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Ru(phen)dppz?" Luminescence: Dependence on DNA Sequences and Groove-Binding
Agents
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Emission ofA-Ru(phen)dppZ* bound to nucleic acid polymers of different sequence has been investigated b
time-resolved luminescence spectroscopy and the effect of major and minor groove DNA binding agents on
luminescence profile of the complex evaluated. In the presence of a 1:1 mixture of poly d(AT) and poly d(GC
the excited-state decay of-Ru(phen)dppZ* can be described by a linear combination of the decay profiles in
the presence of poly d(AT) and poly d(GC) independently. This analysis indicates&b&b of the complexes
are bound to poly d(AT) and that the metallointercalator preferentially occupies AT sites in mixed-sequen
polymers such as calf thymus or T4 DNA. Wheae-Ru(phen)dpp2* bound to [d(5GAGTGCACTC-3),] is
titrated with the major groove intercalataro-[Rh[(R,R-Mestrien]phiP*, the ruthenium emission yield decreases
while the absorbance of the—z* transition centered on the dppz ligand increases, until saturation behavior i
observed at a 1:1 Rh/duplex ratio. These titrations indicate that Rugplp@®" is displaced from the major
groove by the rhodium complex. In contrast, fac-Ru(phen)dppZ" bound to poly d(AT), addition of the
minor groove binding agent distamycin produces an increase in ruthenium emission which saturates at
distamycin/5 bp, consistent with the double helix being able to accommodate major and minor groove bind
simultaneously. Distamycin has no effect on the emission of Ru(ptgp¥™ emission bound to poly d(GC).
These photophysical studies establish a sequence preference in binding to DNA by Rd{m#hgs well as
providing support for the original assignment by NMR of ruthenium intercalation from the major groove side c
the DNA helix.

Introduction structure3~> The wider applicability of dppz complexes as
nucleic acid probes requires a firm understanding of the
structural basis for their photophysical characteristics.

The lack of apparent DNA sequence-specificity for Ru-

Octahedral transition metal complexes which intercalate into
nucleic acids have become useful probes of DNA and RNA.

Phenanthrenequinone diimine (phi) complexes of rhodium(lll) ey 2+ makes a detailed structural determination of its

bind to DNA by intercalatiop of_the' phi Iiga_n_d from the majqr interactions with duplex DNA using NMR spectroscopy more
groove and have been applied in site-specific DNA recognition difficult. Early 'H NMR spectroscopic experimefis of

and oxidation chemistr{2 Metal complexes containing dppz Ru( .
e . : . s phen)dppZ* with DNA showed only broad resonances, due
g_jprﬁ)zg o_hpg_rlgopt;enazmﬁ) asa Ilgagd a:so bind to DNgng'th not only to the lack of site-specificity but also to the intermediate
igh affinity,~*and many have served as luminescent probes. exchange kinetics at ambient temperature and to the abundanct

Th|§ luminescence signature is remarkably sensitive to Iocaldof overlapping resonances in the aromatic region. Selective
environment and depends upon nucleic-acid sequence an
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deuteration of the coordinating ligands of Ru(pheppZ*,

Holmlin et al.

To obtain luminescence lifetimes's), time-resolved emission data

variations in temperature to alter the exchange kinetics, and were fit to

restricting the examination to a DNA hexamer were then applied

in carrying out two-dimensional (2DH-NMR experiments on
A-Ru(phen)dppZ2* bound to d(GTCGAG)!213 This approach
yielded NOESY data which were consistent with intercalation
of A-Ru(phen)dppZ" into the 6 base pair (bp) oligonucleotide
from the major groove side of the B-form DNA duplex with a
family of stacking orientations.

