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Abstract--The aromatic diamidine, DAPI (4',6-diamidino-2-phenylindole), is used as an important biological and cytological tool 
since it forms highly fluorescent complexes with nucleic acid duplexes via minor groove-directed/intercalative modes of interaction. 
In this study, we find that DAPI binding can induce the formation of an RNA-DNA hybrid triplex that would not otherwise form. 
More specifically, through application of a broad range of spectroscopic, viscometric, and molecular modeling techniques, we 
demonstrate that DAPI intercalation induces the formation of the poly(dT).poly(rA).poly(dT) hybrid triple helix, a structure which 
does not form in the absence of the ligand. Using UV mixing studies, we demonstrate that, in the presence of DAPI, the 
poly(rA).poly(dT) duplex and the poly(dT) single strand form a 1:1 complex (a triplex) that does not form in the absence of DAPI. 
Through temperature-dependent absorbance measurements, we show that the poly(dT).poly(rA).poly(dT) triplex melts via two 
distinct transitions: initial conversion of the triplex to the duplex state, with the DAPI remaining bound, followed by denaturation 
of the duplex-DAPI complex to its component single strands and free DAPI. Using optical melting profiles, we show that DAPI 
binding enhances the thermal stability of the poly(dT)-poly(rA).poly(dT) triplex, an observation consistent with the preferential 
binding of the ligand to the triplex versus the duplex and single-stranded states. Our differential scanning calorimetric 
measurements reveal melting of the DAPI-saturated poly(dT).poly(rA).poly(dT) triplex to be associated with a lower enthalpy but 
greater cooperativity than melting of the corresponding DAPI-saturated poly(rA).poly(dT) duplex. Our flow linear dichroism and 
viscometric data are consistent with an intercalative mode of binding when DAPI interacts with both the poly(dT).poly- 
(rA).poly(dT) triplex and the poly(rA).poly(dT) duplex. Finally, computer modeling studies suggest that a combination of both 
stacking and electrostatic interactions between the intercalated ligand and the host nucleic acid play important roles in the DAPI- 
induced stabilization of the poly(dT).poly(rA).poly(dT) triplex. In the aggregate, our results demonstrate that ligand binding can 
be used to induce the formation of triplex structures that do not form in the absence of the ligand. This triplex-inducing capacity 
has potentially important implications in the design of novel antisense, antigene, antiviral, and diagnostic strategies. (<, 1997 
Elsevier Science Ltd. 

Introduction 

The recognition of the potential biological roles and 
biomedical applications of triplex structures has focused 
considerable attention on the triple-helical forms of 
nucleic acids, as well as on their interactions with 
nucleic acid-binding ligands. 1-7 Recent  biomedical 
applications of triplex structures include the specific 
control of cellular processes, such as transcription and 
replication, 2,s's-17 as well as the mapping of megabase 
D N A  through the selective cleavage of specific D N A  
duplex domains. 18 26 The effective development of such 
applications requires a database that allows one to 
predict/control the affinities and specificities of third- 
strand probes for target DNA.DNA,  R N A . R N A  and 
R N A . D N A  duplex domains. In recognition of this 
need, several studies have focused on elucidating the 
influence of 's trand composition'  (RNA versus DNA) 
on the stabilities and energetics of triplex structures. 27-29 
Significantly, these studies revealed that triplex forma- 

tion favors RNA in both pyrimidine strands and D N A  
in the purine strand, with no observation of a 
DNA(pyrimidine) .RNA(purine) .DNA(pyrimidine)  tri- 
plex. Recently, we reported that this R N A - D N A ,  
hybrid type of triplex could, in fact, be induced by a 
range of nucleic acid-binding ligands. 3° Specifically, we 
showed that binding by the ligands, DAPI,  berenil, 
ethidium, and netropsin, could induce formation of the 
poly(dY)-poly(rA)-poly(dT) triplex (hereafter abbre- 
viated to poly(rA).2poly(dT)). However, comparatively 
little is known about the physiochemical properties that 
govern these triplex-stabilizing binding events. This 
deficiency limits our understanding of the molecular 
forces that control the relative triplex-inducing effi- 
ciency of a ligand, which, in turn, constrains our ability 
to define solution conditions and structural modifica- 
tions which could predictably alter triplex-stabilizing/ 
inducing properties. To alleviate this situation, we have 
begun a program in which we are characterizing the 
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Figure 1. Chemical structure of DAPI (4',6-diamidino-2-phenyl- 
indole) indicating the atomic numbering as well as the x, y, z 
coordinate reference frame used in model building. 

influences of various nucleic acid-binding ligands on the 
formation and properties of DNA, RNA, and RNA- 
DNA hybrid triplexes. 

In this article, we describe how one can use a broad 
range of spectroscopic, calorimetric, and computer 
modeling techniques to study the impact of DAPI 
(Fig. 1) binding on the formation of the poly(- 
rA).2poly(dT) triplex, while characterizing both the 
mode of DAPI complexation with this nucleic acid 
structure and the melting energetics of the resulting 
DAPI-poly- (rA).2poly(dT) complex. Our results reveal 
that DAPI exhibits properties characteristic of inter- 
calation when complexed with the poly(rA).2poly(dT) 
triplex, while providing evidence for the ability of such a 
ligand to alter dramatically the affinity and specificity of 
a third strand for its host duplex. This capacity of a 
ligand to modulate triplex formation provides a new 
strategy for the rational design of novel antisense, 
antigene, antiviral, and diagnostic agents. 

Results and Discussion 

Stoichiometry of the complex formed by 
poly(rA).poly(dT) and poly(dT) 

To establish the stoichiometry of the complex, if any, 
formed by mixing solutions of the poly(rA).poly(dT) 
duplex and the poly(dT) single strand in the absence 
and presence of ligand, we used the method of 
continuous fractions. 31 The resulting mixing curves 
determined at 260 nm for poly(rA).poly(dT) and 
poly(dT) in the absence and presence of DAPI are 
shown in Figure 2 and discussed below. 

