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molecules, as reported for lifetimes at [Nu]/Ru] < 4.'7'8
However, this is not observed in higher salt buffer where exter-
nal binding is minimized (ESI;f Fig. S1), and the binding site
size is then confirmed to be 4-5 bases/complex as observed
with other DNA sequences. Fig. 6 shows that A-[Ru-
(phen),dppz]** emits more strongly with AT-rich than with
GC-polynucleotides, which directly reflects the lifetimes
observed with these nucleic acids.'””'® The emission intensity
for CT-DNA is intermediate between the two alternating
polynucleotides.

We examined the emission of A-[Ru(phen),dppz]** with
mixed-sequence polynucleotides [poly(dA-dC)]-[poly(dG-dT)]
and poly(dA-dG)][ poly(dC-dT)] which contain the other base
pair steps, as well as natural DNAs of random sequence having
different GC: AT ratios. The relative emission quantum yields
with these nucleic acids at a low binding ratio, compared to
[ poly(dA-dT)],, are presented in Fig. 7 (ESLT Table S8). Clearly,
there is a correlation between higher AT-content and increased
emission, although there is deviation for some points. For
example, the three polymers with 50% AT have different rela-
tive emissions (0.38-0.69), as do those with 100% AT
(1.00-1.47). Thus, in addition to base pair composition,
sequence context and conformation play a role in modulating
the light switch effect.

Influence of nucleic acid conformation on emission

Fig. 8 compares the emission of A-{Ru(phen),dppz]*" with a
variety of AT-rich DNA and RNA polynucleotides. In 5 mM
phosphate, electrostatic interactions between the ruthenium
complex and the polynucleotides are maximized, ensuring
strong binding even to single-strands lacking classical inter-
calation sites.

We have previously used flow linear dichroism to demon-
strate that A-[Ru(phen),dppz]** intercalates with triplex [poly-
(dT)]*[ poly(dA)]-[ poly(dT)] as well as duplex [poly(dA)]:[ poly-
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Fig. 8 Intensity titrations of A-[Ru(phen)zdppz]z" with single- and triple-
stranded polyribonucleotides and polydeoxyribonucleotides, compared to
[poly(dA)]-[poly(dT)]. [Ru(phen),dppz]** is titrated into a solution of nucleic
acid. ss[Nu] = 5 pM; ds[Nu] = 10 pM; ts[Nu] = 15 pM; [PSS] = 5 pM; 5 mM phos-
phate (pH 6.9); 25 °C; Aex = 440 NnM; Aem = 615 nm. [poly(dA)]-{poly(dT)] (@);
[poly(dD]*[poly(dA)][poly(dT)] (@); [poly(rA)l-[poly(rU)] (O); poly(dA) (A);
poly(rA) (A); poly(dT) (); PSS (4).
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(dT)], and that it stabilizes the third strand much more than
[Ru(phen);]** or [Ru(phen),bdppz]**.>* Fig. 8 shows that satur-
ation of binding sites by A-[Ru(phen),dppz]*" occurs at [Nu]/
[Ru] = 4.3 with duplex and [Nu]/[Ru] = 6.7 with triplex, consist-
ent with intercalation between nearest neighbour base pairs
and base triplets, respectively. On binding to triplex, 92% of
the A-[Ru(phen),dppz]** excited states decay with the long life-
time compared to 59% with duplex; 7;, is slightly shorter in
triplex, but zg almost double.'” Strong binding, long lifetimes
and enhanced emission with triplex is consistent with inter-
calation from the Watson-Crick minor groove, resulting in
improved protection of phenazine nitrogens from water. For
both symmetric and canted intercalation models (ESLY
Fig. S3), the phenazine nitrogens are well protected in triplex
and the terminal dppz ring stacks with the bases of the third
strand. Emission with [poly(dA)]-[ poly(dT)] and triplex is sig-
nificantly higher than with [poly(dA-dT)],, suggesting that
these more rigid DNA structures with narrow minor grooves
and long persistence lengths provide optimal environments
for enhanced emission.

