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ABSTRACT. The binding of homochiral [Ru(ll)(1,10-phenanthroligl?™ complexes{where L= 1,10-
phenanthroline (phen), dipyrido[3&22',3 -c]phenazine (DPPZ) or benzodipyrido[3322',3 -c]phenazine
(BDPPZ} to poly(dT*dA-dT) triplex has been investigated by linear and circular dichroism and thermal
denaturation. Analysis of the linear dichroism spectra indicates that the extended DPPZ and BDPPZ
ligands lie approximately parallel to the base-pair and base-triplet planes consistent with intercalation
which is also supported by strong hypochromism in the interligand absorption bands with either duplex
or triplex. The spectral properties of any of the metal complex enantiomers were similar for binding to
either duplex or triplex DNA, indicating that the third strand, which occupies the major groove of the
template duplex, has little effect on the binding geometries and hence supports the hypothesis that the
metal complexes all bind from the minor groove with the DPPZ and BDPPZ ligands intercalated but
without intercalation in the case of [Ru(phgdy. Third-strand stabilization depended on the nature of

the third substituted phenanthroline chelate ligand but was not directly related to its size, with stabilizing
power increasing in the order phenBDPPZ < DPPZ. This observation further supports intercalation

of the extended ligands from the minor groove of the triplex since the extended BDPPZ ligand that would
protrude into the major groove of the template would have greater steric interference than DPPZ with the

third DNA strand.

Triple-helical DNA has been intensively studied due to
the high selectivity of third-strand binding which presents a
variety of potential applications in molecular biology,
diagnostics, and therapeutics (Thuong &létee, 1993).
Studies of drug interactions with triplex DNA are of
importance for two reasons. The primary motivation is that
in order to apply the triplex concept under physiological

et al., 1993; Chalikian et al., 1994; Kim et al., 1996) except
for berenil which is reported to stablize the third strand in
the absence of NaCl (Durand et al., 1994; Pilch et al., 1995).
However, the exact mechanisms by which drug binding
stabilizes or destabilizes triplex have not yet been fully
elucidated. A second motivation for studying drttgiplex
interactions arises from interest in the structural motif of

conditions, binding of the Hoogsteen base-paired strand musttriplex DNA itself. In poly(dT*dA-dT) triplex (where *
be stabilized and this can be achieved through intercalatingdenotes the Hoogsteen base pairing and the dash denotes

drugs such ethidium dyes (Scaria & Shafer, 1991; Wilson
et al., 1993; Tuite & Norde, 1995a), acridines (Wilson et
al., 1994; Kim et al., 1996) methylene blue (Tuite & Nomge

the Watson-Crick base pairing), the Hoogsteen paired poly-
(dT) third strand lies in the major groove of the template
duplex, running parallel to the poly(dA) strand. Hence, third-

1995b), coralyne (Lee et al., 1993), anthraquinones (Fox etstrand binding changes the binding mode (Tuite & Norde
al., 1995), naphthoquinolines (Wilson et al., 1993; Cassidy 1995b) or may inhibit the binding (Kim & Norag 1993)

et al., 1994; Chandler & Fox, 1995; Chandler et al., 1995),
or benzopyridoindole and -quinoxaline derivatives (Pilch et
al., 1993a,b; Duval-Valentin et al., 1995; EsCudel., 1995;

of major groove interacting drugs.
The interactions of transition metal complexes containing
planar aromatic ligands with DNA have been widely studies

Marchand et al., 1996). These compounds are reported toduring the past decade (Ndrtet al., 1996). In particular,
intercalate between the nucleobases of the triplex, therebyoctahedral ruthenium complgﬂesuch as [Ru(pheﬁi)2+
stablizing third-strand binding, and extended cresent-shapedwhich possess two isomersjz. A- and A-enantiomers

compounds with some rotational flexibility are suggested to
be the most effective stabilizers (Wilson et al., 1994). By
contrast, most drugs that bind in the duplex minor groove
probably also bind in the same site in the triplex but tend
not to stablize the third strand (Umemoto et al., 1990; Wilson
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(Figure 1), have been investigated as probes of nucleic acid
structure (Hed et al., 1987; Mei & Barton, 1988; Friedman
et al., 1991; Naing et al., 1993), as artificial photonucleases
(Kelly et al., 1985; Fleisher et al., 1986; Kelly et al., 1987,
1989; Tossi & Kelly, 1989; Chow & Barton, 1992; Feeney
et al., 1994; Sentagne et al., 1994), as fluorescent hybridiza-
tion probes (Bannwarth et al., 1988; Bannwarth, 1989;
Freidman et al., 1990; Jenkins & Barton, 1992; Xu & Bard,
1995), and in electron transfer systems (Barton et al., 1986;