DAPI binding induces formation of the poly- 
(rA)-2poly(dT) triplex, a complex which does not form 
in the absence of the ligand. Inspection of the mixing 
curves in Figure 2 reveals that, in the absence of ligand, 
no inflection point is observed. This observation 
suggests that single-stranded poly(dT) does not hybri- 
dize with the poly(rA).poly(dT) duplex. Thus, in the 
absence of ligand, the poly(rA).2poly(dT) triplex is not 
formed under the solution conditions employed here 
(110 mM Na +, pH 6.8). Further inspection of Figure 2, 
however, reveals that in the presence of DAPI, a single 
inflection point is observed at 46.9% poly(dT), con- 
sistent with formation of a 1:1 complex between 
poly(dT) and poly(rA).poly(dT), which we propose 
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Figure 2. Absorbance mixing curves at 260 nm showing the 
stoichiometry of complexes formed by poly(rA)-poly(dT) and 
poly(dT) in the absence (©) and presence (O)  of DAPI (at a [total 
DAPI] to [nucleotide] ratio of 0.17). Solution conditions are 10 mM 
sodium cacodylate (pH 6.8), 100 mM NaCI, and 0.1 mM EDTA. 

corresponds to the poly(rA).2poly(dT) triplex. In short, 
the two mixing curves are consistent with DAPI binding 
inducing the formation of the poly(rA).2poly(dT) 
triplex. 

Thermally induced denaturation of the complex as 
measured by UV absorbance 

We used temperature-dependent UV absorbance mea- 
surements at 260 nm to monitor the thermally induced 
denaturation of the complex formed by poly- 
(rA).poly(dT) and poly(dT) in the absence and 
presence of differing concentrations of DAPI. The 
resulting melting curves are shown in panel A of Figure 
3 and discussed below. 

In the absence of DAPI, only the poly(rA).poly(dT) 
duplex to single strand transition is observed. Inspec- 
tion of the solid line melting profile (corresponding to a 
[total DAPI]/[base triplet] ratio (rbt) of 0) in panel A of 
Figure 3 reveals that, in the absence of ligand, a solution 
containing a 1:1 stoichiometry of poly(rA)-poly(dT) and 
poly(dT) exhibits a single Watson-Crick (WC) transi- 
tion (Tma x = 64.6 °C). This transition corresponds to the 
well-known denaturation of the poly(rA).poly(dT) 
duplex. 32,33 This assignment is consistent with the 
corresponding mixing curve (Fig. 2), which also reveals 
that, in the absence of ligand, the poly(rA).2poly(dT) 
triplex is not formed under the solution conditions 
employed here (110 mM Na +, pH 6.8). In other words, 
poly(dT) remains as an unhybridized single strand, an 
observation that agrees with the independent findings 
of the Crothers, Dervan, and H616ne groups, 27 29 who 
have shown that a pyrimidine DNA third strand will not 
bind to a hybrid duplex containing a purine RNA strand. 

In the presence of DAPI, two melting transitions are 
observed: the poly(rA).2poly(dT) triplex to poly- 
(rA).poly(dT) duplex transition followed by the poly- 
(rA).poly(dT) duplex to single strand transition. In 
contrast to the single transition in the melting profile of 
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Figure 3. (A) UV melting profiles at 260 nm of solutions containing a 
1:1 stoichiornetric mixture of poly(dT) and poly(rA).poly(dT) in the 
absence and presence of DAPI at the indicated values of rbt (defined 
as the [total DAPI] to [base triplet] ratio). (B) T,n,x versus rb, profiles 
for the thermal transitions of the melting profiles in panel A. Solution 
conditions are as described in the legend to Figure 2. 

the solution containing a 1:1 stoichiometry of poly(rA). 
poly(dT) and poly(dT), we observe two transitions in 
each of the melting profiles in the presence of DAPI 
(Fig. 3A). One of these transitions (Tm~ ranging from 
65.4 to 70.8 °C) corresponds to the expected WC 
transition, which reflects denaturation of the poly- 
(rA).poly(dT) duplex into its component single strands. 
We assign the second DAPI-induced transition (Tm~ 
ranging from 10.1 to 37.0 °C) to the dissociation of 
poly(dT) from the poly(rA)-poly(dT) duplex (the 
Hoogsteen (HG) transition). This assignment is con- 
sistent with the mixing curve results shown in Figure 2, 
which reveal that DAPI binding induces formation of 
the poly(rA).2poly(dT) triplex. In short, for the solution 
containing a 1:1 stoichiometry of poly(rA).poly(dT) and 
poly(dT), both the mixing curves and the melting 
profiles are consistent with formation of the poly- 
(rA)-2poly(dT) triple-helical complex in the presence of 
DAPI. 

Further inspection of the melting curves in panel A of 
Figure 3 reveals that both the sharpness and hyper- 
chromicity of the HG transition increase as rbt increases 
from 0.1 to 0.50. We find that rbt ratios above 0.5 do not 
result in further increases in transition hyperchromicity, 

while inducing only marginal increases in transition 
sharpness. These observations may reflect partial 
formation of the poly(rA)-2poly(dT) triplex at rbt ratios 
below 0.50, with complete triplex formation occurring 
only at rbt ratios -->0.50. In this interpretation, the 
partially formed triplex would exhibit a lower apparent 
melting cooperativity compared with the fully formed 
triplex. An alternative explanation invokes a fully 
formed poly(rA).2poly(dT) triplex whose melting co- 
operativity increases with increasing DAPI binding 
density. Both of these possibilities could, in principle, 
give rise to the observed dependence on rbt of the 
sharpness and hyperchromicity of the HG transition. 