A-[Ru(phen),dppz]** shows moderate emission enhance-
ment with [poly(rA)]-[ poly(rU)], a duplex RNA, consistent with
previous reports on racemic complexes."'® Emission plateaus
at [Nu]/[Ru] = 10, indicating that the complex has a large
intrinsic binding site and/or that the binding constant is low
so that binding sites are not saturated. Lifetimes are shorter
with [poly(rA)]-[poly(rU)] than with [poly(dA)]-[ poly(dT)]*” but,
additionally, the observed emission is only 40% of that pre-
dicted from time-resolved data, implying that a substantial
population of complex is not bound or is in a non-emissive
environment. Our data point towards weak and possibly non-
intercalative binding with RNA; unfortunately, the short chain
length of our polynucleotide precludes linear dichroism analy-
sis of binding geometry. This contrasts with a recent report
that a related light-switch complex, [Ru(phen),mdpz]**, inter-
calates strongly with [poly(rA)]-[ poly(rU)] and [poly(rU)] poly-
(rA)]*[ poly(rU)].>* However, we note that the dimeric complex
[(bpy),Ru(tpphz)Ru(bpy),]* emits with DNA even though inter-
calation does not occur.®® Thus, we suggest that [Ru-
(phen),dppz]** is groove bound to A-form RNA duplex, with
emission enhancement arising from reduced accessibility of
water to the phenazine nitrogens of the dppz ligand.

We observe weak enhancement of A-[Ru(phen),dppz]**
emission on interaction with the single-stranded polynucleo-
tides poly(dA), poly(dT) and poly(rA) (Fig. 8), but no enhance-
ment was observed in the presence of any mononucleotide.
The quantum yields in all cases were too low for determination
of lifetimes using frequency modulation. However, lifetimes
from photon counting have been reported previously with
single-stranded DNA."?° In the former study, a threshold of 6
bases/oligonucleotide was required to induce emission of the
racemate, suggesting that the polynucleotides form cavities for
binding of [Ru(phen),dppz]** which limit water accessibility."®
In the latter study, tri-exponential decays were found for the
enantiomers with poly(dA) and poly(dT) and, in contrast to the
photophysics with duplexes, there was little dependence of
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lifetimes or pre-exponential factors on the nature of the bases
or the enantiomer. This suggests that enhancement is not pri-
marily due to stacking of the dppz ligand with bases in single
strands, since poly(dA) would provide better overlap than poly-
(dT). We observe similarly low levels of emission enhancement
when A-[Ru(phen),dppz]** interacts with the hydrophobic
polyanion polystyrenesulfonate (PSS). With this polyelectrolyte,
stacking of dppz between adjacent phenyl residues is unlikely
and enhanced emission probably arises from reduced water
activity in the hydrophobic polyelectrolyte microenvironment,
as also observed for [Ru(phen);]*".*® Thus, it appears that
intercalation, or aromatic stacking, is not a prerequisite for the
observation of weak [Ru(phen),dppz]** emission, but interca-
lation is necessary to produce strong emission enhancement.

Influence of major groove base modifications on emission

[Ru(phen),dppz]”" emission was investigated with natural
DNA molecules containing bases modified with substituents
in the major groove (Tables 2 and 3). Emission with T2- (33%
GC) and T4-DNA (35% GC) was compared with CT-DNA (42%
GC). The cytosine bases in the DNA of T-even bacteriophages
are 5-hydroxymethylated in the major groove (to give 5-hydro-
xymethyl cytosine, HMC) and in T4-DNA, all HMC residues are
further glycosylated. In T2-DNA, up to 75% of HMC bases are
glycosylated. Furthermore, in both T2- and T4-DNA, 0.5-1.5%
of adenine bases are methylated at N6 in the major groove.
The 5-position on cytosine lies to one side of the major groove
and even bulky substituents such as glucose can be accommo-
dated without significantly altering the B-form structure of

Table 2 Time-resolved emission of A- and A—[Ru(phen)zdppz]2+ with natural
nucleic acids at low binding density. [Ru] = 20 pM; [Nu]/[Ru] = 50; 5 mM phos-
phate (pH 6.9); 25 °C; dex = 440 NM; dem > 540 NmM

A-[Ru(phen),dppz]** A-[Ru(phen),dppz]**

DNA 1/ns  ap/% ts/ns  as/% t/ns  a/%  1g/ns  as/%

AT, 737 26 135 74 327 10 36 90
CT 794 26 134 74 262 6 37 94
T2 783 21 108 79 298 4 34 96
T4 856 23 123 77 244 7 36 93
GC, 248 78 67 22 165 4 41 96

AT = [poly(dA-dT)]s; GC, = [poly(dG-dC)],.