1 Abbreviations: BDPPZ, benzodipyrido[3:22',3-c]phenazine; CD,
circular dichroism; DPPZ, dipyrido[3,8:2',3-c]phenazine; LD, linear
dichroism; phen, 1,10-phenanthroling;, thermal denaturation tem-
perature.
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A A ported previously (Jenkins et al., 1992). Increased lumines-
cence enhancement igfc-[Ru(phen)DPPZFt upon binding
to poly(dT*dA-dT) triplex compared to duplex has been
Q O assigned to increased protection of the DPPZ ligand from
Q\, | e o I‘\’ NO solvent afforded by base triplets which provide an extended
/R|U\NO N,'Rju‘; surface area for stacking (Jenkins et al., 1992). Barton and
% Q L@é{? co-workers (Jenkins et al., 1992) have assumed that these
compounds bind to the new major groove of the triplex by
[Ru(phen);]** analogy with model for duplex binding. However, since our
recent studies (Tuite et al., in press) indicate instead minor

groove binding of [Ru(phesDPPZF*, we consider it likely
that this complex will bind to the triplex from the same

- \N
% and circular dichroism about the binding mode of the
to [poly(dA-dT)k, duplex. These ruthenium complexes were

¥ (9
&ENO R | NO groove.
’ e @@ @[@ ON/RIU\NQ In this study, we report spectroscopic evidence from linear
C@:{ilj and A-enantiomers of three complexasz. [Ru(phen)]?t,
[Ru(phen),DPPZ]** [Ru(phen)DPPZF*, and [Ru(phenBDPPZF+ (Figure 1)
with poly(dT*dA-dT) triplex and compare with their binding
Q O chosen so that one phenanthroline ligand of the parent [Ru-
Q\J | O oy ITI NO (phen}]?" complex is replaced with successively larger
"Ry’ @“ “:@]% "Ry planar ligands (dipyridophenazine and benzodipyridophena-
O ©© OO QN’ ‘ \NO zine) which exhibit strong intraligand absorption bands
é between 300 and 400 nm, thus enabling us to investigate
ligand size effects on the binding mode using polarized
[Ru(phen),BDPPZ]*" spectroscopy. The effect of ligand size on the thermal

Ficure 1: Molecular structures of the [Ru(ll)(1,10-phenan- stability of the third strand is also reported.
throlinehL]?* complexes.

EXPERIMENTAL PROCEDURES
Purugganan et al., 1988; Kirsch-De Mesmaeker et al., 1990;
Orellana et al., 1991; Lecomte et al., 1992; Murphy et al., Materials
1993, 1994; Stemp et al., 1995; Arkin et al., 1996).

Despite much work, the mode of binding of the simple All chemicals and solvents were of analytical grade and

complex [Ru(phen]?* to DNA remains an intensely con- used without further purification unless otherwise noted. All
troversial issue (Barton, 1986; Hiort et al., 1990; Rehmann Polynucleotides were purchased from Pharmacia and dis-
& Barton, 1990; Haworth et al., 1991; Eriksson et al., 1992, solved in 5 mM cacodylate buffer (pH 7.0) containing 100

) o M NaCl and 1 mM EDTA and dialyzed several times
1994; Satyanarayana et al., 1992, 1993). Surface blndlngm .
in the minor groove and intercalation of one 1,10-penan- against 5 mM cacodylate (pH 7.0) buffer. Poly(dT*dA-dT)

throline ligand from the major groove was initially suggested triplex was prepared by incubating a 1:2 m_olar ratio mixture
(Barton, g:]L986; Rehmannj&gBarton, 1990), byut c%gssical of poly(dA) ?”d poly(dT) at 90C for 30_ min followed by
intercalation of any ligand has been ruled out by viscosity 24 h annealing at room temperature in > mi cac_odylate
measurements since neither enantiomer of [Ru(plfen) buﬁgr (pH 7.0) containing either 102M (for meltlng
elongates short, rod-like DNA (Satyanarayana et al., 1992’stud|es) or 150”M MgCl, (for 'spectrosg:oplc stud|e_s).'
1993). Although partial intercalation of both enantiomers Formation of the tnp!ex was confirmed t,’y Its characgerlstlc
from the major groove was suggested by molecular modeling CD spectrum (S_carla &. Shafer, 1991; Tuite & _Nonde
and energy minimization work (Haworth et al., 1991), a 1995a) and melting proﬁle._ All measurements W|th_ poly-
recent NMR and circular dichroism study shows that the [d(A-T)]. were performed in th? same buffer .bUt in the
interaction between the metal complex and DNA takes place absenc_e of MgGl PonnucI(_aotlde concentrations were
primarily in the minor groove of the oligonucleotide without deter'm'lned .spectrophotometr;callxyyng the molar extintion
separation of the stacked bases (Eriksson et al., 1992, 1994)90eﬁ|0|entsl. €257nm = 8600 M* cm™ for pOIV(dA)'lQﬁ“ET
However, when one of the ligands of the [Ru(phgh) = 8520 M e for poly(dT), €zeznm = ?600_M cm
complex is replaced by DPPZ or BDPPZ, the extended ligand for poly[d(A-T)]2, and ezsenm = 6600 M™* cm™ for calf
undoubtedly intercalates between the DNA base pairs (Fre-1YMUS DNA.
idman et al., 1990; Jenkins et al., 1992; Hiort et al., 1993;  Syntheses of the homochiral ruthenium complexes have
Dupureur & Barton, 1994; Hagq et al., 1995; Lincoln et al., been described elsewhere (Hiort et al., 1990, 1993; Lincoln
1996) A|th0ugh intercalation from the major groove has et a.l., 1996) Concentrations were determined USing extinc-
been suggested for [Ru(pheRPPZP* from NMR studies  tion coefficients okssonm= 22 000 M cmr for [Ru(phen)-
with a hexamer, our recent spectroscopic studies with T4 BDPPZF*, €s390m = 20000 M cmr* for [Ru(phen)-
DNA, which is glycosylated in the major groove, have DPPZF*, andesmm= 19 000 M cm™ for [Ru(phen]**.
suggested that like [Ru(phef?d" it binds from the minor All spectroscopic measurements on the drpglynucle-
groove (Tuite et al., in press). otide samples were performed at mixing rati@sof [drug]/
The emission properties of racemic [Ru(bydfPPZF and [base pair] or [drug]/[base triplet] of about 0.09. The
[Ru(phen)DPPZF*" with poly(dT*dA-dT) have been re-  concentrations of poly(dT*dA-dT) triplex and poly[d(A-B)]
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duplex were 5Q«M base triplet and base pair, respectively, 16
for spectroscopic measurements. For melting profile mea- a5l
surements, the mixing ratio was 0.05 and the triplex ’
concentration was 100M in adenine bases. 14 ¢+
O
Absorption and Circular Dichroism (CD) g 137
<
Absorption spectra were run on a Cary 2300 spectropho- & 12 1
tometer. CD measurements were performed on either a Jasco<