DAPI binding enhances the thermal stability of the 
poly(rA).2poly(dT) triplex. Panel B of Figure 3 shows 
the correlation between rbt and the Tm,x values of the 
melting profiles presented in panel A of Figure 3. Note 
that DAPI binding thermally stabilizes both the triplex 
to duplex and the duplex to single strand equilibria, with 
the extent of these thermal enhancements being greater 
for the triplex to duplex transition (ATm,x > 34.8 °C at a 
rbt ratio of 0.77) than for the duplex to single strand 
transition (ATm~x = 5.3 °C at a rbt ratio of 0.77). These 
observations are consistent with a model in which the 
DAPI binding affinity follows the hierarchy: poly(- 
rA)-2poly(dT) triplex > poly(rA)-poly(dT) duplex > 
poly(dT) and poly(rA) single strands. Thus, for the 
RNA-DNA hybrid system studied here, DAPI prefer- 
entially complexes with the triplex relative to the duplex 
or single-stranded states. To the best of our knowledge, 
our observation of ligand-induced changes in the 
thermal stabilities of the poly(rA).2poly(dT) triplex 
and the poly(rA).poly(dT) duplex provides the first 
demonstrations of DAPI binding to RNA-DNA hybrid 
duplex and triplex structures. 

The results presented and discussed above describe our 
use of UV absorbance measurements to define the 
nature and thermal stability of the complex formed by 
poly(rA)-poly(dT) and poly(dT) in the presence of 
DAPI. In the section that follows, we describe our use 
of calorimetric techniques to characterize the melting 
energetics of that complex. 

Thermally induced denaturation of an RNA.DNA 
duplex in the absence of DAPI and a DNA.RNA.DNA 
triplex in the presence of DAPI as measured by DSC 

We have used DSC to measure the enthalpy change 
associated with the thermally induced transitions of a 
solution containing a 1:1 stoichiometry of poly- 
(rA).poly(dT) and poly(dT) in the absence and 
presence of bound DAPI (at rut = 1.0). The resulting 
thermograms are shown in panels A and B of Figure 4 
and discussed below. 

Calorimetric detection of the Hoogsteen triplex 
transition in addition to the Watson-Crick duplex 
transition requires the presence of DAPI. In the absence 
of ligand, a solution containing a 1:1 stoichiometry of 
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Figure 4. Excess heat capacity (ACp) versus temperature profiles of 
solutions containing a 1:1 stoichiometric mixture of poly(rA).poly(dT) 
and poly(dT) in the absence (A) and presence (B) of DAPI at an rht 
ratio of 1.0. Nucleic acid concentrations are 0.3 mM in nucleotide. 
Solution conditions are as described in the legend to Figure 2; rt, ~ is as 
defined in the legend to Figure 3. 

poly(rA).poly(dT) and poly(dT) exhibits a single peak 
corresponding to the WC transition (Fig. 4A). This 
DSC result in the absence of ligand is consistent with 
the corresponding mixing curve (Fig. 2) and UV 
melting profile (Fig. 3A), which also reveal that, in 
the absence of ligand, the poly(rA).2poly(dT) triplex is 
not formed under the solution conditions employed 
here (110 mM Na +, pH 6.8). By contrast, in the 
presence of DAPI  (Fig. 4B), we observe two DSC peaks 
corresponding to both the H G  and WC transitions. 
Thus, for the solution containing a 1:1 stoichiometry of 
poly(rA).poly(dT) and poly(dT) in the presence of 

DAPI,  the UV mixing curves, the U V  melting profiles, 
and the DSC thermograms all reveal formation of the 
poly(rA).2poly(dT) triple-helical complex. 

The enthalpy of  triplex mel t ing  in the presence  of  
DAPI. The enthalpy data derived from integration of 
the DSC peaks shown in Figure 4 are listed in Table 1. 
Inspection of these data reveals that, when DAPI  is 
bound, the poly(rA).2poly(dT) triplex to poly(rA). 
poly(dT) duplex (HG)  transition is associated with an 
endothermic enthalpy change (AH~a]) of 3.0 kcal per 
reel base triplet (bt). This heat of triplex melting should 
not be regarded as representing the H G  transition 
enthalpy of the DAPI-free  triplex, since it potentially 
includes any differential enthalpic contributions (AAH)  
from DAPI  binding to the triplex versus the duplex 
states. Knowledge of the nature of this differential 
enthalpic contribution would enable us to assess 
whether our measured enthalpy change for the melting 
of the DAPI-bound triplex can be considered as an 
upper  or lower limit to the H G  transition enthalpy of 
the DAPI-free  triplex. Unfortunately, the inability of 
poly(dT) to hybridize with the poly(rA).poly(dT) 
duplex in the absence of DAPI  precludes us from 
defining the nature of the differential enthalpic 
contribution from DAPI  binding to the poly- 
(rA).2poly(dT) triplex versus the poly(rA).poly(dT) 
duplex. 

The DAPI-bound triplex mel t s  more  cooperat ively  than 
the DAPI-bound duplex.  As noted above, we have used 
DSC to measure the enthalpy change (AHca 0 associated 
with the thermally induced transitions (HGAVC) of a 
solution containing a 1:1 stoichiometry of poly- 
(rA).poly(dT) and poly(dT) in both the absence and 
presence of bound DAPI.  We also have derived the 
corresponding van' t  He f t  transition enthalpies (AHvH) 
by analyzing the shapes of the first derivatives of the 
UV melting profiles. Due to the pseudomonomolecular  
nature of the transitions, which exhibit no concentration 
dependence, we assumed a molecularity of one for this 
analysis. For each transition, the ratio of AHvH to AHca~ 
provides a measure of the cooperativity of the melting 
event. 34 These data are summarized in Table 1. 
Inspection of these data reveals that, in the presence 
of bound DAPI,  the H G  transition of the poly- 
(rA).2poly(dT) triplex exhibits a cooperative unit of 
95 bt, while the WC transition exhibits a cooperative 
unit of only 76 base pairs (bp). Although these 

