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Historical Perspective. The formation of a specific complex 
between two strands of poly(uridy1ic acid) with one strand of 
poly(adeny1ic acid) in the presence of divalent cations was 
first described by Felsenfeld et a f .  (1957). Subsequently, 
triple-stranded complexes containing other combinations of 
polynucleotide strands were described including those belong- 
ing to the deoxyribose series [reviewed in Felsenfeld and Miles 
(1967), Wells et a f .  (1988), Cheng and Pettitt (1992b), and 
Sun and H6lbne (1993)l. These studies culminated in low- 
resolution, X-ray fiber-diffraction models for the (A),-2(U),, 
(A),.2(1),,, and (A),.2(T), combinations (Arnott & Selsing, 
1974, and references cited therein). Further, a potential 
biological function for these structures was identified when 
they were found to inhibit RNA1 polymerase-mediated 
transcription in vitro (Morgan & Wells, 1968). 

Interest in triplexes revived following the discovery of single- 
strand-specific S1 endonuclease hypersensitive sites in the 
upstream regions of several eukaryotic genes (Larsen & 
Weintraub, 1982). These sites were mapped to (R),.(Y), 
sequences which, when subcloned into supercoiled plasmids, 
exhibited the same sensitivity toward S1 nuclease [reviewed 
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in Wells et a f .  (1988) and Htun and Dahlberg (1989)l. After 
a brief controversy, the observed hypersensitivity was assigned 
to the single-stranded regions arising from a duplex - 
intramolecular triplex (+ single strand) transition (Lee et a f . ,  
1984; Christophe et a f . ,  1985; Lyamichev et al., 1986). 

Site-specific binding of an oligonucleotide to the major 
groove of a DNA duplex via intermolecular triple helix 
formation was demonstrated by Moser and Dervan (1987). 
Simultaneously, Helene and co-workers reported the formation 
of a triple-stranded complex between an a-oligonucleotide 
and its cognate DNA duplex sequence (Le Doan et al., 1987). 
Both studies demonstrated a new strategy for recognition of 
specific double-stranded DNA sequences with far-reaching 
implications in the field of genetics, biochemistry, and 
medicine. 

Triplex- Based Applications. The power of triplex-based 
approaches lies mainly in the extreme specificity of the 
interaction between third strand oligonucleotides and their 
cognate duplex DNA. Equipping third strand oligonucleotides 
with cleaving agents such as Fe(I1)-EDTA (Moser & Dervan, 
1987) or copper(I1) phenanthroline (Franpois et al., 1989), 
for instance, allows them to be used as "rare-cutting" artificial 
endonucleases. A vivid demonstration of this approach is 
provided by the cleavage (with more than 80% yield) of a 
unique site 16 base pairs in length within 10 gigabase pairs 
of genomic DNA (Strobe1 & Dervan, 1991; Strobe1 et af . ,  
1991). This result has implications in genome mapping 
because it may facilitate the dissection of chromosomes into 
megabase-sized fragments which can then be analyzed 
separately. 

The therapeutic implications of site-specific triplex forma- 
tion are also of interest. Several studies have shown that 
triplex-forming oligonucleotides when targeted to the promoter 
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FIGURE 1: Oligonucleotide sequences of intramolecular Y-RY DNA triplexes containing (A) a G.TA triple and (B) a T-CG triple that were 
employed for NMR studies. Pairing alignments of (C) C+.GC, (D) TeAT, (E) G-TA, and (F) T-CG triples were taken from the solution 
structures of Y.RY triplexes (Radhakrishnan & Patel, 1994a,c). The (+) and (-) indicate the relative strand orientations. 

and coding regions of specific genes can alter the expression 
patterns presumably by inhibiting the initiation and elongation 
of mRNA synthesis by RNA polymerase (Cooney et al., 1988; 
Maher et al., 1990, 1992; Durland et al., 1991; Grigoriev et 
al., 1992; Young et al., 1991; Duval-Valentin et al.,  1992). 
This opens the possibility of selectively controlling the 
expression of specific genes, which could be of great value in 
the treatment of genetic disorders. 

Considerable progress in understanding the structure and 
energetics of triple-stranded structures has been achieved in 
recent years. In this review, we shall endeavor to reconcile 
the conclusions drawn from a variety of biochemical and 
biophysical studies, within a broad structural framework. 

