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Luminescence spectroscopy coupled with capillary electrophoresis (CE) provides insight into the nature and

stereoselectivity of Cr(diiming}" interactions with polynucleotides. Photoluminescence measurements on Cr-
(phen}*™ and Cr(bpy3®* in air or Np-saturated solution demonstrate strong B-DNA quenching of Cr(diinfihe)

emission intensities and lifetimes. Both dynamic and static quenching are observed, the latter being attributed to

DNA bound Cr(diimine}**. Very rapid quenching is also observed with deoxyguanosine monophosphate (dGMP),
while no bimolecular quenching is observed with other mononucleotides. Likewise, poly(d@et@IG-dC)
causes rapid quenching, while only minor quenching is observed for poly(d4ealy{dA-dT). These emission

results are consistent with a DNA quenching mechanism involving guanine base oxidation. The electropherogram

resulting from the co-injection afic-Cr(phen)?* andrac-Ru(phen)?" into a capillary containing B-DNA indicates
a similar binding constant for the two complexes, while the enantiomeric stereoselectivities are reversed. CE
studies for Ru(pheg)™ with distamycin A (an AT selective minor groove binder) reveal a significant reduction
in complex migration timeanda complete loss of enantiomeric discrimination. These results are consistent with
a literature model where nonelectrostatic binding for both isomers occursiinitieegroove. Analogous distamycin
studies with Cr(phenj" are also in accord with minor groove binding.

Introduction relative binding constants and stereoselectivities of TM interac-

tions with DNAY In this report we demonstrate that lumines-
ence spectroscopy coupled with capillary electrophoresis (CE)

studies provides important insight into the nature and stereo-

selectivity of Cr(diimine}** interactions with polynucleotides.

The last two decades have witnessed the emergence of a ric
chemistry associated with the interaction of chiral transition
metal (TM) complexes with DNA. The most widely investigated
systems have been Ru(diimig&) compounds, where the room
temperature (RT) emission signal has proven a valuable prObeExperimental Section
of DNA binding! However, with several notable excepticns,
the lowest-lying®™MLCT excited states of these Rucomplexes
are incapable of causing direct one electron oxidation of
guanine (the most easily oxidized nucleob&da)contrast, RA"
complexes containing 9,10-phenanthrenequinone diimine (phi)
ligands have an E(*Rh3t/Rh?") value~+2 V versus NHE}

Chemicals.Racemic P and CESGO;™ salts of Ru(phenj™ were
obtained by metathesis from the commercially available €lt
(Aldrich). PR~ salts of A-Ru(pheny¥™ andA-Ru(pheny™ were isolated
via a slight modification of the literature meth&&or all Ru(pheny*
solutions, concentrations were determined by using a molar absorptivity
value ofeqss= 19 000 Mt cm™1.° The synthesis of racemic [Cr(pheja)

and these systems caudieect (frank) DNA photocleavage via
deoxyribose oxidatioA.However, the absence of a RT lumi-

(PR)s, [Cr(bpy)](PFs)s, and [Cr(TMP}](CHsCOO) (where TMP=
3,4,7,8- tetramethyl-1,10-phenanthroline) followed closely the procedure

nescence signature has limited their application as DNA described by Kane-Maguire and HalloBkOptically active PE- salts

reporters. Cr(diimingf* complexes would appear to combine
several of the attractive features of both the?Rand RR™