J-720 or a Jasco J-500C spectropolarimeter (displaying the
CD in millidegrees ellipticity). All triplex experiments were 14
measured in the presence of 18@ MgCl, to ensure a triple-
helical conformation of the polynucleotide. The CD spectra

of drug—polynucleotide mixtures provide information on two
levels: (1) about the polynucleotide conformation itself
which dominates the nucleobase absorption region due to
excitonic interactions between electric transition moments

of the nucleobases and (2) about the geometries of bound
drug due to interactions between the transition moments of
bound drug and the chirally arranged transition moments of &
nucleobases (Nofdeet al., 1992; Norde& Kurucsev, 1994).

40 50 60 70 80
Temperature (°C)

Linear Dichroism (LD)

A(T) / A(40

LD has proven to be a powerful technique for studies of
binding geometries of drugs with polynucleotides (Narde
et al., 1992; Norde & Kurucsev, 1994). LD is defined as
the differential absorption of light polarized parallel and
perpendicular to some laboratory reference axis, here the
orientation axis of the sample. Reduced LD (LDr), which ) . . .
is defined as the (wavelength-dependent) ratio between thel’SURE 2: (@) Thermal melting profiles of triple helical poly-

. . . . dT*dA-dT) in the absence (solid curve) and presence of the
measured LD and the isotropic absorption spectrum, is relatedy_c,antiomers of [Ru(phesj* (dashed curve), [Ru(phe@PPZP*

to the molar absortivitygi(1), of transitioni at wavelength (alternating dot and dash curve), and [Ru(phBBPPZF* (dotted
A. curve). The drug to polynucleoctide triplet ratio is 0.05, and the
concentration of the triplex is 1QaM in adenine base. (b) Thermal

— — Iti fil f theA- ti . Th diti d th
LDr = LD(1)/A(4) = Zfie(){LD}/Zf@) (1) Concentrations are the same as for tenantiomers.

RESULTS

40 50 60 70 80
Temperature (°C)

wheref; is the fractional concentration f The angleg,

between the light-absorbing transition moments of poly-
nucleotide-bound drug and, in the case of flow LD, the flow
direction (polynucleotide helix axis) are related to the  Dissociation (denaturation) of a duplex nucleic acid into

Thermal Denaturation Profiles

corresponding LDr according to two single strands or of a triplex nucleic acid into a duplex
plus a single strand results in significant hyperchromism
{LDr} = 393 [toLo.[— 1)/2 ) around 260 nm. Binding of a drug to a nucleic acid alters

I 1

the denaturation temperatures depending on the strength of

The brackets denot bl th | its interactions with the different nucleic acid conformations.
_ ' e brackets denote an ensemble average over the anguiglieyeo  thermal denaturation profiles provide a convenient
distribution. The orientation factof§, reflects the degree

. . e - means for detecting binding and also assessing relative
of orientation of the polynucleotide in the flowSis 1 for g 9 9

. i . binding strengths.
a perfectly oriented sample and O for an isotropic one. LD inding 9

were measured on a Jasco-500A spectropolarimeter equippeg Under the conditions used in this study, the melting profile
and used as described elsewhere (KiordeSeth, 1985). f triple-helical poly(dT*dA-dT) is biphasic (Figure 2), the

) . , i , first meltin mperatur rrin 1°C and th
Polynucle(l)tlde_zs were oriented in the _flow with a gradient sesgong ;t ggtg ?ﬁeaéifgggl‘:gcgonfi?mﬂdsto So?reiptor?d
of 1800 s™ using an outer rotating cylinder. to melting of the WatsonCrick base-paired duplex by
comparison with &, of 65 °C for poly(dA)-poly(dT) duplex
under the same conditions. Thus, the lower temperdaitdre