Table 1. Calorimetric and van't Heft transition enthalpies for the DAPI-saturated poly(rA)-2poly(dT) triplex and for the corresponding DAPI-free 
and DAPI-saturated poly(rA).poly(dT) duplexes" 

~ c a l  b ~ v H  c - ~ v H / ~ ' ~ c a  | 

Transition rbt or  rbp (kcal/mol bt or bp) (kcal/mol bt or bp) (cooperative unit) 

(rA).2(dT) --* (rA)-(dT) + ( d T  ) 1.0 3.0 284 95 
(rA)-(dT) + (dT) --* (rA) + 2(dT) 0 8.3 1017 123 
(rA).(dT) + (dT) ---+ (rA) + 2(dT) 1.0 10.2 778 76 

aSolution conditions were 10 mM sodium cacodylate (pH 6.8), 100 mM NaCI, and 0.1 mM EDTA. 
bCalorimetric transition enthalpies (AHc~) were calculated from the areas under ACp vs temperature curves, with an uncertainty in the data of <5%. 
~The van't Heft transition enthalpies (AHvH) were calculated from the shapes of the first derivatives of UV melting curves, with an assumed 
molecularity of one 54 and an uncertainty in the data of < 10%. 
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differences are close to the experimental uncertainty 
due to the error inherent in the van't Hoff  analysis, it 
appears that the DAPI-bound poly(rA).2poly(dT) 
triplex melts more cooperatively than the corresponding 
DAPI-bound poly(rA).poly(dT) duplex. We previously 
have observed similar ligand-induced changes in melt- 
ing cooperativities for both the poly(dA).2poly(dT) 
DNA triplex and the poly(rA).2poly(rU) RNA triplex 
in the absence and presence of bound berenil, a 
chemically similar drug to DAPIY This study extends 
these observations to R N A - D N A  hybrid duplexes and 
triplexes. 

Further inspection of the data in Table 1 reveals that, in 
the presence of bound DAPI, the WC transition 
exhibits a cooperative unit of 76 bp, in contrast to a 
cooperative unit of 123 bp in the absence of bound 
DAPI. Thus, DAPI binding decreases the melting 
cooperativity of the poly(rA).poly(dY) duplex, an 
observation previously noted in this laboratory in 
studies probing the interactions of both intercalating 
and minor groove-directed ligands with various DNA 
and RNA host duplexes. 33'36~1 Unfortunately, we are 
unable to determine the effect of DAPI binding on the 
melting cooperativity of the poly(rA)-2poly(dT) triplex, 
due to the inability of poly(dT) and poly(rA)-poly(dT) 
to form the poly(rA).2poly(dT) triple-helical complex in 
the absence of bound DAPI. 

In the next section, we characterize further the 
physiochemical properties of the DAPI-induced poly- 
(rA).2poly(dT) triplex by mapping the salt dependence 
of its thermal stability (Tin)- 
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Figure 5. Phase diagram which maps T m versus log[Na +] for a 1:1 
stoichiometric mixture of poly(rA).poly(dT) and poly(dT) in the 
absence (O) and presence (O) of DAPI at an rbt ratio of 0.5. The 
structural states which correspond to each phase (I, II, or III) are 
indicated. Buffer conditions are 10 mM sodium cacodylate (pH 6.8- 
6.9) and 0.1 mM EDTA; rbt is as defined in the legend to Figure 3. 

Phase diagram of the DAPI-induced 
poly(rA)-2poly(dT) triplex 

We have used temperature-dependent  UV absorbance 
measurements to determine a phase diagram for a 1:1 
stoichiometric mixture of poly(rA).poly(dT) and 
poly(dT) in the absence and presence of bound DAPI 
(at a rbt ratio of 0.50). Specifically, we mapped the 
dependence on Na + concentration of the thermal 
stabilities (Tin) of the following two transitions: 

poly(rA) • 2poly(dT) ~ poly(dT) + poly(rA) • poly(dT) 

[Hc] 

poly(rA),  poly(dT) + poly(dT) ~ poly(rA) + 2poly(dT) 

[wc] 
The resulting phase diagrams are shown in Figure 5. 
Such phase diagrams are important for defining and 
comparing the nucleic acid-binding properties of DAPI 
over a range of solution conditions. 

Inspection of Figure 5 reveals that, in the absence of 
DAPI, only a WC transition is observed over the range 
of Na + concentrations studied (10-631 mM). This 
observation is consistent with a previous study, 32 in 
which formation of the poly(rA)-2poly(dT) triplex was 

shown to require Na + concentrations in excess of 2.5 M. 
In contrast to the phase diagram in the absence of 
DAPI, the phase diagram in the presence of DAPI 
includes both H G  and WC transitions, consistent with 
the UV mixing curves (Fig. 2) and calorimetric (Fig. 4) 
melting profiles described above. 

Inspection of this phase diagram reveals that increasing 
the Na + concentration from 10 mM (log[Na +] = -2.0)  
to 63 m M  (log[Na +] = -1 .2)  causes the Tm value of the 
H G  transition (phase III to phase II) to increase by 12.5 
°C. Thus, at Na + concentrations below 63 mM, addition 
of Na + ions thermally stabilizes the poly(rA).2poly(dY) 
triplex in a manner that is both additive and synergistic 
with the thermally stabilizing effects of the bound 
ligand. By contrast to the effects of Na + ions at 
concentrations below 63 mM (log[Na +] < -1.2) ,  
increasing the Na + concentration from 158 mM 
(log[Na +] = -0.80)  to 631 mM (log[Na +] = -0.20) 
causes the Tm value of the H G  transition to decrease by 
1.4 °C. This decrease in thermal stability may reflect a 
Na+-induced reduction in the extent of DAPI binding to 
the poly(rA).2poly(dT) triplex (see Fig. 3), with the 
higher Na + concentration being unable to compensate 
fully the loss in triplex thermal stability resulting from 
ligand expulsion. Between the Na + concentrations of 63 
mM (log[Na +] = -1 .2)  and 158 mM (log[Na +] = 
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-0.80), the Tm value of the HG transition remains 
essentially unchanged. Thus, over this narrow range of 
Na + concentrations, the loss in triplex thermal stability 
that accompanies any Na+-induced ligand expulsion is 
compensated by the salt-induced enhancement of 
thermal stability. 