Solution Structure Determination 

Structural Motif Definitions. The current definition of a 
triple helix in nucleic acids is similar in spirit to what was 
originally proposed (Felsenfeld et al.,  1957). It results from 
specific, Hoogsteen or reversed-Hoogsteen-type hydrogen- 
bonding interactions (Hoogsteen, 1963) between bases in a 
homopurine strand of a Watson-Crick duplex and an ad- 
ditional oligonucleotide strand (henceforth designated strand 
111; for brevity, the Watson-Crick paired homopyrimidine 
and homopurine strands will be designated strands I and 11, 
respectively). 

At least two structural motifs in DNA triplexes have been 
characterized. In the so-called “pyrimidine motif“ or pyri- 

midine-purine-pyrimidine (Y-RY) triplexes, a pyrimidine- 
rich third strand is aligned in parallel with the purine strand 
of the Watson-Crick duplex to form T-AT and C+.GC base 
triple combinations.2 In the “purine motif“ or purine-purine- 
pyrimidine (R-RY) triplexes, a purine-rich third strand is 
aligned antiparallel to the purine strand, yielding G-GC, AaAT, 
and T-AT base triple combinations. 

Experimental NMR Design. In recent years, solution-state 
nuclear magnetic resonance (NMR) spectroscopy has provided 
structural information on nucleic acids at levels comparable 
to those obtained routinely from X-ray crystallographic 
analyses. This inspired analogous NMR approaches on single- 
stranded oligonucleotide sequences that form intramolecular 
triple-stranded structures with defined strand orientations 
(Haner & Dervan, 1990; Sklenhr & Feigon, 1990; Radhakrish- 
nan et al., 1991a). In order to optimize the thermal stability 
of these triplexes without substantially increasing the com- 
plexity of N M R  spectra, the stem length and loop sizes were 
generally restricted to seven base triples and five thymine 
residues, respectively (Radhakrishnan et al.,  1991a,b). Y-RY 
triplexes containing either a G-TA or a T C G  triple (see below) 
in addition to canonical T-AT and C+-GC triples (Figure 1) 
were characterized with Na+ as the counterion at high 
resolution (Radhakrishnan & Patel, 1994a,c). The incor- 

In this notation, the third strand base is written first and the dot (-) 
signifies the Hoogsteen-type interaction. 
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FIGURE 2: Oligonucleotide sequences of intramolecular R.RY DNA triplexes containing (A) G.GC and T-AT triples and (B) G-GC, T-AT, 
and ASAT triples that were employed for NMR studies. Pairing alignments of (C)  G.GC and (D) T-AT triples were taken from the solution 
structures of an R-RY triplex (Radhakrishnan & Patel, 1993). (E) Pairing alignment of A.AT triples in R-RY triplexes was taken from a 
hand-built model that is consistent with experimental data (Radhakrishnan et al., 1993b). The (+) and (-) indicate the relative strand 
orientations. 

poration of noncanonical triples resulted in increased dispersion 
of the NMR signals, allowing a detailed exploration of the 
conformational features of Y-RY triplexes in general and the 
unusual triples in particular. Likewise, the nonisomorphic 
nature of G-GC and T.AT triples (see below) permitted the 
structure of an R-RY triplex (Figure 2) to be determined at  
high resolution (Radhakrishnan & Patel, 1993). The tendency 
of G-rich sequences to form higher order aggregates in the 
presence of Na+ counterions warranted the use of Li+ as the 
counterion for R-RY triplexes. The high molecular weight 
(ca.  10 000) of such oligonucleotide sequences sometimes 
necessitated homonuclear three-dimensional NMR approaches 
in D20 solution to resolve ambiguities and maximize the 
spectral information content involving nonexchangeable 
protons (Radhakrishnan et al., 1992; Radhakrishnan & Patel, 
1994a,c). 

Structure Determinations. Structures were determined by 
incorporating the N M R  data initially in the form of distance 
restraints (- 16-19 exchangeable and nonexchangeable proton 
restraints per residue per structure), with the distancerestraints 
involving nonexchangeable protons subsequently replaced by 
intensity restraints (- 12-14 nonexchangeable proton re- 
straints per residue per mixing time per structure) in restrained 
molecular dynamics (RMD) simulations. These calculations 
were conducted either in the presence of explicit solvent and 
counterions as in the case of Y-RY triplexes (Radhakrishnan 

& Patel, 1994a,c) or in vacuo with a distance-dependent 
dielectric to mimic the effect of solvent as in the case of the 
R-RY triplex (Radhakrishnan & Patel, 1993). Conforma- 
tional searches were conducted at  high temperature (400 K) 
typically for 10 or 20 ps and at room temperature for about 
10 ps. Convergence to morphologically similar structures with 
atomic root-mean-square deviations of less than 1 A (measure 
of precision) was usually achieved from dissimilar starting 
structures and initial conditions. The low R-factors (measure 
of accuracy) and consistency with nonquantifiable NMR data 
(e.g., chemical shifts) confirmed the validity of the final 
structures. 