The dissociation (melting) of a polynucleotide strand from corresponds to the transition of poly(dT*dA-dT) triplex to
a double or triple helical polynucleotide manifests itself as poly(dA)-poly(dT) duplex+ single-stranded poly(dTyia
absorption hyperchromism in the 260 nm wavelength region. dissociation of the Hoogsteen base-paired poly(dT) strand
Melting profiles were measured on an HP8452A diode array from the major groove of the template duplex. Binding of
spectrophotometer equipped with an HP80890A Peltier any of the metal complexes studied results in both melting
temperature controller. The temperature was increased at daemperatures being raised to varying extents (Figure 2).
rate of 0.3°C/3 min from 30 to 9C°C, with a reading taken The Ty, of the third strand increases to 54.5 and 535
5 min after every temperature was attained. and the second, increases to 70 and 7Z upon adding,

Melting Profiles
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respectively, the\- and A-enantiomers of [Ru(pheg¥+ at 0.6
a mixing ratio of 20 base triplets per complex. The effects
of the intercalating complexes are more marked.

When one phenanthroline ligand is replaced by DPPZ, the
first Ty increases significantly. With-[Ru(phen)DPPZF*,
the effect is so strong that dissociation of the third strand
does not occur before duplex dissociation, so that only a
single broad transition is observed (78€). The DNA 01 ¢
conformation at lower temperatures is confirmed to be triplex
by its CD spectrum. WithA-[Ru(phen)DPPZF*, the
stabilization of the third strand is somewhat less than with 051
the A-enantiomer but is still strong enough to raise the first

0.4 4

0.3 ¢

0.2 ¢

Absorbance

@
Tmto 69°C. Denaturation of the WatserCrick base-paired § o
duplex occurs at 75°C in presence ofA-enantiomer. T 031
However, further expansion of the ligand size from DPPZ é 0.2 |
to BDPPZ results in a decrease of both the duplex and triplex
stabilization effects, although triplex stabilization remains 11
significantly greater than with [Ru(phej?". In the presence 0
of [Ru(phen)BDPPZF", the first melting transition occurs o6 1
over a broad temperature range with midpoint at64vith
A and 66°C with A, and the second, occurs at 70.5C g 1
with A and 71.5°C with A. Notably, while theA-enanti- |
omers stabilize triplex more effectively, the-enantiomers 2 031
are more effective for stabilization of the template duplex. < 00l
Isotropic Absorption |
0 .
In order to investigate further the source of ligand- 200 300 400 500 600
dependent stabilization, spectroscopic measurements were Wavelength {(nm)

made on these metal_con_wp}ewugleic acid S_ystems. Figure  pigipe 3: Absorption spectra of thA-enantiomers of (a) [Ru-
3 shows representative isotropic absorption spectra for the(pheny]?+, (b) [Ru(phemDPPZE+, and (c) [Ru(phenBDPPZE+
A-enantiomers of the metal complexes in the presence ofbound to [poly(dA-dT)} duplex (dashed curve, marked by AT)

poly(dT*dA-dT) triplex and poly[d(A-T)} duplex. The and to poly(dT*dA-dT) triplex (dotted curve, marked by TAT).

; ; The solid curve represents the profile for triplex in the absence of
absorption spectra of the relevant polynucleotides are metal complex. The metal complex concentration is/5 and

subtracted from those of the mixtures. As previously the polynucleotide concentration is % in base pairs or base
reported for binding to duplex DNA (Hiort et al., 1990, 1993; triplets. The absorption spectra of the relevant polynucleotides are
Lincoln et al., 1996), the spectra of tdeenantiomers are  subtracted.

essentially the same as those of the correspondimgman-

tiomers and are not shown. All metal complexes exhibit DNA, the A-enantiomers of both [Ru(phe®PPZF* and
hypochromism throughout the entire absorption region upon [Ru(phen)BDPPZF* exhibit negative LD between 300 and
binding to either dupex or triplex. In the metal to ligand 380 nm, positive LD in the 386460 nm region, and negative
charge transfer region (MLCT band), some red-shifts are LD between 460 and 550 nm (Figure 4) (Hiort et al., 1993,
noticeable for the [Ru(phesDPPZF" and [Ru(phen) Lincoln et al., 1996). The LD spectra for the theenan-
BDPPZP+ complexes. Very strong hypochromism and red- tiomers bound to poly(dT*dA-dT) triplex are very similar
shifts in the intraligand (DPPZ or BDPPZ) absorption bands to those with DNA, indicating that the binding geometries
for both enantiomers of [Ru(phe®PPZF" (370 nm) of the A-enantiomers complexed with DNA or poly(dT*dA-
(Figure 3b) and [Ru(phesBDPPZE" (315 and 420 nm)  dT) are not significantly different.