Table 3 Time-resolved emission of A- and A»[Ru(phen)zdppz]2+ with natural
nucleic acids at high binding density. [Ru] = 20 uM; [Nul/[Ru] = 2; 5 mM phos-
phate (pH 6.9); 25 °C; Adex = 440 NM; Aem, > 540 NM

A-Ru(phen),dppz]** A-{Ru(phen),dppz]**

DNA 17/ns  ap/% ts/ns  as/% tw/ns  a/%  ws/ns as/%

AT, 464 57 68 43 243 47 53 53
CT 753 47 181 53 544 25 103 75
T4 869 46 225 54 527 29 101 31
GG, 174 35 54 65 116 29 37 71

AT; = [poly(dA-dT)],; GC; = [poly(dG-dC)],.
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DNA. However, these substituents are know to alter the extent
of DNA hydration in the major groove.*!

Table 2 indicates that A-[Ru(phen),dppz]** selects for alter-
nating (dA-dT), intercalation sites in random DNA sequences
at low binding ratio. At [Nu]/[Ru] = 50 there is a large excess of
binding sites per complex, and the lifetimes and pre-exponen-
tial factors with CT-DNA are very similar to those with [poly-
(dA-dT)],. The lifetimes and pre-exponential factors for the A-
enantiomer are intermediate between those with [poly(dA-
dT)], and [poly(dG-dC)],. Thus, A-{Ru(phen),dppz]** has
mixed sequence preference in natural DNA. Hydroxymethyla-
tion and glycosylation of cytosine in the major groove do not
substantially affect the photophysics of either enantiomer at
[Nu]/[Ru] = 50, apart from increasing 7; consistent with
increased protection from groove-localized water when DNA
has a bulky DNA major-groove substituent. Of course, if [Ru-
(phen),dppz]** is predominantly bound in AT-rich regions,
these major groove substituents in GC-rich regions would not
be expected to greatly affect the binding or photophysics of the
complex. However, as the binding ratio increases so that the
complex must also occupy GC sites, the effect of the substitu-
ents should become more pronounced if [Ru(phen),dppz]**
resides in the major groove.

At [Nu]/[Ru] = 2, where intercalation sites are saturated, the
photophysics with mixed-sequence DNAs are different from
those with either alternating polynucleotide (Table 3). All life-
times are longer, indicating substantially improved protection
from water when the complexes are bound in close proximity.
For either enantiomer, there is a marked similarity of the
photophysics with CT- and T4-DNA under these conditions,
indicating that glycosylation in the major groove does not sig-
nificantly affect the binding of [Ru(phen),dppz]** to DNA,
even when they are closely intercalated. Both 7z and 75 for A-
[Ru(phen),dppz]** are longer with T4-DNA, implying better
protection from water, but there is little difference for A-[Ru-
(phen),dppz]** which is also reflected in the steady-state emis-
sion intensities (ESL;T Fig. S2). These observations are consist-
ent with intercalation of [Ru(phen),dppz]** from the minor
groove in solution and with glycosylation altering major groove
hydration*! thus reducing its accessibility to phenazine nitro-
gens of the intercalated dppz ligand.

Discussion
Intercalative geometry dictates photophysical response

When [Ru(phen),dppz]** is bound to nucleic acids, emission
decay is typically biexponential. We have recently proposed a
binding model for [Ru(phen),dppz]** bound to [poly(dA-dT)],
in which the complex has two intercalation geometries, where
their relative populations are dictated by a balance of coopera-
tive and anti-cooperative complex-complex interactions and
complex-DNA interactions.>® The two lifetimes reflect differen-
tial exposure of the phenazine nitrogens to water for the two
geometries. The short lifetime is assigned to symmetric, head-
on intercalation of the dppz ligand and occurs for isolated
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molecules and within contiguous sequences. The long lifetime
is assigned to canted insertion of the dppz ligand and this geo-
metry occurs at either end of contiguous sequences. In the
absence of cooperative interactions, isolated symmetric com-
plexes with short lifetimes are expected to dominate at high
[Nu]/[Ru] values and this is observed for A-[Ru(bpy),dppz]**
with [poly(dA-dT)],. However, for A-[Ru(phen),dppz]** with
[ poly(dA-dT)],, canted duplets occur even at low binding ratios
due to high cooperativity for such a configuration®® arising
from a favourable interactions between phenanthroline and
the DNA backbone and possibly associated with an allosteric
conformational change. By contrast, when bipyridine is the
ancillary ligand, canted duplets are anti-cooperative, and there
is no favourable counterbalancing ligand-backbone interaction.