Recently, photophysical studies &f andA-Ru(phenydppZ*
bound to calf thymus (CT) DNA, T4 DNA, and several synthetic

y(t) = 100[C1 expy '™ + (1 — C1) expp ™2

by a nonlinear least-squares method with convolution of the instrument
response function using in-house (Beckman Institute Laser Resource
Center) software as described previouslior competition experiments
involving DNA sequence, luminescence data were fit according to the
multiexponential function

DNA polymers were carried out. On the basis of the differences Y(t) = (100/(C1+ C2+ C3+ C4))[C1 exp "™ +

in emission characteristics among these DNAs, it was concluded

that Ru(phenyppZ* isomers bound by intercalation from the
minor groove of the DNA heli®*

Here, we reinvestigate the binding AfRu(phenydpp2* to
poly d(AT), poly d(GC), and calf thymus (CT) DNA by time-

C2 exp U] + C3 expy U™ + C4 exp ™)

consisting of a linear combination of the decay profiles with poly d(AT)
and poly d(GC), separately. The preexponential factors-@were
floating parameters and allowed to converge, and the lifetimes=(

resolved luminescence spectroscopy and describe experiment323 ns;z2 =709 ns;z3 = 44 ns;z4 = 288 ns) were held constant. In

in which well-characterized major and minor groove DNA
binding agents compete with Ru(phgippZ" for DNA binding

sites. These experiments illuminate the sequence dependenc%

of the Ru(phendppZ" emission and support the original
assignmen of ruthenium intercalation from the major groove
side of duplex DNA.

Experimental Section

Materials. [Ru(phen)dppz]Ch and A-o-[Rh[(R,R-Mestrien]phi]-
Cls ([Rh(MT)phi]Cls; Mestrien = 2,9-diamino-4,7-diazadecane) were
prepared as described previously> Resolution ofrac-Ru(pheny-

dppZ* was achieved by ion-exchange chromatography using antimonyl

tartrate (Sigma) as the chiral eluéftDistamycin was obtained from
Sigma, dissolved in minimal ethanol, diluted into buffer (5 mM Tris,
50 mM NaCl, pH 7.8), and then quantitated by ultravieleisible
(UV—vis) absorbanceefo; nm= 3.7 x 10* M~! cm™%; Sigma). To
avoid degradation of distamycin, fresh stock solutions were prepare
by dissolving solid prior to each experiment. Oligonucleotides were
prepared on an ABI 394 automated DNA synthesizer, purified by

the results obtained, the percent contribution of the 123 and 709 ns
lifetimes reflects the fraction of complex bound to poly d(AT) and the
ercent contribution of the 44 and 288 ns lifetimes reflects the fraction
ound to poly d(GC) (Table 1). Error in lifetimes and percent
contributions are estimated to Hel0%.

For titrations followed by UV-vis, a double beam spectrophotometer
was employed. The sample solution contained the 10 bp duplex (10
uM), and Ru(phenyippZ* (104M) and the reference solution contained
only the 10 bp duplex. Over the course of the titration, small aliquots
of Rh(MT)ph*™ (1.5 mM) were added to both reference and sample
solutions. Under these conditions, the absorbances of the DNA and
the rhodium are subtracted.

Results and Discussion

Luminescence of Ru(pherydppz?" Bound to AT and GC

g Sites. The luminescence lifetimes for photoexcitédRu-

(phen¥dppZ* bound to a series of nucleic acid polymers are
shown in Table 1. For each of the DNA sequences investigated,

reversed phase HPLC (triethylammonium acetate (100 mM)/acetonitrile the emission follows a biexponential decay.As has been

mobile phase; G stationary phase), and converted to the sodium salt
as described® CT DNA, poly d(AT), and poly d(GC) were obtained
from Pharmacia and exchanged into buffer (5 mM Tris, 50 mM Nacl,
pH 8.5).

Instrumentation. Steady-state emission data were obtained on an

SLM 8000 spectrofluorimeter, and absorption data were obtained on a
Cary 2200 spectrophotometer. Time-resolved luminescence data wer

obtained as described previouslwith excitation at 480 nm and
observation at 617 nm.

Methods. Stock solutions of metal complex and DNA were
quantitated by UV-vis: €440 n(RU(phenydppZt) = 2.1 x 10* M~
cmL; €373 m(Rh(MT)pht) = 1.35x 10* Mt cm? (pH 7.0); €260 nnr
(poly d(AT)) = 6.6 x 10° M~ (nucleotide; nuc) cmt; €260 nn{CT) =
6.6 x 10° M~ (nuc) cnT?; 254 nn{poly d(GC))= 8.4 x 10°* M~ (nuc)
cm™t. Oligonucleotide duplex solutions were prepared by annealing
the self-complementary strand by heating a solution of strand £€90
and cooling to room temperature over2 h. Where appropriate,
luminescence samples were prepared by diluting concentratgfl (
mM nuc) DNA solutions into dilute{104M) metal complex solutions.
Distamycin titrations were typically carried out by adding concentrated
(~0.5 mM) distamycin to solutions of ruthenium bound to DNA,