(Figure 3c) indicate strong interactions between the nucleo- The LD spectra of theA-enantiomers bound to DNA
bases and, respectively, the DPPZ and BDPPZ ligands,resemble those of thA-enantiomers, except in the inter-
consistent with an intercalation geometry for these extendedmediate wavelength region where the signals remain negative

ligands. or close to zero. The spectra of theenantiomers bound
) ) i . ) ) to the poly(dT*dA-dT) triplex are somewhat different from
Linear Dichroism and Reduced Linear Dichroism those when bound to DNA, the LD between 400 and 500
Linear dichroism (LD) spectra in the long-wavelength NM being more negative with triplex as seen in Figure 4.
region for theA- and A-enantiomers of [Ru(phes)PPZF+ Figures 5 and 6 show the reduced linear dichroism (LDr)

and [Ru(phenBDPPZF" bound to flow-oriented poly-  spectra of the\- andA-enantiomers, respectively, of (a) [Ru-
(dT*dA-dT) triplex and calf thymus DNA (CT-DNA) are  (phen}]?*, (b) [Ru(phen)DPPZF*, and (c) [Ru(phen)
depicted in Figure 4. To facilitate comparison, the LD BDPPZFt bound to poly(dT*dA-dT) triplex and to [poly-
spectra were normalized at wavelengths where the absorption(dA-dT)], duplex. The LDr spectra of all the complexes
is due to transitions polarized parallel to the long axis of the are heterogeneous, indicating the involvement of several
unigue intercalating ligand and, therefore, the LD amplitude electric transition moments of the metal complexes with
should be insensitive to a rotation about the 2-fold axis (340 different directionalities. The LDr magnitudes of both duplex
nm for DPPZ and 330 nm for BDPPZ). Upon binding to and triplex in the polynucleotide absorption region decrease
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FiGUrRE 4: LD spectra determined for the enantiomers of [Ru(psi2RPZF+ (upper panel) and [Ru(phesBDPPZE" (lower panel) bound

to poly(dT*dA-dT) triplex (thin line) compared to spectra obtained with calf thymus DNA (thick curve). The spectra were normalized at
340 nm (DPPZ complexes) or at 330 nm (BDPPZ complexes), wavelengths where the LD signals are insensitive to a rotation around the
2-fold axis because the absorption is due to transitions polarized parallel to the long axes of the intercalating ligand.

significantly upon binding of the metal complexes. A metal complex is perpendicular to the polynucleotide helix
positive contribution from the metal complexes which have axis. For [Ru(phen)?", the LDr signal in this region is too
strong positive LDr peaks around 260 nm (especially small to be analyzed (Figures 5a and 6a) due to the weak
pronounced with triplex) may be partially responsible for absorption of the metal complex in this region (Figure 3a).
the decrease in negative LDr magnitude. However, a lower In the MLCT region, the shapes of the LDr spectra for each
LDr magnitude can also indicate a decrease of orientability metal complex with triplex are similar to those with [poly-
when the complexes are bound which could be due to either(dA-dT)], duplex, indicating similar binding geometries with
increased flexibility or to more static bending of the both duplex and triplex. The LDr spectrasdf[Ru(phen))?*
polynucleotide induced by metal complex binding. bound to duplex or triplex polynucleotide consist of a positive
For [Ru(pheniDPPZFt and [Ru(phersBDPPZFE" bound band at short wavelength-880 nm) and a negative band at
to both poly(dT*dA-dT) triplex and [poly(dA-dT}]duplex long wavelength 470 nm) (Figure 5a). The two bands
(Figures 5 and 6, b and c), in the 36880 nm wavelength  are of approximately equal magnitude. For thesnanti-
region, a strong negative LDr peak whose magnitude is asomer, a much smaller negative band at long wavelengths
large as (or larger than) that in the polynucleotide absorption and a broad positive band (which is constant over a wide
region is observed, indicating that the extended wing of the wavelength range) at short wavelengths are observed (Figure
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FiGUrRe 5: LDr spectra of the\-enantiomers of (a) [Ru(phefjt, Ficure 6: LDr spectrum of theA-enantiomers complexed with

(b) [Ru(phen)DPPZF+, and (c) [Ru(phenBDPPZE" complexed [poly(dA-dT)], duplex and poly(dT*dA-dT) triplex. The conditions
with [poly(dA-dT)], duplex and poly(dT*dA-dT) triplex. The are the same as in Figure 5.

concentrations and the curve assignments are the same as in Figure

3 except for the signal in the polynucleotide absorption region which region (420 nm) (Figure 7a). Fok-[Ru(phen)]?*, positive

is (from bottom) the LDr of free triplex, triplex in presence of the h in both the | d short | th .
metal complex, free duplex, and duplex in presence of the metal changes In bo € long- and short-waveleéngin regions are

complex. The signal above 300 nm for the metal complex bound Observed (Figure 8a). These data are in agreement with
to duplex is normalized relative to the signal of the triplex complex previously published spectra (Hiort et al., 1990). When [Ru-

at 280 nm to facilitate comparison. (phen)]2* enantiomers are bound to poly(dT*dA-dT) triplex,
similar changes are observed (to a somewhat smaller extent)

5:?1). These featu.res are similar to previously reported spectraexcept in the long-wavelength region for theenantiomer

with CT-DNA (Hiort et al., 1990). where the CD intensity decreases slightly upon binding
A-[Ru(phen)DPPZF* andA-[Ru(phen)BDPPZF* bound (Figures 7a and 8a). The CD changes in the MLCT bands

to both duplex and triplex exhibit similar LDr properties of [Ru(phen)DPPZE" (Figure 7b forA- and Figure 8b for

above 380 nm consisting of an almost zero LDr around 400 A-enantiomer) and [Ru(pheDPPZF* (Figure 7¢ forA-

nm and strong negative values at longer wavelengths and Figure 8c forA-enantiomer) in presence of the poly-