Y-RY Triplexes 
Base Triple Combinations, Pairing Alignments, and Strand 

Orientation. Analogous to U-AU and C+.GC combinations 
in ribonucleotides (Felsenfeld et al., 1957; Lipsett, 1964), 
T-AT and C+.GC combinations in deoxyribonucleotides (Riley 
et al . ,  1966; Lee et al., 1979) were identified by early studies 
on triplex polymers. Recent studies have revealed at least 
two additional base triple combinations within this motif, 
including G-TA (Griffin & Dervan, 1989) and T-CG (Yoon 
et al., 1992). These triples differ from canonical T-AT and 
C+.GC triples in that they result from specific interactions 
between third strand bases and pyrimidine residues in a purine- 
rich strand. 
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FIGURE 3: (A) Triple-stranded region in the solution structure of a YoRY triplex containing a G-TA triple (Figure 1A). Labels I, 11, and I11 
identify the 5'-ends of strands I, 11, and 111, respectively. (B) olecular surface view of the same triplex emphasizing the nature of the 
Crick-Hoogsteen groove. The molecular surface was mapped usi a spherical probe of radius 1.4 A in the GRASP program. The most convex, 
concave, and planar regions of the surface are coded green, gray, and white, respectively; colors are linearly interpolated 
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111. 

structures indicate that the binding of the third strand induces 
global conformational changes in the Watson-Crick-paired 

x region of the triplex. This is most dramatically 
ted by the x-displacement values (N-2 A) for the 
region in the two solution structures (Radhakrishnan 
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approximately the size of phosphate groups (Figure 3B). A 
remarkable feature is the consistent detection of long-lived 
water molecules with lifetimes 3 1  ns in this groove 
(Radhakrishnan & Patel, 1994b,c). It is conceivable that 
these water molecules forman ordered, interconnected network 
analogous to those found in several DNA duplexes (Schneider 
et al., 1993). Such water molecules can contribute to the 
overall stability not only by solvating the macromolecule but 
also by screening repulsive electrostatic interactions between 
phosphate groups that line the narrow Crick-Hoogsteen 
groove. 

Despite its width (>7 A) and its somewhat hydrophobic 
character conferred by the methyl groups of thymine residues, 
the Watson-Hoogsteen groove harbors several long-lived water 
molecules at low temperatures (Radhakrishnan & Patel, 
1994b,c). These water molecules are typically found near 
methyl groups and may bridge the @carbonyl oxygen atoms 
of thymine residues within the same triple. 

The Watson-Crick groove (width -6-7 A) is vastly 
different from the minor groove of A-form helices but shows 
some similarities with the minor groove of B-form helices. 
Hydration sites are detected near adenine H2 protons in this 
groove, but the NOE patterns are somewhat different from 
those observed for AT-rich duplex sequences which are 
generally associated with a “spine” of hydration (Kubinec & 
Wemmer, 1992; Liepinsh et al.,  1992). The hydration patterns 
in all three grooves appear to be relatively indifferent to changes 
in the nature of the counterion from Na+ to Li+ (Radhakrish- 
nan & Patel, 1994b). 

Effects of pH and Temperature on Triplex Stability. 
Besides intrinsic factors such as length and sequence com- 
position, extrinsic factors such as pH and temperature influence 
the stability of Y-RY triplexes. In general, the stability of 
YnRY triplexes containing cytosine residues in the third strand 
decreases as the pH of the solution is raised from acidic to 
alkaline values (Lee et al., 1979; Moser & Dervan, 1987). 
Substitution of third strand cytosines with novel synthetic 
heterocycles such as 3-methyl-5-amino- 1 H-pyrazolo[4,3-d] - 
pyrimidin-7-one (designated P1) (Koh & Dervan, 1992) 
permits formation of Y.RY triplexes at neutral pH. NMR 
studiesof theP1.GC interaction (Radhakrishnan et al., 1993a) 
suggest that these heterocycles effectively mimic the Hoogsteen 
hydrogen-bonding interactions of protonated cytosines in 
Y-RY triplexes. 