noted>”4variations, primarily in the distribution of lifetimes,
are observed as a function of loading. Despite the high
sensitivity of ruthenium emission to its local environment, in
the presence of CT DNA and poly d(AT), the luminescence
decays are found to be remarkably similar in both the magnitude
and relative distribution of lifetimes. Bound to poly d(GC),

anowever, the excited-state lifetimes are shorter and the distribu-

tion of lifetimes is strongly shifted in favor of the longer lived
species, to give a significantly different profile. These data are
fully consistent with those reported earlf§i* and over the
range of 0.8-4 mJ/pulse, the data are independent of excitation
power. Such a lack of a power dependence to the excited-state
decay argues against the distribution of metal complex across
the polymer giving rise to the biexponential decay as propgdsed
since at high laser powers one would expect to observe self-
guenching even at low loadings.

In order to test the sequence preferencA-&u(phendppZ*
directly in a photophysical experiment, we measured the
luminescence decay of the complex in the presence of a 1:1

although separate samples prepared in reverse order gave identicamixture of poly d(AT) and poly d(GC). These measurements

results.
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were carried out at low loadings of RU/DNA to maximize the
effect of sequence and to minimize variations in emission that
are associated with high loadings. Here, in the 1:1 mixture of
poly d(AT) and poly d(GC), the luminescence decay can be
described by a linear combination of the decay profiles in the
presence of poly d(AT) and poly d(GC) independently. This
analysis indicates that, despite a high affinity for both DNA
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polymers,~85% of the complexes are bound preferentially to
poly d(AT).

Table 1. Luminescence Decay Parameters for Ru(pjtapz+
Bound to DNA Polymers

luminescence lifetimés

nucleic acid 71 ns (%) 72 ns (%)

calf thymus 150 (80) 800 (20)
poly d(AT)® 123 (82) 709 (18)
poly d(GCy 44 (22) 288 (78)
poly d(GC)+ poly d(AT) 126 (79) 599 (21)
poly d(GC)+ poly d(AT)2e 44 (3) 288 (12)
123 (70) 709 (15)

[d(5-GAGTGCACTC-3),]f 128 (66) 545 (34)
[d(5-GAGTGCACTC-3),] + 85 (75) 446 (25)

Rh(MT)ph#+ ¢

poly d(AT) + distamycirt 120 (65) 671 (35)

2 Data obtained as described previodsijth excitation at 480 nm
and observation at 617 niData were fit toy(t) = 100[C1 ex V™D
+ (1 — C1) exp '] by a nonlinear least-squares method with

convolution of the instrument response function using in-house software

(BILRC) as described previously (Arkin, M. R.; Stemp, E. D. A.; Turro,
C.; Turro, N. J.; Barton, J. KJ. Am. Chem. Sod.996 118 2267
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d(AT) and poly d(GC) Katicc) in the presence of both polymers
can be expressed d§ricc = ([Ru-AT])([GC])/([Ru-GC))-
([AT]). Assuming a 3 bpbinding site for ruthenium, data from
the 1:1 poly d(AT)/poly d(GC) competition experiment yields
Katice = 5.9. Using this constant, the ratio of ruthenium
binding to AT vs GC sites ([RAT]/[Ru-GC]) in CT (42% GC)
and T4 (34% GC) DNA are calculated to be 8.2 and 11.5,
respectively, or 89% AT occupation in CT and 92% AT
occupation in T4. Hence, at low loadings of metal to DNA, it
is fully understandable that the emission profiles for these
sequences are so similar.