(Lincoln et al., 1996). The LDr spectra of theenantiomers  nucleotide are quite similar to those of [Ru(phg#) bound

are quite similar to those of th&-enantiomers except that to the respective polynucleotide.

the nearly zero LDr around 46150 nm becomes positive

for the A-enantiomers. DISCUSSION
Circular Dichroism Electronic Transition Moments of the [Ru(phgry*
Chromophore

Circular dichroism (CD) spectra of the metal complexes
in the presence of the duplex and triplex polynucleotides are  The strong, broad absorption band centered around 440
depicted in Figures 7 and 8. The CD spectra of the nm of the ruthenium bipyridyl type complexes is due to
corresponding polynucleotides are substracted from theseveral e-7* metal to ligand charge transfer (MLCT)
spectra of the mixtures. In this report, we limit ourselves to transitions and the absorption in the UV region (around 260
discussing the CD changes in the MLCT bands becausenm) toz—x* intra-ligand transitions (Krausz & Ferguson,
changes of the CD spectra in the short-wavelength region1989). An intra-ligandr—* transition polarized along the
(<320 nm) may originate from either the polynucleotide or C, symmetry long axis of the compleA[direction (Lincoln
the metal complex. Inthe MLCT band of the CD spectrum et al., 1996)] is responsible for the strong absorption bands
of A-[Ru(pheny]?*, binding to [poly(dA-dT)} duplex pro- at 350 and 310 nm of [Ru(phe®mPPZPt and [Ru-
duces a positive change in the long-wavelength regiatbQ (phen}BDPPZF*, respectively, in their DNA complexes
nm) and a small negative change in the short-wavelength (Lincoln et al., 1996).
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FiIGURE 7: CD spectra of the\-enantiomers of (a) [Ru(phefj*, Ficure 8: CD spectra of thé\-enantiomers. The conditions and

(b) [Ru(phen)DPPZF*, and (c) [Ru(phenBDPPZF+ free in curve assignments are the same as in Figure 7.
solution (solid curves), bound to [poly(dA-dF)Huplex (dashed

curve, marked by AT), and bound to poly(dT*dA-dT) triplex (dotted polymer which may be perturbed on binding to DNA.

curve, marked by TAT). Concentrations are the same as in Figure .
3. Path length 1 cm. The CD spectra of the relevant polynucleotidesChar'g(:“S in the MLCT bands of the metal complex CD

are subtracted from those of the mixtures. spectra upon binding to polynucleotide may result from either
_ structural or electronic perturbations. Changes in the CD
Absorption and CD spectra in the MLCT region (460 nm) are “unsymmetric”

In the presence of polynucleotide, the magnitude and shapelFigures 7 and 8). For example, for [Ru(phgf) there is
of the visible absorption bands of the ruthenium complexes @ large positive change with duplex for both- and

are noticeably altered compared to those of polynucleotide-/A-énantiomers, while with triplex there is a small negative
free metal complexes. For each of the complexes, the change forA and a small negative change far A similar

spectral changes for the two enantiomers differ only slightly {rend is observed for [Ru(phemPPZF* and [Ru(phen)
from each other, indicating that the environment of the BPPPZF™. The magnitudes of the CD signals at 310 nm
polynucleotide-bound enantiomers and their interactions with for [Ru(phen)BDPPZF* and at 385 nm for [Ru(pheg)
nucleobases are not very different. The dependence ofPPPZF" are too small to be analyzed. Although binding to
changes in the visible absorption band (Figure 3a of both duplex and triplex cause slightly dn‘fergnt variations in Fhe
[Ru(phen)]2* enantiomers on the nature of the polynucle- CD spectra of the complexes, suggesting that subtle differ-
otide suggests some differences in the interactions of this&NCes exist in the binding mtergct.lons,' itis extreme'ly difficult
complex with poly(dT*dA-dT) triplex and with [poly(dA- to interpret such small CD variations in term_s_of differences
dT)]. duplex. On the other hand, the shapes of the absorptioni" Pinding geometry due to the complex origin of CD.
spectra of either [Ru(phes)PPZP* (Figure 3b) or [Ru- .The changes in the band at 250 nm may be more rev_eallng
(phen)BDPPZE* (Figure 3c) are similar in the presence of SINce here there are notable differences in the behaviors of
triplex or duplex, showing slightly higher hypochromicities the A- and A-enantiomers. [Ru(phes)PPZF* and [Ru-
in the triplex case. Hence, it appears that as ligand size (PhemBDPPZF™ both increase the exciton CD for the
increases, it is the interaction between intercalated ligand2A-€nantiomer bound to duplex and triplex but the difference
and the nucleobases, rather than the nature of polynucleotiddS smaller with [Ru(pher)*" as well as with all the
(whether duplex or triplex), thet is the dominant determinant /\-enantiomers. This may be an indication that the DNA
of the metal complex binding mode. s_tructure is strgcturally perturbed by binding of theenan-