systems, in view of their long-lived RT emission and strong
excited-state oxidizing powéWe have recently proposed that
CE may provide a rapid screening method for determining bot
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The mononucleotides 2leoxyguanosine*&monophosphate disodium
salt hydrate (dGMP),'2leoxyadenosine-nonophosphoric acid mono-
hydrate (dAMP), and'2deoxycytidine-5monophosphoric acid mono- -
hydrate (dCMP) were used as received from Aldrich, while thymidine-
5'-monophosphate sodium salt and distamycin A hydrochloride were
purchased from Sigma. Distamycin concentrations were obtained by
utilizing a molar absorptivity value ofz, = 37 000 Mt cm~1.1°
Instrumentation and Methods. Electronic absorption spectra were
recorded on a HP8452A diode array spectrophotometer, while a JASCO
710 spectropolarimeter was employed for circular dichroism (CD)
measurements. An SLM 8000C spectrofluorimeter employing a red
sensitive Hamamatsu R928 photomultiplier tube was used to record
steady-state emission spectra. For excited-state lifetime measurements,
pulse excitation was performed with a/Nye laser system (Molectron
UV-12/Molectron DL-14) using either the 337 nm, Nine or the 440
nm line obtained by using a coumarin 120 dye. Emission was detected
at right angles via a J-Y Optics H10V monochromator, a €8Bcutoff Wavelength (nm)
filter, and a Hamamatsu R928 photomultiplier tube. Emission signals Figure 1. Steady-state emission spectrum of an air-saturatedk3.3
were fed via the appropriate load resistor into a LeCroy 9350A 500 105 M solution of rac-Cr(phen)** in 50 mM Tris-HCI buffer (pH
MHz digital oscilloscope. Lifetimes were obtained by first-order kinetic ~ 7.1) in the presence of different concentrations of calf thymus B-DNA
analysis of the phosphorescence signals using the VuPoint 3 program(wavelength of excitatior= 320 nm).
developed by Ventura Publishers (Maxwell Technologies, Inc).

[DNA] = 0M
[DNA]J = 0.55x10*M
[DNA] = 1.59x10*M
[DNA] =3.17x10%M
[DNA] = 8.44x10“M

el .

Emission Intensity

Capillary electrophoresis (CE) studies were carried out using a 204
Beckman Instruments P/ACE 5000 HPCE system with -Wis
detection. Additional 1.00 cm absorbance filters for measurements at 154
A > 300 nm were purchased from Corion. Uncoated fused silica LA
capillary (50um i.d. x 363 um 0.d.) was obtained from Polymicro ©
Technologies and treated with 1.0 M NaOH prior to use. In experiments 107 o
where the contribution of electroosmotic flow was determined, free .
1,10-phenanthroline was used as a neutral marker. Coated capillaries 57 .
were prepared using the modified linear acrylamide procedure of
Sepaniak, et al. and were stored in 10 mNPIB,.12 CE buffers were 0 2 4 6 Sx10*M
prepared from HPLC-purity Tris-HCI titrated with NaOH. DNA and [DNA]

DNA/distamycin solutions were freshly prepared for experiments by
stirring or brief sonication in Tris-HCI/NacCl followed by dilution with
doubly deionized water.

Figure 2. Stern-Volmer plots for emission quenching of an air-
saturated 3.3x 10°° M solution of rac-Cr(phen)3* in 50 mM Tris-
HCI buffer (pH 7.1) by calf thymus B-DNA:@) steady-state emission
Results and Discussion iI:/tlelsiTtZlg?ttgrlﬁlrl):=2<12>g/éI;.(ﬂexc= 320 nm); ) emission lifetime data,
Cr(phen)s®" Emission Quenching by B-DNA.Photolumi-
nescence studies on Cr(phgri)in air or N,-saturated 50 mM
Tris-HCI buffer (pH 7.1) solutions in the presence and absence
of B-DNA reveal strong polynucleotide quenching of the steady-
state?Eqg — “A24 (On) phosphorescence signal at 730*f=nd
the corresponding emission lifetime. A typical example of
steady-state emission signal quenching by B-DNA under air-
saturated conditions is shown in Figure 1. This behavior is in
marked contrast to that normally observed for Ru(diimifie) gy Slopes= (SV Slope + fKpya) +
systems, which are characterized by increases (sometimes
dramatic) in the emission intensity upon DNA bindit¥g® SV Slope (BKpna)IDNA] (1)
Representative steady-state emission intensity and lifetime
Stern-Volmer plots for quenching ofac-Cr(phen}®™ phos-
phorescence by calf thymus B-DNA &ir-saturatedsolution
(22 °C) are shown in Figure 2. A good straight line fit is
apparent for the SV plot of the lifetime data, in accord with
dynamic quenching by DNA of the’Ey excited state (i.e. SV Slopgs= SV Slopg + fKpya )
collisional deactivation). Dividing the SV slope by the lifetime
in the absence of DNA yields a bimolecular quenching rate Thys a binding constant value &pya = 3500 M1 for rac-
constant of 1.1x 10° M~* s™%. The corresponding SV plot of  cr(phen)* may be estimated from the differences in the
the emission intensity, however, shows strong upward curvatureemission intensity and lifetime SV slopes at low [DNA].
at hlgher DNA concentrations. Such behavior is diagnostic of ReportedKDNA values for Ru(phe@3+ are Comparab|e under
reasonably similar conditiori§, consistent with the CE data
(13) Stebbins, M. A.; Schar, C. R.; Peterson, C. B.; Sepaniak, M. J. presented below. Emission data for the Cr(pgEmB-DNA
(14) igrnoemat:g&irs‘l?\?z/?;.;lfls_gnlg?gr.d’ C. HL. Chem. Soc., Chem. System are also amenable to Scatchard plot analysis, where a