A similarity in emission for Ru(phemjipp2" bound to CT
and T4 DNA would therefore be expected whether the complex
were in the major groove or the minor groove. On both DNAs,
the luminescence appears to emanate substantially from inter-
calation within AT sites. Differences in luminescence yield for
A-Ru(phen)dppZ* bound to the two DNAs are observed only
at high metal to DNA ratios, where the emission is actually
somewhat higher with T# If the complex were associating
from the minor groove, these emission yields should not differ
at any loading. At high loadings of ruthenium on T4, the higher

2274). Error in lifetimes and percent contributions are estimated to be emission intensity might result from an increase in protection

+10%.° A-Ru(phen)dppZ*t (10 uM) bound to DNA (1 mM nucle-
otides (nuc); Ru:bp= 1:50) in buffer (5 mM Tris, 50 mM NacCl, pH

8.5). Lifetimes are consistent with those reported previously; see ref

5a.9 A-Ru(phenydppz* (10 uM) in the presence of 1:1 poly d(AT)
and poly d(GC) (1 mM nuc; Ru:bg 1:50) in buffer. Identical results
are obtained at 2 mM nuc (Ru:bp 1/100).¢ Data fit to multiexpo-
nential function consisting of a linear combination of decay profiles
for A-Ru(phen)dppZ* bound to poly d(AT) and poly d(GC), sepa-
rately. The preexponential factors were allowed to float in the
minimization routine, while the lifetimes were fixed (see Experimental
Section).f rac-Ru(phen)dppZ* (10 uM) in the presence decamer (10
uM duplex) in buffer (10 mM phosphate, 20 mM NacCl, pH 7.0).
9Rh(MT)phP* = A-a-[Rh[(R,R-Mestrien]phiPt (10 uM). "rac-
Ru(phen)dppZ* (10 uM) bound to poly d(AT) (1 mM nucleotides;
Ru:bp = 1:50) in buffer (5 mM Tris, 50 mM NaCl, pH 7.8) in the
presence of distamycin (1Q@M). ' 3.1 74.

The recent assignment of Ru(phgpp2" intercalation from
the minor groove side of duplex DNA was based primarily on
comparative luminescence studiefor the complex bound to
CT (42% GCJ% and T4 DNA (34% GC), a mixed-sequence
DNA like CT but one in which 5-hydroxymethylcytosine
residues are 100% glucosylated in the major grddveumi-

of the complex from solvent quenching by glucosylated sites
in the major groove or follow from an increase in the rigidity
of the helix.

The emission profile for ruthenium bound to poly d(IC)I
inosine) has also been cited in support of intercalation of the
complex from the minor groove since the IC base pair lacks
the amino group in the minor groové. Bound to poly d(IC),
the biexponential decay reportédesembles more closely that
for ruthenium bound to poly d(AT) than to poly d(GC); as with
poly d(AT), emission arises primarily from the shorter excited-
state decay component. Many factors determine the relative
distribution of binding orientations which give rise to the
biexponential decay; certainly the dipole characteristics of the
different base pairs must affect the relative stability of different
stacking orientations, irrespective of whether stacking originates
from the major or minor groove side. On the basis of steric
considerations, one would expect that eliminating the amino
group from the minor groove should actually facilitate complete
intercalation and an increase in excited state lifetime, yet with
poly d(IC), a side-on mode with a shorter excited-state lifetime

nescence titrations and excited-state decay kinetics for Ru-is favored. Hence, little support for the minor groove assign-
(phen)dpp2* were essentially the same for both DNAs. These ment can be gleaned from the observation made with poly d(IC).
results were interpreted as evidence for intercalation of the Competitive Binding in the Major Groove. We decided
complex from the minor groove side of the duplex, since the to explore the groove assignment for intercalation of Ru-
steric obstruction provided by the sugar units should have (phenydppZ2* in more detail through competition experiments
prevented binding and caused a significant reduction in the with DNA-binding molecules where the groove orientation has
emission yield of the complex bound to T4 DNA compared to been well-established. In the case of the interactions of small

CT. Given the finding here of preferential binding of Ru-
(phen)dppZ™ to AT sites, the small differences observed
between CT and T4 DNA are not surprising.

We can apply these data in estimating site occupation within

both CT and T4 DNA. For Ru(phesgppZ" bound to CT, the
luminescence lifetimes are slightly longer than with poly d(AT).
The decay profile may reflect the heterogeneity of AT-

containing sites within the mixed-sequence CT DNA. The ratio

of equilibrium constants for Ru(phexlppZ* binding to poly

(16) Marmur, J.; Doty, PJ. Mol. Biol. 1962 5, 109-118.