Further inspection of Figure 5 reveals that, at Na + 
concentrations below 631 mM (log[Na +] = -0.20), 
addition of DAPI causes the T m values of WC 
transitions (phase II to phase I) to increase. Further- 
more, at Na + concentrations <100 mM (log[Na +] < 
-1.0), the slopes of the lines, 6Tm/61og[Na+], that 
separate phases I and II (which correspond to the 
WC transitions) are quite different for the ligand-free 
and ligand-bound poly(rA), poly(dT) duplexes, (15.0 °C 
for the ligand-free duplex and 0.7 °C for the ligand- 
bound duplex). By contrast, at Na + concentrations 
between 100 mM (log[Na +] = -1.0) and 631 mM 
(log[Na +] = -0.20), the 6Tm/61og[Na +] value for the 
WC transition line of the ligand-bound duplex (10.7 °C) 
approaches that of the ligand-free duplex (15.0 °C). 
This observation may reflect a salt-induced reduction in 
the extent of DAPI binding to the poly(rA).poly(dT) 
duplex at Na + concentrations above 100 raM, with 
control of duplex thermal stability being governed by 
the Na + concentration rather than the bound ligand. 
Thus, the differential ~Tm/61og[Na +] values at Na + 
concentrations below and above 100 mM may well 
reflect the differential salt dependencies of the thermal 
stabilities of the DAPI-bound and the DAPI-free 
poly(rA).poly(dT) duplexes. 

In the preceding sections we described our use of UV 
absorbance and calorimetric measurements to define 
the thermal stability, phase diagram, and melting 
energetics of the DAPI-bound poly(rA).2poly(dT) 
triplex. In the sections that follow, we describe our 
use of flow linear dichroism and viscometric techniques 
to characterize the mode by which DAPI complexes 
with the poly(rA).2poly(dT) triplex. 

Flow linear dichroism measurements are consistent 
with DAPI intercalation into the poly(rA).2poly(dT) 
triplex 

Flow linear dichroism is a useful technique for defining 
the mode by which a ligand is complexed with a host 
nucleic acid structure. 42 Linear dichroism (LD) is 
defined by the relationship 

L D  =All - A ±  (1) 

where AI! and A~ denote, respectively, the sample 
absorbances with the polarization vectors of the light 
oriented either in a parallel or a perpendicular 
orientation with respect to the flow lines. When the 
transition dipole moment of a singly oriented chromo- 
phore (e.g., a DNA base and/or a bound aromatic 
ligand) lies within the plane of the molecule and makes 
an angle, 0, with the orientation axis, this angle can be 

related to the reduced linear dichroism, LD' ,  by the 
equation 42-44 

L O  r _ L D  _ 3 (3 cos20 - 1)F(G) (2) 
A 2 

where A is the isotropic absorbance of the sample and 
F ( G )  is an orientation factor, which has values in the 
range of 0 < F ( G )  < 1. Equation (2) implies that a 
positive L D  ~ signal is associated with an angle 0 of <55 °, 
while a negative LD" signal is associated with an angle 0 
of >55 °. In a typical flow L D  experiment, the long axis 
of the nucleic acid helix is aligned along the flow 
lines? 244 Thus, the nucleic acid bases, which are 
oriented roughly perpendicular to the helix axis (i.e., 
0b . . . .  ~ 90 °C), give rise to a negative L D  r signal. A drug 
molecule that is bound to the minor groove of a nucleic 
acid structure typically exhibits an angle 0drug of 
approximately 40-50 ° relative to the helix axis, and 
therefore gives rise to a positive LD" signal. In contrast 
to a minor groove-bound drug molecule, an intercalated 
drug molecule, like the nucleic acid bases, is oriented 
roughly perpendicular to the helix axis (0drug ~ 90 °C), 
and therefore give rise to a negative L D  ~ signal. 

Figure 6 shows the absorbance (panel A) and LD" 

(panel B) spectra of a DAPI-poly(rA).2poly(dT) 
complex at a rbt ratio of 0.5. For comparative purposes, 
the absorbance (panel A) and LD" (panel B) spectra of 
a DAPI-poly(rA).poly(dT) complex at a [total DAPI] 
to [base pair] ratio (rbp) of 0.2 are also shown. 
Inspection of Figure 6 reveals that, as expected, the 
LD" spectra of both the DAPI-poly(rA).2poly(dT) and 
the DAPI-poly(rA).poly(dT) complex are negative in 
the 240-300 nm wavelength region where the nucleic 
acid absorbs. As observed for the L D  r spectra in this 
DNA-absorbing region, the LD" spectra of both the 
DAPI-poly(rA). 2poly(dT) and DAPI-poly(rA). 
poly(dT) complexes are also negative in the 300-380 
nm drug-absorbing wavelength region. These negative 
LD" signals are consistent with DAPI intercalation into 
both the poly(rA).2poly(dT) triplex and the poly- 
(rA)-poly(dT) duplex. We recognize that such negative 
L D  r signals also might arise from a non-specific, 
electrostatically driven mode of binding in which the 
DAPI molecules are stacked along the helix exterior, 
with their long axes (denoted by the X-axis in Fig. 1) 
oriented roughly perpendicular to the helix axis. 
However, the persistence of the HG melting transition 
of the DAPI-poly(rA)-2poly(dT) complex at Na + 
concentrations as high as 631 mM (see Fig. 5) suggests 
a mode of ligand binding that is not driven by simple 
electrostatic interactions. In this connection, the Wilson 
and Nord6n groups previously have shown that DAPI 
intercalates at (dG-dC)n.(dG-dC)n and (rA)n'(rU)n 
sites, while binding to the minor groove of (dA)n'(dT)n, 
(dI-dC)n.(dI-dC)n , and (dA-dT)n.(dA-dT)n sites. 45-~9 
Our observations suggest that potential sites for DAPI 
intercalation also should include the (rA)n.(dT)n and 
(rA),-2(dT)n hybrid sequences. 
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Figure 6. Isothermal absorption spectra (A) and reduced linear 
dichroism spectra (B) at 25 °C for the DAPI-poly(rA)-2poly(dT) 
complex at an rht ratio of 0.5 ( - - )  and for the DAPI-poly(rA).poly(dT) 
complex (- - -) at a rbv ratio of 0.2. Solution conditions for the DAPI -  
poly(rA).2poly(dT) complex are as described in the legend to Figure 
2, while those for the DAPI-poly(rA).poly(dT) complex are 10 mM 
sodium cacodylate (pH 6.8), 25 mM NaCI, and 0.1 mM EDTA. rhp is 
the [total DAPI] to [base pair] ratio, while rb, is as defined in the 
legend to Figure 3. 