Commun.1971 895-896.
(15) Pyle, A. M.; Rehmann, J. P.; Meshoyrer, R.; Kumar, C. V.; Turro, N. (17) Demas, J. N.; Addington, J. W. Am. Chem. So0d.974 96, 3663
J.; Barton, J. KJ. Am. Chem. S0d.989 111, 3051-3058. 3664.
(16) Hartshorn, R. M.; Barton, J. K. Am. Chem. S0d.992 114, 5919- (18) Kalsbeck, W. A.; Thorp, H. HI. Am. Chem. S0d993 115 7146—
5925. 7151.

an additional deactivation pathway involvisatic quenching™—
attributed in this case to DNA bound Cr(phgl) which
constitutes a nonluminescent association pair. It is noteworthy
that pulsed emission decays followed strict first-order kinetics,
consistent with the absence of detectable emission from Cr-
(phen}*™ bound to DNA. It can be showh that when both
dynamic and static quenching are present

where SV Slopgs and SV Slopgare the experimental slopes
of the Stern-Volmer emission intensity and lifetime plotSpna

is the Cr(phenf*/DNA binding constant, and = 1 under our
experimental conditions. Abw [DNA], eq 1 reduces to
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Figure 3. Stern-Volmer plots for emission quenching of an air-
saturated 3.k 1075 M solution ofrac-Cr(bpy)*" in 50 mM Tris-HCI
buffer (pH 7.1) by calf thymus B-DNA: M) steady-state emission
intensity datalo/| = ®o/P (lexe = 320 NM); @) emission lifetime data,
I/l = 1o/t (temp: 22°C).

data fit to the McGhee and von Hippel equation appropriate
for noncooperative bindid§!® yields aKpna value of 4000
M~1and a binding ratio of 0.6 Cr(phefi} per DNA base pair.
Finally, it is noted that an identical value for the bimolecular
rate constant for quenching of Cr(phgti)emission by B-DNA
is observed undéX,-purgedsolution conditions, indicating the
absence of a key role for oxygen in the quenching process.
Cr(bpy)3®*" Emission Quenching by B-DNA. A more
restricted study was done on tree-Cr(bpy)®" system. Steady-
state emission intensity and lifetime Stefviolmer plots are
shown in Figure 3 for air-saturated conditions. As previously
noted for the phenanthroline analogue, upward curvature is
observed in the emission intensity plot at higher DNA concen-
trations, and is attributed again tstatic (association pair)

quenching. The upward curvature is not as marked as in the

Cr(phen)®* case, and is suggestive of a smaller DNA binding
constant (smaller binding constants for bpy species have bee
previously noted for Ru(diimingj* systems}>18The SV plot
of therac-Cr(bpy)®* lifetime data exhibits a good straight line
fit, consistent with the presence of a bimolecular quenching
component. When the experimental lifetime slope is divided
by the emission lifetime in the absence of B-DNA, a bimolecular
guenching rate constant of 1:010® M~1 s 1is obtained (i.e.,
a value esssentially identical to that noted above for Cr-
(phen)3*).

Mechanism of Emission QuenchingSeveral different lines
of evidence suggest that Cr(phgii)and Cr(bpy}** emission
quenching by B-DNA proceeds via aectron transfemech-
anism involving guanine base oxidation. Tate excited states
of Cr(phen)3* and Cr(bpy}3* have been previously employed
as photooxidants for a wide range of nonbiological substrates,
and have an oxidizing power &f1.4 V versus NHE. Therefore,
they are thermodynamically capable of oxidizing guanine in
DNA (E°cc+, pH 7~ —1.2 V versus NHE), while oxidation
of the other DNA bases is improbali@he results of emission

quenching studies by mononucleotides and several synthetic
polynucleotides (see below) are consistent with these expecta-

tions.