(17) (a) Sinsheimer, R. L. iThe Nucleic AcidsChargaff, E., Davidson,
J. N., Eds.; Academic Press: New York, 1960; Vol. 3, pp-1874.
(b) Revel, H. R. inBacteriophage T4AMathews, C. K., Kutter, E. M.,
Mosig, G., Berget, P. B., Eds.; American Society for Microbiology:
Washington, DC, 1983; pp 156L65.

molecules with DNA, there are in fact only a few examples of
species which bind DNA from the major groove sid:.1°

Phi complexes of rhodium have been shown using a variety
of techniques to intercalate in double helical DNA from the
major groove side. In particular, 2D NMR studies have
established that Rh(MT)phi (Figure 1) binds site-specifically
(Kg ~ 10® M71) in the center of a 10 bp duplex [d¢(5
GAGTGCACTC-3),] from the major groove side, with only 1
equiv of the rhodium complex bound to the duplex even in the

(18) Dupureur, C. M.; Barton, J. K. I€omprehensie Supramolecular
Chemistry Vol. 5, Lehn, J.-M., Ed.; Pergamon Press: London, 1996;
p 295.

(19) Bright luminescence is found for dppz complexes of ruthenium bound
to poly dT-poly dA-poly dT 3¢
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simple charge effect since titrations with the ruthenium(ll)
complex indicate that at least 2 additional complexes can be

NH accommodated on the duplex. The observed loss of emission
HN intensity also does not arise as a result of quenching by electron

o] transfer. Unlike Rh(phippy?*, which promotes-70% quench-

N / ing of ruthenium luminescence on CT DNA at low loading (1.5
equiv), Rh(MT)pht*, at the same loading, shows no detectable
guenching of ruthenium emission. In general, phi complexes
of rhodium(lll) containing saturated amine ligands do not
quench the ruthenium excited state in DNA or micefie%

— We also followed this titration by UMvis spectroscopy.
HN Intercalative binding of dppz complexes to DNA is accompanied

o by significant hypochromism and a red shift in the-z*
9! transition centered on the phenazine portion of the ligah@.
HN ~

Y As expected for a displacement effect, the absorbance at 375
H, H o nm increases with increasing rhodium concentration and begins
to saturate at 1:1 rhodium/duplex (Figure 2). Given that the
A-o-[Rh[(R, R)-Me,trien]phi]>* Distamycin increase in absorbance mirrors the decrease in ruthenium
Figure 1. Schematic illustrations of DNA binding agents-Ru- tehmlséf(lf&h?;)tgﬁzsor?lon agd(e?|§lon£ipfectr0;lcogIesl indicats
: i . a p isplaces Ru(pheggppz* from the duplex.
g?;‘gzsgiﬂﬁ’ A-0-[RN[(R,R-Megtrien]phiP™ (Rh(MT)phP?), and This displacement of ruthenium by rhodium contrasts the
’ cooperative clustering of ruthenium with Rh(ghi" (L = bpy,
11.06 phen) complexes which has been suggesteth fact, owing
to the smaller, aliphatic nature of the ancillary ligands of Rh-
(MT)phi®* compared to phen or phi, cooperative clustering of
Rh(MT)ph#*+ with Ru(phen)dppZ* might be expected to be
far less likely here. Clearly, the decrease in luminescence
combined with the loss of hypochromicity is opposite to what
would accompany binding cooperativity on the helix. Instead
i 1.00 the Ios_s_ of emission must reflect an anticooperati\_/e _interaction.
I RS T Add!tlon of Rh(MT)ph?* does not completel_y ellmlngte the.
Rh(MT)phi®* (M) ruthenium emission, however. The dec_rease in emission b_egms
to level off after reaching a 1:1 rhodium/duplex ratio, with
FLQUTG 2. tsgsgdyrﬁ‘tgtf efgiS(Siﬁn i;éen;i?)((la;dhsgliﬂve gﬁso{ggce slightly more than 50% of the ruthenium emission depleted.
change a n or Ru(phen)dpp uM) bound to e i ;
GAGTGCACTC-3),] (104M duplex; 10 mM phosphate, 20 mM NaCl, S(?rrr?pﬁ:)r(etdh:eoh;gﬁn?:sc 3/ tﬁéogzlgxg]o::;t?gsdzr;i/ ﬁ:tti:]: prrr:eosilrl:(?;
pH 7) in the presence of increasing concentrationd-ef-[Rh[(R,R- o . T .
Mestrien]phifF* (Rh(MT)ph®+). The reduction in emission intensity and _of rhodium are reduced _sllg_htly and the distribution is shifted
the increase in absorbance of tie s transition for the intercalating ~ in favor of the shorter lifetime (Table 1). Calculation of a
dppz ligand are consistent with displacement of Ru(pfugp2* by steady-state emission yield from the luminescence decay
Rh(MT)ph#*, which binds by intercalation in the center of the decamer parameters indicates a decrease in emission of only 35%, anc
from the major groove sid&.Error bars represent standard deviations therefore the reduction cannot be accounted for solely on the