A recent LD study by Nord6n and coworkers has 
indicated that DAPI binds to the minor groove of the 
all-DNA poly(dA).2poly(dT) triplex28 This observation 
contrasts with the intercalative binding mode we 
observe here for DAPI complexation with the poly- 
(rA).2poly(dT) RNA-DNA hybrid triplex• Thus, DAPI 
is able to discriminate between the poly(dA).2poly(dT) 
and poly(rA)-2poly(dT) triple-helical structures• The 
structural/energetic basis for this discrimination is 
difficult to discern since the poly(rA).2poly(dT) triplex 
does not form in the absence of the ligand. 

Viscometr ic  m e a s u r e m e n t s  a l so  are cons i s tent  with 
DAPI  interca lat ion  into the poly(rA)-2poly(dT)  triplex 

Viscometric measurements provide a second method 
for characterizing the mode of ligand binding that is 
independent of the optical properties of the ligand. 5° 
Ligand insertion between stacked bases within a linear 
host helix (intercalation) is associated with a lengthen- 
ing of the nucleic acid. Thus, a ligand-induced increase 
in the viscosity of a nucleic acid solution is consistent 
with (but does not prove) an intercalative mode of 
binding• Conversely, the lack of a ligand-induced 
increase in the viscosity of a nucleic acid solution is 

u ! ! # I I 
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Figure 7. Viscometric titrations at 3.5 °C of either poly(rA).poly(dT) 
((2)) or a 1:1 stoichiometric mixture of poly(rA).poly(dT) and 
poly(dT) (O)  with DAPI. Solution conditions are as described in 
the legend to Figure 2. 

consistent with (but does not prove) a non-intercalative 
binding mode, such as minor groove association. 

Figure 7 shows the effect of DAPI binding on the 
relative solution viscosity (q/q0) of the poly(rA). 
poly(dT) duplex or of a 1:1 stoichiometric mixture of 
poly(rA).poly(dT) and poly(dT). Note that on addition 
of DAPI, the solution viscosity of the poly(rA).poly(dT) 
duplex increases to an extent which is ~ 1.2-fold that of 
the ligand-free duplex• This increase in solution viscosity 
is consistent with some degree of DAPI intercalation 
into the poly(rA).poly(dT) duplex. Further inspection of 
Figure 7 reveals that on addition of DAPI the solution 
containing the 1:1 stoichiometric mixture of poly(- 
rA).poly(dT) and poly(dT) undergoes a biphasic in- 
crease in viscosity to a final extent which is ~ 2.5-fold 
that in the absence of ligand. The first phase of this 
viscosity increase occurs between rht ratios of 0 and 0.45, 
while the second phase occurs between rbt ratios of 0.45 
and 0.67. Recall that the rbt dependence of the per cent 
hyperchromicity associated with the HG transition of the 
DAPI-poly(rA)-2poly(dT) complex is consistent with 
complete triplex formation occurring only at rb, ratios 
>0.5 (see panel A of Fig. 3). Thus, the first phase of the 
observed increase in the viscosity of the solution 
containing the 1:1 stoichiometric mixture of poly(rA). 
poly(dT) and poly(dT) probably correlates with DAPI- 
induced hybridization of the poly(dT) single strand with 
the poly(rA).poly(dT) duplex to form the poly(rA). 
2poly(dT) triplex• By contrast, the second phase of this 
viscosity increase is consistent with DAPI intercalation 
into the poly(rA).2poly(dT) triplex• Thus, both the linear 
dichroism and viscometric data are consistent with 
intercalative properties for DAPI when complexed with 
either the poly(rA).poly(dT) duplex or the poly 
(rA).2poly(dT) triplex. 

A potent ia l  s tructure  for the DAPI-po ly (rA)-2poly(dT)  
intercalated complex  

The linear dichroism and viscometric results described 
in the preceding sections suggest that DAPI intercala- 
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tion induces the formation of the poly(rA).2poly(dT) 
triplex. We have also studied the effect of a classic 
intercalating ligand, ethidium bromide, on formation of 
the poly(rA).2poly(dT) triplex and found the resulting 
ethidium-poly(rA)-2poly(dT) complex to be ~ 16 "C 
less thermally stable than the corresponding DAPI-  
poly(rA).2poly(dT) complex. 3° Thus, based on the 
enhanced thermal stabilities of the drug-bound poly(rA)- 
2poly(dT) complexes, DAPI is a more efficient triplex 
inducer than ethidium. This observation suggests that 
the capacity of a ligand to induce the formation of 
triplex structures depends not only on the mode by 
which it binds, but also on the structural/conformational 
nature of the ligand-nucleic acid complex. 