The thermodynamic stability of several inter- and intramo- 
lecular Y-RY triplex oligomers has been assessed via calo- 
rimetry (Plum et al., 1990; Manzini et al., 1990; Pilch et al., 
1990; Roberts & Crothers, 1991; Volker et al.,  1993) and 
affinity cleavage (Singleton & Dervan, 1992a,b) experiments. 
From calorimetric measurements conducted over a pH range 
of 4.5-6.5, the free energy change associated with Hoogsteen 
base pair formation appears to be less than that associated 
with Watson-Crick base pair formation. The corresponding 
enthalpy change has been estimated at -2.0 kcal/mol of base 
triples formed (Plum et al., 1990) though larger values (-6.6 
kcal/mol of base triples) have also been reported (Manzini 
et al., 1990). Ignoring nearest neighbor effects, the free energy 
contributions made by C+.GC and T.AT triples appear to be 
equivalent (Pilch et al., 1990). The presence of monovalent 
or divalent cations enhances the thermal stability of triplexes 
as measured by the change in melting temperature with cation 
concentration, a( Tm)/8(log[Na+]) - 8-12 (Plum et al., 1990; 
Volker et al., 1993). 5-Methylcytosines, when substituted 
for cytosines in the third strand, enhance the thermal stability 

Biochemistry, Vol. 33, No. 38, I994 Perspectives in Biochemistry 

of triplexes via an entropic effect (Plum et al., 1990; Xodo et 
al.,  1991). 

Single base bulges or single “mismatches” (depending on 
the type of mismatch) in the third strand destabilize the triplex 
by 2.5-4.0 kcal/mol (Roberts & Crothers, 1991; Singleton 
& Dervan 1992a); the destabilization is mainly enthalpic in 
origin and is in the same range observed for DNA duplexes. 
The stability of mismatches and noncanonical triples are often 
subject to positional and flanking sequence effects (Mergny 
et al.,  1991; Kiessling et al.,  1992). 

ReRY Triplexes 
Base Triple Combinations, Pairing Alignments, and Strand 

Orientation. Early studies exploring possible base triple 
combinations in this motif utilized optical spectroscopy and 
ultracentrifugation measurements which led to the identifica- 
tion of G.GC and I.IC base triple combinations (Lipsett, 1964; 
Inman, 1964; Marck & Thiele, 1978). More recently, 
however, Fresco and co-workers scanned the full spectrum of 
base triple combinations using affinity chromatography and 
identified additional interactions including A.AU/T, I.AU/ 
T, and 1-GC triples in homopolymers (Letai et al., 1988). 
Subsequent studies confirmed the occurrence of G-GC (Kohwi 
& Kohwi-Shigematsu, 1988; Beal & Dervan, 1991) and A-AT 
and T-AT (Beal & Dervan, 1991) base triple combinations 
within the RoRY motif of DNA triplexes, although weaker 
interactions were detected for C A T ,  A-GC, and T C G  
combinations (Beal & Dervan, 1992a). 

The relative orientation of the purine strands in R-RY 
triplexes (Cooney et al., 1988) was initially a matter of debate 
with an antiparallel orientation established by the pattern of 
protection and cleavage in chemical probing (Kohwi & Kohwi- 
Shigematsu, 1988) and affinity cleavage experiments (Beal 
& Dervan, 1991), respectively. In the same study, Beal and 
Dervan (1 99 1) proposed two plausible models for the pairing 
alignments in G-GC, T-AT, and A-AT triples. The models 
differed in the conformation of the glycosidic torsion angles 
in the third strand and in the relative positions of the various 
hydrogen-bonding donor and acceptor groups with consequent 
differences in the locations of the third strand sugar-phosphate 
backbone. The various pairing alignments proposed by Beal 
and Dervan (1991) were also analyzed by theoretical ap- 
proaches (Cheng & Pettitt, 1992a; Laughton & Neidle, 
1992b). In thesestudies, within theconstraintsoftheir adopted 
structural models, comparable energies were computed for 
the alternative alignments of a given triple. The actual pairing 
alignments were deduced from NOE and chemical shift 
patterns in high-resolution proton NMR spectra of R-RY 
triplexes (Radhakrishnan et al., 1991b, 1993b). All three 
triples (GmGC, TsAT, and A-AT) are stabilized by tworeversed- 
Hoogsteen-type hydrogen bonds between bases in the third 
strand and the purine strand of the Watson-Crick duplex 
with the glycosidic torsion angles restricted to the anti domain 
(Figure 2C-E). 