Emission Quenching by Mononucleotides. (a) Quenching
by dGMP. We observe that deoxyguanosineatonophosphate
(dGMP) rapidly quenchesac-Cr(phen)®t emission (both in-

(19) Concentrations of unbound Cr(phgf)needed for such plots were
obtained from the pulsed emission intensity,at different [DNA],
after extrapolation to zero time after the pulse. i.e., [Cr(psfi)ee
= (lo with DNA/I, no DNA) [Cr(phen}* ot
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Figure 4. Stern-Volmer plots for emission quenching of an air-
saturated 3.% 107° M solution ofrac-Cr(phen}*" by deoxyguanosine-
5'-monophosphate (dGMP) in 50 mM Tris-HCI buffer (pH 7.1 (
steady-state emission intensity ddtél, = ®o/® (lexc = 320 nm); Q)
emission lifetime dataly/l = 74/t (temp: 22°C).

tensity and lifetime) in air-saturated solution. Interestingly, in
this case the intensity and lifetime SV quenching plots are
collinear (Figure 4). The absence of a significant static quench-
ing component may reflect a smaller ion-pair formation constant
than that for Cr(phes}™/B-DNA. However, an additional factor

is undoubtedly the 20-fold increase in the bimolecular quenching
rate constanty,; which results in the data being collected over
a much smaller range of quencher concentrations. The observed
kq value of 2.2x 10° M1 s71 is very close to the diffusion
controlled value reported for GMP quenching of the emission
of Ru(ll) complexes containing strongly oxidizing ligands such
as HAT and TAP (for which oxidation of the nucleobase guanine
has been conclusively demonstratéd).

In addition, we have investigated emission quenching by
dGMP for the complexac-Cr(TMP)2* (where TMP is 3,4,7,8-
tetramethyl-1,10-phenanthroline). This complex has En
(*Cr3t/Cr2*) value of+1.1V2° compared with the-1.4 V value
for Cr(phen)®*, and thus should only be marginally capable of
oxidizing a guanine nucleobase. This expectation is in accord
with the markedly different quenching behavior observed for

"he Cr(TMP}3* complex. At a dGMP concentration of 2:6

104 M (i.e., five times the highest concentration in the Cr-
(phen}®* study) no quenching is observed within experimental
error in the steady-state emission signal of the Cr(T#P)
species. This observation is indicative of a very minor role for
electron-transfer quenching in the Cr(TMP) system.

(b) Quenching by dAMP, dCMP, and dTMP. In striking
contrast to the dGMP results for Cr(phgti) the less readily
oxidizable adenosine (dAMP), cytosine (dACMP), and thymidine
(dTMP) mononucleotides demonstratebimolecularquench-
ing of Cr(phen)®™ emission. In Figure 5 the emission lifetimes
of Cr(phen)3* are plotted versus mononucleotide concentration.
Although some decrease in emission lifetime is apparent for
dAMP, dCMP, and dTMP, the absence of bimolecular quench-
ing is evident from thdimiting lifetime value reached as the
nucleotide concentration is increased. We attribute this limiting
value to the intrinsic lifetime of the Cr(phefij/mononucleotide
ion-pair species. These observations also provide evidence
against an alternative redox quenching mechanism involving
the deoxyribosyl units.

Emission Quenching by Synthetic Polynucleotided:urther
support for a quenching mechanism involving direct guanine
base oxidation comes from analogous studies on Cr(ghen)
with synthetic polynucleotides. The duplex poly(dG-gay-
(dG-dC) yields similar quenching data (Figure 6) to that noted
earlier for B-DNA (Figure 2), with clear evidence for ion-pair

(20) Serpone, N.; Jamieson, M. A.; Emmi, S.; Fuochi, P. G.; Mulazzani,
Q. G.; Hoffman, M. Z.J. Am. Chem. S0d.98], 103 1091-1098.
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Table 2. Emission Intensities and Lifetimes of Cr(phgi)(6.0 x