The recent crystal structure of A{Ru(phen),dppz]** bound
to a decamer led to the observation that the base pairs (GG/
CC) around a canted complex have a twist of ~25° and those
around a symmetric complex (TA/TA) have a twist of ~40°.>°
When the central TA/TA base pair was changed to AT/AT, no
intercalation was observed at this site,*® although symmetric
intercalation of A-[Ru(bpy),dppz]** was observed at an AT/AT
site in a mismatched oligonucleotide where the bpy ligands
stacked with flipped out adenines in the minor groove.””> We
surmise that the ability of base pair steps to adopt different
twisting angles around an intercalated complex is an impor-
tant factor in dictating the orientation of the complex, and the
allosteric change we propose for canting might be related to
this ability. Thus, the conformational adaptability and the
flexibility of the DNA molecule, coupled with the nature of the
complex, plays a critical role in modulating the relative popu-
lations of different intercalation geometries.

DNA and binding response to increasing ionic strength

For [Ru(phen),dppz]**/[poly(dA-dT)], at high [Nu]/[Ru] ratios,
the long lifetime amplitude increases substantially with
increasing ionic strength, implying a shift in equilibrium from
isolated symmetrically intercalated complexes toward canted
duplets. DNA has two overarching responses to changes in
ionic strength. First, the thermal denaturation temperature
(Tm) for breaking base pair H-bonds and melting to single
strands increases with increasing salt as inter- and intra-strand
electrostatic repulsion is diminished. Frank-Kaminetskii and
coworkers have shown that this is due to variation of the base-
stacking free energy change (AGy), since the free energy
change for base-pairing (AGyg) does not change with ionic
strength.*” Second, as a consequence of attenuated electro-
static repulsion, the persistence length of DNA drops with
increasing salt,*>*> indicating increased macroscopic flexi-
bility and susceptibility to elastic deformation.

We hypothesise that the greater flexibility at higher ionic
strength make DNA more amenable to allosteric changes that
enhance cooperative complex-DNA interactions compared to
anti-cooperative complex-complex interactions. This would
produce the experimentally observed higher population of
long-lived canted duplets.
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DNA and binding response to increasing temperature

With increasing temperature, the population of complexes
with a long emission lifetime increases for both enantiomers
with [poly(dA-dT)],, implying a shift from symmetric to canted
intercalation, as observed also with increasing ionic strength.
The long emission lifetime (z;) is more sensitive to tempera-
ture than it is to salt, in particular decreasing markedly
between 13 and 22 °C for both enantiomers, although zs is
relatively invariant. A decrease in 7;, could reflect either a
change in conformation of the intercalation site that makes
the dppz nitrogens more accessible to water at high tempera-
ture, or a change in the dynamics of the major groove
hydration layer, but these cannot be distinguished without
structural studies. An intriguing possibility is that the complex
could reside in the major groove at low temperatures, since the
nmr experiment that indicates such binding for A-[Ru-
(phen),dppz]®" was carried out at a low temperature of 7 °C,*®
whereas the nmr experiment that places the A-[Ru-
(Me,phen),dppz]** in the minor groove was carried out at
45 °C.”” To interpret changes in pre-exponential factors, we
consider the effect of temperature on the conformational varia-
bility of DNA. Rising temperature destabilizes the DNA duplex
until thermal denaturation and separation of strands occurs at
Tm, as a result of a decrease in stacking free energy.*” Pre-
melting transitions occur in the 5-60 °C range, where the DNA
becomes more flexible and its persistence length decreases
dramatically as base pair “breathing” occurs.””*® This can be
related to the proposal that transient sharp bends occur in
sub-persistence length DNA even at room temperature, poss-
ibly at regions of base pair breathing.*”>" This behaviour is
not accounted for by the wormlike chain model for DNA but,
clearly, is a significant phenomenon that become increasingly
important at high temperatures.”® An increase in DNA flexi-
bility with temperature is similar to that observed with increas-
ing ionic strength. Indeed, in both cases we observe a
tendency towards a higher population of canted duplets as
cooperative complex-DNA interactions become favoured. Since
temperature and ionic strength have opposite effects on stack-
ing free energy,*” differences in base pair stacking are unlikely
to be the main driver for the observed effects. Thus DNA flexi-
bility and deformability must be key in controlling these
observed phenomena. Recently, the binding of a Ru-dppz
complex has been shown to change from intercalative at low
temperature to groove binding at room temperature and above,
illustrating how temperature dramatically influences dye-DNA
interactions.”?