Global and Local Structural Features. The solution 
structure (Figure 5A) provides detailed insight into the 
conformational features of an R-RY triplex containing G-GC 
and T-AT triples (Radhakrishnan & Patel, 1993). The 
sequence employed for the N M R  studies (Figure 2A) yielded 
high-quality N M R  data, and the deduced restraints were 
incorporated in RMD structure calculations. The large 
number of interproton NOES, particularly those between 
residues on strands I1 and 111, was pivotal in defining the 
conformation of the molecule. 

The triple-stranded region of this intramolecular triplex 
contains four G-GC and three T-AT triples. It is apparent 
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FIGURE 5: (A) Triple-stranded region in the solution structure of an R*RY triplex (Figure 2A). Labels I, 11, and I11 identify the 5’- 
strands I, 11, and 111, respectively. (B) Molecular surface view of the same triplex emphasizing the nature of the Crick-Hoogsteen 
The molecular surface was mapped using a spherical probe of radius 1.4 A in the GRASP program. The most convex, concave and 
regions of the surface are coded green, gray, and white, respectively; colors are linearly interpolated for intermediate values. 

from the pairing alignments shown in Figure 2 that the GoGC, 
TOAT, and A-AT triples in RoRY triplexes are nonisomorphic 
(i.e., the C1’ atoms of third strand residues in each of the 
three triples are located at remarkably different 
the C1’ atoms of the Watson-Crick base pairs 
posed). Not unexpectedly, structural perturbati 
at the junctions between G-GC and TOAT triples. 
however, these perturbations are mostly confined to the 5’- 
d(TpG)-3’ steps and, to a lesser extent, at the 5’-d(GpT)-3’ 
steps in the third strand segment. When compared with the 
5’-d(GpG)-3’ steps, the 5’-d(TpG)-3’ steps are underwound 
and in a somewhat extended c Figure 6A). An 
opposite trend (albeit to a lesser ly compensating 
these effects is observed at the 5’-d(GpT)-3’ steps. These 
features along with what are thought to be high-energy 
(gauche, trans) states for the phosphodiester torsion angles 
at the 5’-d(GpG)-3’ steps suggest a novel conformation for 
the entire third strand segment. A distinctive feature of this 
conformation is the poor overlap between neighboring base 
moietie third strand (Figure 6B); instead, the bases 
general against the sugar moieties of their respective 
5’-linked residues as observed for 5’-d(TpG)-3’ (Figure 6C) 
and 5’-d(GpG)-3’ (Figure 6D) steps. Deviations fro 
sugar puckers for thymine residues and the obser 
high anti-glycosidic conformations for guanine residues 
characterize the unique conformation of the third strand 
segment. 

The Watson-Crick duplex region of the triplex appears to 
be relatively impervious to perturbations in the third strand 
segment although the calculated helical twist and x-displace- 
ment values indicate a conformation that is differ 
canonical A- and B-form DNA. The base pairs are 
toward the minor groove (--1.9 A), presumably to accom- 
modate the third strand in the major groove. The base-stacking 
pattern in the duplex segment is reminiscent of A-form DNA. 
Unlike A-form helices, however, an S-type sugar pucker is 
retained by most of the residues in the duplex region. The 
glycosidic torsion angle ranges in nds are generally 
confined to the anti domain. 

The structural details of an R-RY triplex contai 
AoAT triple (Figure 2B) have been assessed qualitatively by 
NMR studies (Radhakrishnan et al., 1993b). The adenine 
residue is readily accommodated within the third strand helix 
and forms two N6H-*N reversed-Hoogsteen-type hydrogen 
bonds with the adenine residue in the AT base pair (Figure 
2E). The hydrogen-bonding interactions of GoGC triples 
flanking the AoAT triple remain unperturbed. The A-AT 
pairing alignmen rmined by NMR is supported by the 
results obtained chemical modification experiments 
(Jayasena & Johnston, 1992). NMR studies of an RsRY 
triplex containing a T C G  triple (Dittrich et al., 1994) suggest 
structural perturbations that extend up to two base triples on 
either side of the T-CG triple. These studies, which are of a 
qualitative nature to date, also implicate a potential hydrogen- 

Hydration Sites. The purine-rich strands in R-RY triplexes 
-3 A) but somewhat shallow Crick- 

gure 6B). The detection of long-lived 
era1 locations in this groove suggests 

extensi this groove (Radhakrishnan & Patel, 
b). The Watson-Hoogsteen groove, despite its width 
A), is also characterized by long-lived water molecu 

emarkably, these water molecules are positioned along 
inner edges of this groove, possibly belonging to the esterified 
oxygen atoms of phosphate groups. These experimental resul 
thus suggest that hydration could be an important deter 
of stability of R-RY triplexes. Theoretical studies also 
such a role. For example, a spine of water molecules bridging 
the amino groups of cytosine and guanine residues in th 
Watson-Hoogsteen groove was identified in molecular dy 
namicssimulationsof an R=RY triplexcontaining a continuou 
stretch of G-GC triples (Mohan et al., 1993). 