To gain insight into the potential structural nature of 
the DAPI-poly(rA).2poly(dT) intercalated complex, we 
have used the computer modeling methods described in 
the Experimental section to explore the energetically 
feasible structures this complex might adopt. The 
lowest-energy structure to emerge from these studies 
is presented in Figure 8. Inspection of Figure 8 reveals a 
structure in which the indole ring of DAPI is stacked 
between adjacent, rA.dT WC base pairs, with the 
cationic 6-amidino group protruding into the major 
groove and the 2-(4'-amidino)phenyl moiety protruding 
into the minor groove. This structural model suggests 
that DAPI-induced stabilization of the poly(rA). 
2poly(dT) triplex may be linked to the synergistic 
actions of two types of molecular interactions; namely, 
stacking interactions within the WC portion of the helix 
and attractive electrostatic interactions in the electro- 
negative major and minor grooves. Thus, intercalation 
of the DAPI molecule between rA-dT WC base pairs 
may poise the rA bases for HG hydrogen bonding 
interactions with third-strand dT bases. In this model, 
electrostatic repulsion between the phosphates of the 
incoming third strand and those lining the major groove 

of the duplex would be minimized by the presence in 
the major groove of the cationic 6-amidino group of the 
bound DAPI. 

Concluding  remarks  

In the study reported here, we have demonstrated that 
ligand binding can induce the formation of nucleic acid 
triplexes that otherwise would not form. Specifically, we 
have shown that DAPI intercalation can induce forma- 
tion of the poly(rA).2poly(dT) hybrid triplex. Thus, 
ligand binding can be used to overcome energetic 
barriers to the formation of specific triplex structures. 
Ligand-induced formation of new classes of hybrid 
triplexes may have implications in the recognition of 
RNA-DNA duplexes by cellular and viral proteins, such 
as ribonuclease H and reverse transcriptase. 51-53 Triplex 
formation at protein recognition sites may provide a 
means for specific control of protein function. The 
results presented here highlight the potential use of 
nucleic acid-binding ligands to modulate the affinities 
and specificities of third strands for their duplex targets. 
In this way, novel antisense, antigene, antiviral, and 
diagnostic strategies may be designed with greater 
degrees of specificity and perhaps even enhanced 
clinical efficacies. 

Exper imenta l  

Nucle ic  acid and l igand molecu les  

Synthetic poly(rA) and poly(dT) were purchased from 
Pharmacia Biotech (Piscataway, NJ) and were used 
without further purification. DAPI was purchased from 
Sigma Chemical (St Louis, MO) and was also used 
without further purification. Concentrations of DAPI 

Figure 8. Lowest-energy model for the DAPI-poly(rA).2poly(dT) intercalated complex. The WC-paired poly(rA) and poly(dT) strands are shown 
in purple and green, respectively, while the HG-paired poly(dT) third strand is shown in red. The van der Waals' radii of the carbon (chrome) and 
nitrogen (blue) atoms of DAPI are depicted by CPK surfaces. Left: Top vicw looking down the helix axis. Right: Side view looking into the minor 
groove. 
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and polymer stock solutions were determined spectro- 
photometrically. 

UV spectrophotometry 

All UV absorbance measurements were conducted on a 
computer-interfaced, dual-beam, Perkin-Elmer model 
Lambda 4C spectrophotometer,  equipped with a 
thermoelectrically controlled cell holder. A quartz cell 
with a 1 cm pathlength was used for all the UV studies. 

UV mixing curves. Isothermal (5 °C) UV mixing 
experiments were conducted in a pH 6.8, buffer that 
contains 10 mM sodium cacodylate, 100 mM NaC1, and 
0.1 mM EDTA (hereafter denoted as CNE buffer). 
Stock solutions of DAPI-free poly(dT) and poly(rA). 
poly(dT) in either the absence or presence of DAPI (20 
~tM) were prepared at equivalent concentrations of 40 
/aM nucleotide and base pair, respectively. Portions of 
each solution were mixed at the appropriate volumetric 
ratios and, after equilibration, the absorbance at 260 nm 
was measured. 

UV melting profiles. Absorbance versus temperature 
profiles were measured at 260 nm, with a heating rate of 
0.1°C/min. For the ligand-dependent studies, solutions 
containing 1:1 stoichiometric mixtures of poly- 
(rA).poly(dT) and poly(dT) were 90 /aM in nucleotide 
and contained 10 mM sodium cacodylate (pH 6.8), 100 
mM NaC1, 0.1 mM EDTA, and DAPI at concentrations 
ranging from 0 to 30 ~tM. For the salt-dependent 
studies, solutions containing 1:1 stoichiometric mixtures 
of poly(rA).poly(dT) and poly(dT) were 90 /aM in 
nucleotide and contained 10 mM sodium cacodylate 
(pH 6.8), 0.1 mM EDTA, 15 /aM DAPI, and NaC1 at 
concentrations ranging from 0 to 631 mM. For each 
optically detected transition, the transition temperature 
(T,, or Tmax) and the van't Hoff  transition enthalpy 
(AHvH) were determined as previously described. 54-57 

Absorption spectra. Isothermal (25 °C) absorption 
spectra for the linear dichroism experiments were 
acquired from 220 to 450 nm. The poly(rA).2poly(dT) 
solution was 30 I~M in base triplet and contained 15 laM 
DAPI, 10 mM sodium cacodylate (pH 6.8), 100 mM 
NaC1, and 0.1 mM EDTA. The poly(rA)-poly(dT) 
solution was 50 /aM in base pair and contained 10/aM 
DAPI, 10 mM sodium cacodylate (pH 6.8), 25 mM 
NaC1, and 0.1 mM EDTA. 