Sequence-dependent conformational plasticity of DNA

A further point of interest is the difference in the temperature-
dependent behaviour of [Ru(phen),dppz]*" when bound to
[ poly(dA-dT)], or [poly(dG-dC)],. These alternating polynucleo-
tides have similar pseudo-B-form secondary structures consist-
ing of dinucleotide repeat units.>**® For both enantiomers
with [poly(dG-dC)],, there is very little variation of pre-expo-
nential factor with increasing temperature, implying that the
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populations of the canted and symmetrically oriented com-
plexes do not change, although lifetimes change as they do
with [ poly(dA-dT)],. From analysis of crystal structures of oligo-
nucleotides and DNA-protein complexes, the conformational
plasticity at the base pair dimer and tetramer level is reported
to be much greater, and the minor groove significantly wider,
for GC- than AT-rich steps.’”’ ®® Moreover, it is reported that
inflexible T-A steps can act as hinges in protein-DNA struc-
tures® and between DNA A-tracts by widening the minor
groove,”” although they are also deformable enough to be
accommodated in a narrow groove.>®

On the basis of these observations, we propose that [poly-
(dG-dQ)], is sufficiently flexible at low temperature to adopt
the conformation required to accommodate canted dimers of
A-Ru(phen),dppz]**, whereas [poly(dA-dT)], needs some
input of energy to achieve this. It has been reported that [ poly-
(dA-dT)], switches between two distinct conformations in solu-
tion as temperature is raised in the pre-melting region at low
ionic strength.®®? 1t is likely that this conformational switch
is related to the observed changes in [Ru(phen),dppz]** photo-
physics at high [Nu]/[Ru] which we ascribe to a change in
binding geometry.

However care must be exercised with crystal structure ana-
lyses since it has been suggested that these may overestimate
the rigidity of base-pair steps, making deformable steps
appear as the most rigid, e.g. AA, TA and AT.®® Indeed, a recent
study of sequence effects indicates that the persistence length
of GC-rich DNA is greater than AT-rich DNA;** from those
results, the persistence lengths of the two polynucleotides are
predicted to be 42.8 nm for [poly(dA-dT)], and 50.3 nm
[poly(dG-dC)],. On the other hand, the average persistence
length of short random sequence DNA is reported to be rela-
tively sequence-insensitive.®> Contradictory conclusions about
the sequence dependence of persistence length and DNA flexi-
bility have long been debated,*® and this area remains unclear.
Recent work suggests that use of linear dichroism has good
potential for understanding the effects of ionic strength and
temperature on the flexibility of different DNA sequences, and
should help to understand these phenomena better in
future.®® At present, predicting the ability of DNA to adapt to
small molecule binding, and correlating the conformational
deformability of base-pair steps with large scale sequence
specific conformational plasticity is not straightforward. Never-
theless, we consider that DNA conformational adaptability
plays a critical role in determining binding geometries. We
look forward to the emergence of more structural information
about the binding of [Ru(L),dppz]** in different sequences and
secondary structures, to facilitate better understanding of
the interactions that are critical in determining binding
geometry.

Conclusions

This work demonstrates how the emission of [Ru-
(phen),dppz]** bound to nucleic acids depends on ionic
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strength, temperature, and the nature of the nucleic acid, but
not significantly on bulky substituents in the major groove.
These findings complement our previous findings that the
emission depends on enantiomer, ancillary ligand, and DNA
sequence,’”'®?® and reveals further complexity inherent in
DNA recognition by metal complexes. The photophysics of
[Ru(phen),dppz]** bound to nucleic acids are extraordinarily
sensitive to the exposure of the uncoordinated dppz nitrogens
to groove-localized water, making this complex an exception-
ally sensitive reporter of subtle changes in binding geometry.
We have attributed the two lifetimes observed for intercalated
[Ru(phen),dppz]** with canted and symmetric intercalation,
and made assignments based on comparison with the recent
crystal structure.®® Thus, in [poly(dA-dT)],, symmetric inter-
calation with both nitrogens are exposed to the hydrated
major groove is associated with the short lifetime. The relative
amplitudes of long and short lifetimes reflect the proportion
of complex bound with each intercalation geometry. These
amplitudes are markedly affected by ionic strength and by
temperature, likely as a result of changes in the flexibility and
conformational plasticity of DNA when these conditions are
varied. Increasing ionic strength attenuates inter- and intra-
stand DNA electrostatic repulsion which reduces rigidity, and a
rise in temperature allows increased conformational freedom.
Additionally, the lifetimes and amplitudes both depend
strongly on DNA sequence and conformation, as well as on the
stereochemistry of the complex. Sensitivity to so many para-
meters makes it difficult to interpret photophysical changes
when mixed sequences, unusual sequences, or racemic mix-
tures are used. However, for highly defined nucleic acid
systems with a single enantiomer, the luminescence of [Ru-
(phen),dppz]** can provide a useful readout that is amenable
to structural interpretation, but only if time-resolved data is
examined alongside steady-state emission.
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