Effects of Sequence Composition and Temperature on 
TripZex Stablity. Unlike YoRY triplexes, the stability of R-RY 
triplexes is relatively independent of pH. A survey of the 
sequences employed in the studies of RoRY triplexes suggests 
that guanine-rich sequences may be an implicit 
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FIGURE 6: (A) View endicular to the helix axis 
structure of the R-RY the third strand segment (r 
in the same structure. xis for the T18-Gl9 step. ( 
the helix axis for the G19-G20 step. 

for such triplexes to form. The results from a study co 
relative stabilities of TOAT and AaAT tr 
rich triplexes indicate that these triplex 
by TeAT triples better than AoAT triples (Beal & Dervan, 
1991). 

A calorimetric study of an intermolecular R-RY triplex 
taining G-GC and A-AT triples (Pilch et al., 1991) 

'ned the free energy change associated with triplex 
n (-2.6 kcal/mol per base triple) to be approximately 

twice that of duplex formation (-1.3 kcal/mol per base pair), 
suggesting comparable stabilities for the Watson-Crick and 

1991; Malkov et al., 1993). 

d- Triplex Complexes 

showed that the s 
n initiation throug 

al., 1993) and a naphthyl-substituted qu 
al., 1993), have also been shown recently 
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FIGURE 7: (A) Covalent adduct formation between duocarmycin A and adenine. (B) Oligonucleotide sequence of a Y-RY triplex used to 
generate a site-specific adduct between duocarmycin A and adenine residue A12. (C) Covalent adduct formation between SN-07 and guanine. 
(D) Oligonucleotide sequence of a YeRY triplex used to generate a site-specific adduct between SN-07 and guanine residue G3. The site of 
intercalation by the aglycon moiety of the chromophore is indicated by the rectangular box. 

Y.RY DNA triplexes establishing the generality of this 
approach. 

Noncovalent Groove Binding. The previous research on 
the binding of the minor groove-specific ligand netropsin to 
duplex DNA [reviewed in Zimmer and Wahnert 1986)] has 
now been extended to its complexes with Y-RY DNA triplexes 
(Park & Breslauer, 1992; Durand et al., 1992). A combined 
spectroscopic and calorimetric investigation by Park and 
Breslauer (1992) established that the binding of netropsin in 
the minor groove of the Y.RY triplex does not displace the 
third strand from the major groove of the triplex. Further, 
netropsin binding thermally destabilizes the triplex to duplex 
transition in contrast to stabilization of the duplex to single- 
strand transition. There is also a decrease in the cooperativity 
of the triplex to duplex transition on netropsin binding. These 
results establish major grooveminor groove "cross talk" where 
the drug, which is bound in the minor groove of the Y-RY 
triplex, affects the properties of the host triplex as related to 
the equilibrium in which the third strand is expelled from the 
major groove (Park & Breslauer, 1992). 

Site-Specific Covalent Drug- Triplex Complexes. Our own 
laboratory has approached the drug-triplex complex problem 
by focusing on adducts formed by drugs bound covalently and 
site-specifically at  a single defined residue on the intramo- 
lecular triplex. This approach overcomes the complications 
observed with multiple and competing drug binding sites 
associated with noncovalent drug-nucleic acid complexes. 

Initially, we targeted the minor groove of an intramolecular 
Y-RY triplex using the drug duocarmycin A (Figure 7A) 
(Takashi et al., 1988), which is known to bind covalently to 
the minor groove N3 position of adenine and target the 3'- 
adenine in an 5'-A-A-A-A-3' segment (Boger et al., 1990). 
The intramolecular Y.RY triplex containing the A4 stretch 
on strand I1 was synthesized; the duocarmycin covalent adduct 
was generated site-specifically at  A12 (Figure 7B) and was 
subsequently purified and characterized by NMR techniques 

(Lin & Patel, 1992). The intermolecular NOES established 
that the adduct covalently linked at  A12 in the sequence was 
positioned in the minor groove and directed toward the 5'-end 
of the A-A-A-A stretch. Formation of theduocarmycin adduct 
in the minor groove did not displace the third strand from the 
major groove but rather affected the pH-dependent triplex- 
duplex equilibrium whose pKa was lowered by 1.8 pH units 
in the complex (Lin & Patel, 1992). Current efforts are 
focused on defining the conformational perturbations associ- 
ated with the cross talk between the drug bound in the minor 
groove and the third strand bound in the major groove. 