for at least two trials. Emission intensity and absorbance at 375 nm ; Py e : R .
are normalized to the values at [Rh(MT)pHji= 0 xM, and absorbance basis of excited-state lifetime. Since the only binding sites

changes are corrected for DNA and Rh(MT)phinterference. present with rhodium bound are near the ends of the duplex,
the shorter lifetimes observed could indicate redistribution of
presence of excess Rh(MT)BhP® The sequence selectivity  ruthenium from the center of the decamer outward in addition
of this intercalation depends upon hydrogen-bonding interactionsto some displacement into solution as observed by-ig.
between the axial amines of the complex and guanines above These data are consistent with binding of Ru(pbdwpz*
and below the intercalation site, as well as methylkthyl from the major groove side of the double helix and its
interactions between the methyl groups in Rh(MT§phand competitive displacement by Rh(MT)ghi On the basis of this
thymines at the base position once removed from the intercalatedresult alone, however, this conclusion is not definitive, since
base step. intercalation in general can provide a probe of both DNA
Figure 2 shows the effect of increasing Rh(MT)phi grooves. Nonetheless, if the ruthenium complex were bound
concentration on the emission yield (squares) of Ru(ghen) in the minor groove, and displaced because of rhodium
dppZ* bound to [d(5GAGTGCACTC-3),]. It should be noted intercalation from the other side of the helix, one might have
that, on the basis of luminescence titratioas:-Ru(phen)dppZ*" expected only the base step where rhodium intercalated to be
binds well to [d(5-GAGTGCACTC-3),] with saturation in
luminescence at3 complexes/duplex, consistent with a8 (21) Arkin, M. R.; Stemp, E. D. A,; Turro, C.; Turro, N. J.; Barton, J. K.
bp blndmg_sne size for. the racemlp c_ompl_ex. With mcreasm_g (22) fn '?qtjne'nccﬂienn&e?(%%ﬁgﬁir]{éawzit%%h%éggfﬁ the concern that this
concentrations of rhodium, the emission yield decreases, which™ ™ 1hodium complex might displace the ruthenium donor even at low
is consistent with displacement of the lumiphore from the DNA loadings of metal on DNA was ruled by out ultrafast transient
since the ruthenium complex emits only when intercalated and absorption experiments which showed no evidence for free ruthenium
protected from water. Such a loss in intensity cannot be a gha,nh%)z%&fgem in the dynamics of ground state recovery with

(23) (a) Lincoln, P.; Tuite, E.; Norae B. J. Am. Chem. Sod.997, 119,
(20) Hudson, B. P.; Dupureur, C. M.; Barton, J. K. Am. Chem. Soc. 1454-1455. (b) Olson, E. J. C.; Hu, D.;'Wmann, A.; Barbara, P. F.
1995 117, 9379-9380. J. Phys. Chem. B997 101, 299-303.
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Figure 3. Relative emission intensity for Ru(phedppZ* bound to
poly d(AT) (O, A) and poly d(GC) Q) in the presence of increasing
concentrations of distamycin. On poly d(AT), the changes in ruthenium
emission saturate atl distamycin~5 bp, consistent with the helix
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reaching saturatioff. It is noteworthy also that the lumines-
cence data for ruthenium bound to poly d(AT) in the presence
of distamycin resemble data for ruthenium in the presence of
poly dA-poly dT, which is a more rigid polyme®.