Differential scanning calorimetry (DSC) 

Heat capacity (ACp) versus temperature (T) profiles for 
the thermally induced transitions of solutions contain- 
ing 1:1 stoichiometric mixtures of poly(rA).poly(dT) 
and poly(dT) were measured in CNE buffer using a 
prototype Model 5100 Nano Calorimeter (Calorimetry 
Science Corporation, Provo, UT). In these experiments, 
the heating rate was 60 °C/h. Transition enthalpies 
(AHca~) were calculated from the areas under the heat 
capacity curves using the Origin version 2.9 software 

(MicroCal, Inc., Northampton, MA). The nucleic acid 
solutions were 300 /aM in nucleotide and contained 
either 0 or 100/aM DAPI. 

Flow linear dichroism measurements 

Flow linear dichroism measurements were conducted as 
previously described. 44 Each flow linear dichroism 
spectrum shown in panel B of Figure 6 was acquired 
from 240 to 450 nm and reflects the average of two 
scans. A Couette cell with a total optical pathlength of 
1.2 mm was used for all the linear dichroism studies. 
The poly(rA).2poly(dT) solution was 30 /aM in base 
triplet and contained 15 ~M DAPI, 10 mM sodium 
cacodylate (pH 6.8), 100 mM NaC1, and 0.1 mM EDTA. 
The poly(rA).poly(dT) solution was 50/aM in base pair 
and contained 10/aM DAPI, 10 mM sodium cacodylate 
(pH 6.8), 25 mM NaC1, and 0.1 mM EDTA. 

Viscometry 

Viscosity measurements were conducted in a Cannon-  
Manning size 75 capillary viscometer (Thomas Scien- 
tific, Swedesboro, N J) immersed in a water bath 
maintained at 3.5 (_+0.1) °C. Flow times were multiply 
measured to an accuracy of _+0.3 s, and the average 
time over all replicates was recorded. DAPI titrations 
were conducted in CNE buffer by incrementally adding 
3 /aL aliquots of 4 mM DAPI into the viscometer 
containing polynucleotide solutions (1 mL) that were 
either 600 or 900/aM in nucleotide. Flow times ranging 
from 290 to 405 s were measured after each addition. 

Computer modeling 

Theoretical modeling of the DAPI-poly(rA).2poly(dT) 
intercalation complex was conducted in two stages. The 
first stage entailed the identification of lowest energy 
triple helix conformations, in which adjacent base 
triplets were separated sufficiently so as to accommo- 
date insertion of a DAPI molecule. A constrained 
molecular modeling method 58'59 was used to construct 
the triple helix. The starting coordinates of the base 
triplets were tahen from the Arnott  fiber diffraction 
model of the poly(dA).2poly(dT) triplex. 6° Possible 
polymer building blocks that connect successive bases 
on each of the three strands then were identified by an 
exhaustive search of chain backbone conformation 
space. The base triplet rise was set to 6.8 A and the 
helical twist angle to 10 ° in all structures. These values, 
which correspond to a helix unwinding angle of 20 °, fall 
within the limits of the known geometries of drug-  
nucleic acid intercalation complexes as derived from 
X-ray, 61 sedimentation velocity, 62'63 and gel electro- 
phoresis 64 studies. 

The unbound polymer triplex of lowest computed 
potential energy then was used in positioning the DAPI 
molecule in the second stage of modeling. In the 
absence of a crystal structure for the free DAPI 
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molecule, starting coordinates were taken from the 
crystal structure of a D A P I - D N A  complex in which the 
ligand was associated with the minor groove of the host 
duplexY The coordinates of the drug molecule were 
transformed to a new reference f lame in which the 
origin was located at the C2 atom of the indole ring and 
the x-axis was defined along the C2-C1'  bond (see Fig. 
1). The y-axis of this reference f lame coincided with the 
plane formed by atoms C1, C2, and C3, and the z-axis 
completed the right-handed coordinate reference f lame 
(Fig. 1). The drug was initially placed in the same plane 
as the reference base triplet on the 5' side of the 
poly(rA) strand. In this way, the DAPI  reference frame 
was coincident with the helical reference f r am e)  ° A 
vertical translation of 3.4 A then was introduced to 
place the ligand molecule approximately halfway 
between the reference base triplet and its neighbor. 
Numerous  structures were generated by sequentially 
rotating the DAPI  molecule about the x-, y-, and z-axes, 
as well as by sequential translations along the x- and y- 
axes. Rotations about the z-axis were varied in 10 °- 
intervals from 0 to 350 °. Rotations about the x- and y- 
axes, which are analogous to the tilting and rolling 
motions of a standard Watson-Crick base pair in a 
normal B-DNA duplex, were varied in 5°-intervals from 
- 1 0  ° to +10 °. The x and y translations were varied in 
1 A-increments from - 1 0  A to +10 A. These trans- 
lations facilitated the identification of an energetically 
stable location for the intercalating ligand within the 
rigid triplex framework. 

At each ligand position, the total potential energy of the 
ligand-triplex complex was determined using standard 
potential energy functions. The van der Waals '  con- 
tributions (both repulsive and attractive) were esti- 
mated by a combination of 6-12 and 10-12 potentials. 
The 10-12 potential also was used for the estimation of 
hydrogen bond contributions. The electrostatic energy 
contribution was assessed with a standard Coulombic 
potential. 59 The atomic charges for the DNA and RNA 
molecules were derived from high resolution, low 
temperature,  single-crystal, X-ray diffraction studies of 
model nucleotides and nucleosides, 66 while the partial 
charges of the DAPI  atoms were estimated using the 
M O P A C  software. 67 To allow for a wider search of 
ligand placement,  the interactions of drug and D N A  
with explicit solvent molecules were ignored. Instead, 
the dielectric constant, ~, was treated as a distance- 
dependent  variable and the local ionic environment was 
simulated through reduction by 0.848 esu (i.e., net 
phosphate charge = -0 .152 esu) of the net charge 
assigned to each phosphate group following established 
counterion condensation theory. 6s-7° Complete parame-  
terization of the force field is presented elsewhere. 5'~ 
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