The anthracycline antitumor antibiotics contain a planar 
aglycon ring that intercalates into the DNA helix and an 
attached amino sugar that is positioned in and interacts with 
the minor groove (Quigley et al., 1980). We have generated 
and purified a site-specific covalent adduct between the 
anthracycline SN-07 chromophore (Figure 7C) (Kikuchi et 
al., 1985) and the exocyclic amino group of guanine at  the 
G3-C4-A5 segment on strand I1 of a TCG-containing 
intramolecular Y-RY triplex (Figure 7D). The covalent 
complex yielded well-resolved NMR spectra whose charac- 
terization established that the SN-07 chromophore was 
covalently bound site-specifically at  G3, the amino sugar and 
its attached eight-membered ring was positioned in the minor 
groove, and the aglycon was intercalated between triples at  
the C4-A5 step (Ye et al., 1993). Further, the minor groove 
binding and intercalation associated with SN-07 complex 
formation was achieved without disruption of the third strand 
in the major groove. Our structural approach has definitively 
established that the planar anthracycline aglycon can site- 
specifically intercalate between triples in the interior of the 
triplex while retaining its attached amino sugar in the minor 
groove and the third strand in the major groove. 

The initial efforts on ligand-triplex complexes have focused 
on the Y-RY family of triplexes. The greater challenge in the 
longer term will be to design experiments that will address 
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structural and energetics issues related to complexes formed 
between ligands and R-RY triplexes. 

Future Prospects for Structural Studies 
There are several future challenges in triplex research that 

can be approached on the basis of an improved understanding 
of the structural bases of triplex formation. These include 
(1) extending oligonucleotide-mediated recognition to any 
random sequence of double-stranded DNA, (2) overcoming 
the current limitations associated with the acidic pH require- 
ment for formation of Y-RY triplexes and nonisomorphic 
positioning of triples in R.RY triplexes, (3) characterizing 
triplex-duplex junctions and their stabilization through 
intercalative binding of attached aromatic ligands, (4) 
extending the structural research on DNA triplexes to their 
RNA and hybrid counterparts, and (5) characterizing base 
triple alignments associated with triple-stranded intermediates 
in genetic recombination. These issues are outlined in some 
detail in the following paragraphs. 

Alternate Strand Recognition. In this approach, two 
pyrimidine-rich oligonucleotides coupled 3’-3’ or 5‘-5‘ rec- 
ognize purine residues located on alternate strands in duplex 
sequences of the type 5r-(R)m-(Y),,-3r and 5’4Y)~(R),,-3’ 
(Horne & Dervan, 1991). An elegant extension of this 
approach circumvents the need for a 3’-3’ or 5’-5‘ covalent 
linkage by employing an oligonucleotide with natural 3’-5’ 
phosphodiesters which binds to the purine tracts on alternate 
strands forming ccntiguous Y-RY and R-RY triplexes (Ja- 
yasena & Johnston, 1992, 1993; Beal & Dervan, 1992b). 
Although 5’-(R),-(Y),,-3’ sequences can be targeted using 
this approach, recognition of 5r-(Y)m-(R)n-3r sequences 
requires at  least two additional nucleotides on the third strand 
at  the crossover site between the triplex domains (Beal & 
Dervan, 1992b). Structural studies of alternate strand 
triplexes formed through third strand targeting of 5r-(Y)m- 
(R),-3’ and 5’-(R),,,-(Y),,-3’ sequences might explain some of 
the intriguing features of triplex-triplex and triplex-duplex- 
triplex junctions. 