It is also possible to load ruthenium onto the helix when the
minor groove is saturated with distamycin. When20 Ru-
(phen¥dppZ* is added to poly d(AT) (25@M bp) containing
saturating concentrations of distamycin (@), bright ruthe-
nium luminescence is observed.

These competitive binding titrations in the minor groove
therefore also support intercalation of Ru(phedppZ* from
the major groove side. If ruthenium were bound in the minor
groove, one would have expected a decrease in luminescence
as the metal was displaced with increasing distamycin concen-
trations. Thus these results are certainly consistent with the

accommodating major and minor groove binders simultaneously. At helix being able to accommodate major and minor groove-

concentrations of distamycir 0.2/bp on poly d(AT), the ruthenium

lumincescence yield changes with time and the intensity vs [distamycin]

curves diverge. Error in emission intensities are estimated t01i86.
Conditions are as follows: Q) 10 uM Ru, 1 mM nucleotides (nuc)
poly d(AT); (a) 20 uM Ru, 0.5 mM nuc poly d(AT); @) 10 uM Ru,
1 mM nuc poly d(GC) (in 5 mM Tris, 50 mM NaCl, pH 7.8).

binding agents simultaneously.

Groove Preference for Ru(phenydppz?t and Other Met-
allointercalators. A variety of results have suggested that
metallointercalators may in general associate with double helical
DNA from the major groové213.20.2830 These observations
include the high-resolution NMR structdfeof Rh(MT)phi+

somewhat blocked. Instead we observe a larger region of thebound to a DNA decamer and chemical cleavage experirtfents

duplex to be affected.

Competitive Binding in the Minor Groove. We also probed
the groove association of Ru(phetppZ* in titrations with
distamycin (Figure 1). Distamycin binds well to poly d(AT)
(Kg ~ 107 M~1) but not to poly d(GC)Kg ~ 10* M~1) 24255
expected, the emission yield of ruthenium bound to poly d(GC)
is not significantly affected by the presence of distamycin
(Figure 3). Bound to poly d(AT), however, the Ru(pheippZ"
luminescence yield is actually increased upon addition of
distamycin (Figure 3). This increase in the ruthenium lumi-
nescence saturates-afl distamycin/5 bp, consistent with the

with Rh(MGP)phi¥™ (MGP = 4-(guanidylmethyl)-1,10-phenan-
throline) and Rh(eaphi®™ (en= ethylenediamine) on synthetic
oligonucleotides in the absence and presence of covalent
modifications in the major groove. Of particular note is the
crystal structure of (terpyridyl)(2-hydroxyethanethiolato)plati-
num(ll) intercalated in d(CpG)? in this case the metalloint-
ercalator is primarily planar, and the complex is oriented within
the base step with the metal center on the major groove side.
This structure, albeit only of an intercalated dinucleotide,
suggests that factors other than steric bulk are important in
determining groove preference for intercalation. Indeed, as with
organic intercalator. dipole and induced-dipole orientations

ligand binding to the duplex as a monomer and saturating the of the aromatic heterocyclic moiety which intercalates are likely

minor groove?®

That the ruthenium luminescence increases rather than bein

unaffected by distamycin association likely reflects a stiffening
of the duplex on binding distamycf:2> As indicated in Table

1, the increase in quantum yield with addition of distamycin to
Ru(phen)dppZ* bound to poly d(AT) is derived from a
redistribution of the lifetimes in the biexponential decay in favor
of the longer lifetime (Table 1). Such an effect on the relative
proportion of lifetimes is also observed at high metal complex
to DNA ratios>>7*which has also been ascribed to duplex
stiffening?” One might consider that addition of distamycin

only concentrates the metal complexes in sections of the minor
groove which are uncovered by distamycin. Such a consider-

ation is ruled out, however, since titrations at two ruthenium:
bp ratios which differ by a factor of 4 are superimposable until

(24) (a) Geierstanger, B. H.; Wemmer, D.Ahnu. Re. Biophys. Biomol.
Struct.1995 24, 463-493; b) Zimmer, C.; Whnert, U.Prog. Biophys.
Molec. Biol. 1986 47, 31-112.