The origin of the induced CD signal when a compound tiomers of the intercalating metal complexes.
interacts with a nucleic acid is complicated and very sensitive
to the environment of the bound ligand (Lyng et al., 1991,
1992). With enantiomeric metal complexes there is the We have recently analyzed in some detail the LD spectra
further complication of an intrinsic CD in the absence of of [Ru(phen)DPPZF* and [Ru(phenBDPPZF* when bound

Binding Geometry from LD and LDr
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to calf thymus DNA (Lincoln et al., 1996). A strong MLCT Binding of the non-intercalating [Ru(phel)"™ complex
band, polarized at 550 the plane of the (B)DPPZ ligand, also results in a decrease of the LD magnitude for both
was found to be a sensitive indicator of any short axis duplex or triplex, similar to binding of the intercalating metal
inclination of this ligand from an all-perpendicular orientation complexes. With duplex DNA, the reduction in orientation
relative to the helix axis. The substantial difference between by A-[Ru(phen}]?* (Hiort et al., 1990) was suggested to arise
the LD spectra of the enantiomers~-a400 nm is due to the  from kinking of the DNA at the metal complex binding site
fact that a small clockwise roll of the intercalated ligand short since the viscosity of DNA was also observed to decrease
axis moves this transition closer to the orientation axis for (Satyanarayana et al., 1992, 1998}/Ru(phen)]?, by

the A-complex (more positive LD) but away from the contrast, was reported to have little effect on either orientation
orientation axis for theA-enantiomer. (Hiort et al., 1990) or viscosity (Satyanarayana et al., 1992,

The comparable magnitude and the negative sign in the 1993). Intercalation is expected to lengthen DNA, and
LDr spectra of the large DPPZ (and BDPPZ) ligand in [poly- indeed binding of either [Ru(phes)PPZF* enantiomer
(dA-dT)], duplex and poly(dT*dA-dT) triplex indicate results in increased DNA viscosity (Hag et al., 1995)
undoubtedly that the strong intra-ligand transition polarized @/though the effects on orientation measured by LD are small
along the symmetry long axis of the complex lies almost @nd depend on enantiomer (Lincoln et al., 1996). The
parallel to the polynucleotide base plane. Together with the féduction in duplex orientation observed with the [Ru-
strong hypochromicity that is specific for the—x* transi- (phem)DPPZF" and [Ru(phenBDPPZF " enantiomers could
tion of the large ligand, this is indicative of intercalation of Potentially arise from perturation of the DNA structure,
the ligand between the polynucleotide base pairs. The shape®€rhaps kinking or bendmg+at_ the site of binding. If it is
of the LD spectra of the metal complexes with triplex are the bulkiness of [Ru(pheg}* in the minor groove that
quite similar to those with calf thymus DNA (especially for €auses DNA to bend,+ then this bend may b‘i less marked
the A-enantiomers, Figure 4), indicating that the binding With [Ru(phen)DPPZF* and [Ru(phenBDPPZF" because

geometry of the metal complexes in the poly(dT*dA-dT) for these complexes intercalation causes DNA to lengthen
triplex is not very different from that in DNA. and the groove to expand, consistent with the minor effects

! . . observed with the latter complexes. We note that actino-
Roll angles, defined as the clockwise rotation about the

; mycin D also intercalates with bulky groups residing in the
2-fold axis of the complex and measured as the angle ninqr groove causing DNA to bend somewnhat (Kamitori &

between the polynucleotide helix axis and the normal to the Takusagawa, 1994). Further detailed studies using hydro-

(B)DP_PZ Iigan_d plane_, were calculated by the method dynamic technigues are necessary to investigate any DNA
described previously (Lincoln et al., 1996). The roll angles perturbation effects in greater depth.

of A-[Ru(phen)DPPZF+ and A-[Ru(phen)BDPPZF+ com-
plexed with triplex are, respectively;13° and+7°, which Denaturation Profiles
are about the same as those observed with duplex DNA. On - ginjing of intercalators such as ethidium (Scaria & Shafer,

the other hand, roll angles ai-{Ru(phemDPPZF* and 1991 wilson et al., 1994; Tuite & Nofde 1995a), acridines

A—[Ru(phen)BDEPZP with DNA are +7 and.+5_>, (Wilson et al., 1994; Kim et al., 1996), methylene blue (Tuite
respectively, which increase #13° and+10° upon binding g Norgen, 1995b), coralyne (Lee et al., 1993; Wilson et al.,
to the triplex, indicating that th&-enantiomers are slightly 1994), ellipticine (Wilson et al., 1994), naphthoquinoline

more tilted in the triplex compared to duplex DNA. The = yejyatives (Wilson et al., 1993), and benzopyridoindole

shapes of the LDr spectra of the DPPZ- and BDPPZ- 4oy atives (Pilch et al., 1993a,b) to the poly(dT*dA-dT)
containing metal complexes (Figure 5 and 6, b and ¢) bound yipjex results in increased thermal stability of the triplex