~ 60 | ] n
& W ° o o 1075 M) in the Presence of Poly(dA-d¥Boly(dA-dT) and/or
g 50 o Poly(dG-dC)Poly(dG-dC) in Air-Saturated 50 mM Tris-HCI Buffer,
g 40 o o pH 7.1 (Temp: 22C)
E 301, [polynucleotide] relativeDz,d lifetime, 7 (us)
- e dGMP oM 1.00 62
g2 W dCMP 1.0x 103 M GC? 0.10 13
2 10l o dT™MP 2.0x 103¥MGC 0.03 9
- o dAmP 1.0x 103 MAT® 0.73 52
i ¢ 8 10%10° 2.0x 103M AT 0.63 46
’ Nodeotide, M+ 1.0x 10°M GC/ 0.39 42
1.0x 103 M AT

Figure 5. Dependence of the emission lifetimerat-Cr(phen)>™ (3.3

x 1075 M) in an air-saturated 50 mM Tris-HCI buffer solution (pH a gy, = relative steady-state emission intensity on 320 nm excitation.
7.1) on mononucleotide concentration for the mononucleotides dGMP, ® GC = poly(dG-dC)poly(dG-dC).c AT = poly(dA-dT)-poly(dA-dT).
dAMP, dCMP, and dTMP (temp: 22C).
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Figure 6. Stern-Volmer plots for emission quenching of an air-

saturated 3.2 107> M solution of rac-Cr(phen)3t in 50 mM Tris-
HCI buffer (pH 7.1) by poly(dG-dGpoly(dG-dC): @) steady-state
emission intensity datdy/l = @D (lexe = 320 nm); ) emission

Figure 7. Electropherogram of a 1:1 mixture @fc-Cr(phen)3*
and rac-Ru(pheny* (0.8 mM) in 50 mM Tris-HCI buffer, pH
7.4, containing 100 mM NaCl and 3 mM calf-thymus B-DNA.

Electrophoretic field strength was 260 V/cm (&@n i.d. uncoated
capillary), using a run temperature of 3&. Detection was at =
300 nm.

lifetime data,lo/| = 7./t (temp: 22°C).

Table 1. Emission Intensities and Lifetimes of Cr(phgf)(3.4 x
107° M) in the Presence of Poly(dA-dToly(dA-dT) in

Air-Saturated 50 mM Tris-HCI Buffer, pH 7.1 (Temp: 2E) Capillary Electrophoresis Studies. Figure 7 shows the

[poly(dA-dT)-poly(dA-dT)] relative®syd? lifetime, 7 (us) resultant electropherogram when a 1:1 mixture rag-Cr-
oM 1.00 62 (phen}®*™ and rac-Ru(pheny?* was injected into a capillary
0.91x 104 M 0.93 58 containing 50 mM Tris-HCI buffer (pH 7.4), 100 mM NacCl,
51x 10*M 0.60 44 and 3 mM calf thymus B-DNA. Inspection of Figure 7 reveals
9.1x 10“M 0.58 42

that both complexes exhibit stereoselectivity in their binding
a 0= relative steady-state emission intensity on 320 nm excitation. With B-DNA. We have also performed experiments on each
complex separately, and the migration velocities and stereose-
(static) quenching at higher nucleotide concentrations and alectivity results are identical to the simultaneous separation of
bimolecular quenching rate constant of x110® M1 s, the 1:1 mixture of the two complexésBased on measured
However, in the presence of poly(dA-dpply(dA-dT) only a values of electrophoretic mobilitiege (using a neutral marker
minor reduction occurs in emission intensities and lifetimes (see to correct for the electroosmotic flow component), both
Table 1), both of which approach a limiting value at higher complexes migrate at significantly reduced velocities in the
[nucleotide] values. Such behavior is inconsistent with a Presence of DNA. The R isomers show slightly greater
significant role for electron-transfer quenching, and is attributed retardation inue than the Ct" isomers, suggestive of a slightly
to a somewhat lower emission efficiency and lifetime for the 1argerKpna value.
ion-paired Cr(phen§* complex. Significantly, the enantiomeric order of migration and thus
Specificity of Base Sequence BindingThe Cr(pheng* net binding stereoselectivities (established by co-injections with
emission signal in the presence of two different polynucleotides samples of theA isomer) arereversedfor the CP* and R@*
may provide useful information on the relative binding constants. complexes. For the case of Ru(phgh)with B-DNA, the CE
A comparison ofac-Cr(phen)3t steady-state emission intensity ~results in Figure 7 demonstrate preferential binding by Ahe
and lifetime data at low loadings of Cr/polynucleotide for a 1:1 isomer—a result consistent with earlier equilibrium dialysis
mixture of poly(dA-dT)poly(dA-dT) and poly(dG-dGpoly- data??23 Although the binding interaction of Ru(phef) with
(dG-dC) with those for solutions containing only a single DNA is dominated by electrostatic forcésthe observation of
polynucleotide is provided in Table 2. At low Cr/nucleotide €nantiomeric discrimination, coupled with recent thermodynamic
loadings, quenching bboth nucleotides should be primarily
associated with ion-pair formation (since under these conditions (21) This observation is not surprising, since for 1:1 mixture injections
static quenching is dominant for poly(dG-d@IY(dG-dC)y- 1% Mo cometes il b sectomnoretcly separated rom one
see Figure 6). The emission intensities and lifetimes shown in independently with respect to their DNA interaction as they travel
Table 2 for Cr(phen§* in mixed polynucleotide solutions are down the capillary.
considerably closer to those characteristic of solutions containing (22) f’g‘ézo’ibé gi??gf‘g'f;‘g%ky' A.T.; Goldberg, J. 31Am. Chem. Soc.
only poly(dA-dT)ypoly(dA-dT), which suggests a significant AT ;