(25) (a) Gursky, G. V.; Zasedatelev, A. S.; Zhuze, A. L., Khorlin, A. A;;
Grokhovsky, S. L.; Streltsov, S. A.; Surovaya, A. N.; Nikitin, S. M.;
Krylov, A. S.; Retchinsky, V. O.; Mikhailov, M. V.; Beabealashvili,
R. S.; Gottikh, B. PCold Spring Harb. Symp. Quant. Bidl983 47,
367-378. (b) Zimmer, C.; Reinert, K. E.; Luck, G.; Waert, U.;
Léber, G.; Thrum, HJ. Mol. Biol. 1971 58, 329-348. (c) Luck, G.;
Zimmer, C.; Reinert, K. E.; Arcamone, Rucleic Acids Resl977,

4, 2655-2670. (c) Luck, G.; Triebel, H.; Waring, M.; Zimmer, C.
Nucleic Acids Resl974 1, 503-530.

(26) In contrast distamycin displaces ethidium. See: Baguley, BAdI.

Cell Biochem.1982 43, 167.

to govern the stacking geometry. Certainly, those factors which
dominate groove selectivity for metallointercalators need still

g[o be established.

It is noteworthy that NMR experiments have recently
indicated that the metallointercalator Ru(pheipx?™ (dpg =
dipyrido[2,2d:2',3-fl]quinoxaline) may bindd a 6 bpduplex
by intercalation from the minor groov&. Interestingly, the
chemical shift perturbations and nuclear Overhauser effects
observed with intercalation of this compound differ significantly
from those described for Ru(phedppZ".1213 While it is clear
that one binding mode for Ru(phedjpd*" involves association
from the minor groove, it is not certain from the data presented

(27) At concentrations of distamycin 0.2/bp on poly d(AT), the ruthenium
lumincescence yield changes with time and the intensity vs [dista-
mycin] curves diverge.

(28) (a) David, S. S.; Barton, J. K. Am. Chem. S0d.993 115 2984
2985. (b) Terbrueggen, R. H.; Barton, J. Biochemistryl1995 34,
8227-8234. (c) Sitlani, A.; Long, E. C.; Pyle, A. M.; Barton, J. K.
Am. Chem. Socl992 114, 2303-2312. (d) Krotz, A. H.; Kuo, L.

Y.; Shields, T. P.; Barton, J. Kl. Am. Chem. S0d993 115 3877
3882.

(29) Wang, A. H.-J.; Nathans, J., van der Marel, G.; van Boom, J. H,;
Rich, A. Nature 1978 276, 471.

(30) Also noteworthy are early NMR experiments with Ru(pg&njsomers
bound to a DNA hexamer which consistently showed perturbations
in the major groove for binding favored by tieisomer in addition
to perturbations in the minor groove attributed to surface binding
favored by the A-isomer. See: Rehmann, J. P.; Barton, J. K.
Biochemistry1991, 29, 1701, 1710.

(31) Waring, M. JAnnu. Re. Biochem.1981, 50, 159-192.

(32) Greguric, I; Aldrich-Wright, J. R.; Collins, J. G. Am. Chem. Soc.
1997 119 3621-3622.
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that this mode is intercalative. If this minor groove association consider that the third strand must block major groove intercala-
is indeed intercalative, the comparison to Ru(pbappZ+ must tion. But here too, little difference in emission should be

be a consequence of the change in electronic structure betweemrxpected between the double and triple helix with binding of
the dppz and dpq ligands. NMR studies™oRu(phen)dppZ*+ ruthenium from the minor groove. Instead we propose that the
bound to the hexamer duplex d(GTCGAC)early show NOE third DNA strand provides a more substantial platform for

crosspeaks of bound adenine proton resonances in the majointercalative stacking from the major groove (and third strand)
groove and the upfield-shifted’,.# protons of intercalated  side, yielding an increase in protection from quenching by water
dppz?2 and thus an increased excited-state lifetfhe.

The data we present here are fully consistent with intercalation ~ Since photophysical studies provide only an indirect descrip-
of Ru(phen)dppZ® from the major groove of DNA, as tion of structure, their conclusions regarding structural models
originally described by NMR213 These data are also helpful must be viewed with some caution. High-resolution structural
in reconciling a photophysical stuthwhich suggested minor  information must depend upon NMR and crystallographic
groove association. The primary observation put forth in support studies. Importantly, the photophysical experiments described
of minor groove association was the absence of a substantivehere and previously are now reconciled with NMR data.
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