to triplex are similar to those when bound to [poly(dA-&T)l  girycture. Although the mechanism of triplex DNA stabi-
duplex, again indicating that the binding geometries With |i;5tion by intercalators is not clear, a few factors can be
duplex and triplex are not very different. hypothesized: (1) good stacking interactions between the
The negative LDr magnitude of both [poly(dA-dT)] base triplets and the intercalator; (2) tethering of the third
duplex and poly(dT*dA-dT) triplex decreases by up to as strandsia hydrogen bond formation with an intercalator
much as half upon binding of the metal complexes. This which is anchored between the bases of the template duplex;
may be partly due to a positive LDr contribution in the DNA  (3) cationic nature of most intercalators combined with (4)
band from the bound metal complexes. Another factor that the separation of negative backbone charges inherent to
can reduce the LDr magnitude is reduced orientability of intercalation (due to elongation and unwinding of the nucleic
the polynucleotide which could be due either to increased acid) which may help overcome unfavorable electrostatics
flexibility, due to local denaturation for example, or to static for third-strand association. Even though it cannot interca-
bending of the polynucleotide upon binding of the compound. late, [Ru(phen)?" does somewhat stabilize the third-strand
However, in all cases where linear dichroism has been usedbinding, indicating that the third factor is involved in the
to study binding to the poly(dT*dA-dT) triplex, the com- triplex stabilization mechanism. Hence, changes in solvent
pounds have been reported to reduce the LD magnitudestructure and the counter-ion distribution about the phosphate
which is related to the orientation of the polynucleotide. This group caused by dication binding probably account for at
is observed not only for intercalators such as ethidium least part of the triplex stabilization by the metal complexes.
bromide (Tuite & Norde, 1995a), methylene blue (Tuite & When [Ru(phenDPPZF" is complexed with triplex, the
Norden, 1995b), and acridines (Kim et al., 1996) but also DPPZ wing is large enough to be fully intercalated.
for groove-binders such as DAPI and Hoechst (Kim et al., Pronounced increases in tfg, of the third strand upon
1996). Hence, with triplex, it is not possible to draw any replacing the third phenanthroline ligand with DPPZ indicate
conclusions about the binding geometry from such an the importance of the first, and possibily also the second,
observation. hypothesis. However, the role of hydrogen bond formation
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between the intercalator and the third strand is likely to be BDPPZFT may thus be attributed to the steric interference
of minor importance since we have observed that for acridine of the protruding ligand with the third strand in the major
derivatives, changing the nature and position of substituents,groove. Furthermore, it has been observed that drugs which
which could possibly form hydrogen bonds with the third bind in the major groove of poly(dT*dA-dT) such as
strand, does not significantly affect the melting profiles of methylene blue (Tuite & Norde 1995b) and methyl green
the poly(dT*dA-dT) triplex (to be published). (Kim & Nordén, 1993) exhibit large spectral changes when
When the DPPZ wing is extended further to BDPPZ, the the major groove of the template duplex is filled by the third
triplex stabilization effect decreases. If the metal complexes strand. No such changes were observed with any of the
intercalate from the minor groove, as we suggest (see nextcomplexes under study here. On the other hand, the
section), there may be steric clashes between the extendedntercalators and minor groove binding drugs have similar
BDPPZ ligand protruding into the major groove of the Spectral properties whether bound to duplex or to triplex
template duplex and the third strand that binds in that groove. (Tuite & Norden, 1995a; Kim et al., 1996) which is
The geometry of the bound [Ru(pheBPPPZP+ may not consistent with observations for the metal complexes if they
allow as good stacking of BDPPZ with the base triplets as interact with DNA from the minor groove.
can be achieved by DPPZ. Notably, each of the metal
complexes, particularlf[Ru(phemDPPZE* ([Ru(phen) ~ CONCLUSION
BDPPZF* does not enhance the duplex stability more than ~ The DPPZ and BDPPZ wings of the ruthenium complexes
[Ru(pheny]#*} also increases the duplex denaturation tem- intercalate between the nucleobases when bound to poly-
perature significantly. From the data presented here, it is (dT*dA-dT) triplex, thereby stabilizing the third strand. The
clear that increasing the surface area of an intercalating ligandbinding geometries of the metal complexes in triplex DNA,
is not sufficient to improve its triplex-stabilizing capability  with the plane of the intercalating ring system approximately
but can instead have the opposite effect. Rather, the ligandparallel to the plane of the base triplet and rotated slightly
should be designed to have maximal overlap with the baseclockwise around the comple axis, are not very different

triplets. from those in duplex DNA with similar, minor variations
o ) ) between the enantiomers. From the wing size effect on the
Binding Mode of the Metal Complexes with Triplex melting profile the other two phenanthroline ligands of the

metal complexes are proposed to be located in the minor
groove of the triplex poly(dT*dA-dT). This conclusion is
supported by the similar binding geometries and also similar
diastereomeric perturbations of the CD spectra observed in
the duplex and triplex cases.

It is clear from the spectroscopic data that the planes of
the extended ligands of [Ru(pheDPPZF" and [Ru-
(phen}BDPPZF" are nearly parallel to the nucleobase plane
(perpendicular to the polynucleotide helix axis) for both
enantiomers with poly(dT*dA-dT) triplex as well as with
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