Y (23) Satyanarakyana, S.; Dabrowiak, J. C.; Chaires, Bidg¢hemistry1992
binding preference for Cr(phes}. 31, 9319-9324.
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Figure 8. Successive electropherogramsraé-Ru(pheni?* (1 mM Figure 9. Successive electropherogramsad-Cr(phen}** (1.6 mM)
in950 mM Tris-HCI buffer, pH ?.4, cgntaining lOO(EnM Iélzaél and ()).92 in 50 mM Tris-HCl buffer, pH 7.4, containing 100 mM NaCl and 0.92
mM calf-thymus B-DNA in the presence of increasing concentrations MM calf-thymus B-DNA in the presence of increasing concentrations
of distamycin A. Electrophoretic field strength was 319 V/cm (&0 of distamycin A. Electrophoretic field strength was 319 V/cm (&0

i.d. uncoatedcapillary), using a run temperature of 36. Detection i.d. coatedcapillary), using a run temperature of 35. Detection was

was atl = 400 nm (nm= neutral marker). at/ = 360 nm.

data, argue that nonelectrostatic forces are not insignifidant. _FOr the case of Cr(phesfy, a pertinent earlier study is the
Several NMR studies on Ru(phe#) employing oligonucleo- ~ NMR investigation by Rehmann and Bartron the oligo-
tideg>-?8 indicate that these nonelectrostatic interactions occur Nucleotide d(GTGCAG)in the presence of Cr(phefi). Their
primarily via surface binding in theninor groove near the AT _result_s were |nterpre_ted_ in terms of minor groove surface binding
base pair. Barton and co-work&$® and other¥28 have in whlchAlso_merblndlng was fa_lvored._ln_thls case they found
proposed that this surface binding mode favors sheptical 9Ny weak evidence for an additional binding mode favouing
isomer. The Barton model assigns an additional binding mode iS0mer binding in themajor groove. In a related NMR study
with an unusually strong\ preference to partial intercalation ~ NVolving Ru(pheny* and Rh(phenf*,*> Rehmann and Barton
of a phenanthroline ligand in theajor groove. Thus, although noteql that increasing complex c_harge is an additional factor
this latter mode makes only a small contribution to the overall favoring surface binding over partial intercalation. Our observa-
binding constant, a net discrimination for the isomer is tion (Figure 7) of net preferential binding by tie isomer of
observed. However, three more recent NMR studies suggest thaCr(Phen)** is therefore not unexpected. We have also con-

the binding mode characterized by a strahgreference also ~ ducted distamycin CE studies for the Cr(ph&hB-DNA sys-
occurs in theminor groove26-28 tem3! In the presence of increasing concentrations of distamycin

That this latter interpretation is more applicable to the case In the buffer medium (Figure 9), a progressive loss of enan-
of B-DNA comes from CE studies involving the addition of tiomeric stereoselectivity is observed. This result suggests that

distamycin A to therac-Ru(pheny?*/B-DNA system. Dista- both binding modes (including the very weak intercalative
mycin A is a strongly AT selectiveninor groove binder with ~ component) involve the minor groove.
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