Third Strand Oligonucleotides Containing Synthetic Het- 
erocycles. Synthetic approaches have been undertaken either 
to extend the recognition to pyrimidine residues or to improve 
the specificity of interaction with purine residues. Novel 
heterocycles, 4-(3-benzamidophenyl)imidazole (designated 
D3) and 2-deoxynebularine (designated dN), have been 
designed and synthesized by Dervan and co-workers to 
recognize CG base pairs within Y-RY and R-RY triplex motifs. 
From affinity cleavage it appears that D3 interacts specifically 
with not only CG base pairs but also TA base pairs as well 
(Griffin et al . ,  1992). Preliminary data for d N  also indicate 
that it recognizes AT base pairs in addition to CG base pairs 
(Stilz & Dervan, 1993). Thus, although these synthetic 
approaches represent an important first step in formulating 
and extending the triplex code to all base pairs in DNA, 
structural studies might be useful in gaining a better 
understanding of the current limitations and suggest ap- 
proaches for further improvements. Preliminary NMR studies 
of a D3.TA-containing Y-RY triplex established that the D3 
heterocycle participates in the recognition process through 
intercalation into the helix (Koshlap et ai., 1993). 

Novel heterocycles including pseudoisocytosine (On0 et al., 
1991) and 8-oxoadenosine and its derivatives (Miller et al.,  
1992; Krawczyket al., 1992) have been synthesized and shown 
to mimic protonated cytosine residues effectively in YeRY 
triplexes, thereby eliminating the acidic pH requirement for 
triplex stability. An analogous approach has been undertaken 
to stabilize R-RY triplexes containing guanines and thymines 
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in the third strand. The heterocycle 7-deaza-2‘-deoxyxan- 
thosine (designated dzaX) when incorporated in third strand 
oligonucleotides opposite adenines in AT base pairs has been 
shown to dramatically enhance the stability of R-RY triplexes 
compared to thymines at  the same position (Milligan et al.,  
1993). Thestructural basis for the success of these approaches 
could provide useful leads in the design of new heterocycles 
for the recognition of other bases. 

Third Strand Oligonucleotides Linked to Intercalating 
Ligands. HClbne and co-workers have covalently linked third 
strand oligonucleotides to ligands that intercalated between 
base pairs at  triplex-duplex junctions [Sun et al.,  1989; 
reviewed in Thuong and HClbne (1 993)]. The third strand 
and the ligand act in a synergistic manner-the third strand 
prevents nonspecific interactions of the ligand while the ligand 
enhances the stability of the triplex interaction. Intercalation 
was strongly favored when the ligand was attached to the 
5’-terminus of the third strand oligonucleotide and a 5’-YpR- 
3’ sequence was present at the triplex-duplex junction 
(Takasugi et al., 1991). Structural studies of triplex-duplex 
junctions in both in the presence and absence of ligands should 
provide useful insights. 

RNA-DNA Hybrid Triplexes. Intermolecular triplexes 
containing mixtures of RNA and DNA strands have been 
studied by several groups (Roberts & Crothers, 1992; Han 
& Dervan, 1993; EscudC et al.,  1993). Dramatic effects on 
triplex stability were observed for various combinations of 
DNA and RNA strands in the Y-RY motif. Triplexes formed 
by third strand RNA oligomers with duplexes containing a 
DNA purine strand were generally the most stable. The 
stability of these triplexes is further enhanced when the 2’- 
OH groups were replaced with 2’-OCH3 groups (EscudC et 
al.,  1993). Stable triplexes between third strand RNA 
oligomers and duplexes containing the RNA purine strand 
were also observed. By contrast, triplexes formed by DNA 
third strands and duplexes containing the RNA purine strand 
were the least stable. Thus it appears that recognition of 
DNA in duplexes can be achieved by both DNA and RNA 
oligonucleotides, whereas recognition of RNA can be achieved 
only by RNA oligonucleotides (Han & Dervan, 1993). The 
structural basis for these dramatic effects of backbone 
composition on triplex stability needs to be understood. It is 
also interesting to note that RNA-DNA-DNA hybrids are 
not observed in the R-RY motif (EscudC et al.,  1993). 

Stabilization of Hybrid Triplexes through Ligand Binding. 
In a recent study, the presence of duplex-specific ligands 
including berenil [ 1,3-bis(4’-amidinophenyl)triazene], ethid- 
ium bromide, DAPI (4’,6-diamidino-2-phenylindole), and/ 
or netroposin was shown to induce triplex formation in 
sequences that would otherwise not form such structures (Pilch 
& Breslauer, 1994). Specifically, these ligands promoted the 
formation of triplexes of the type DNA(Y).RNA(R)-DNA- 
(Y) and RNA(R).RNA(R).DNA(Y), which were previously 
not observed (see above). There are no structural details of 
hybrid triplex-ligand interactions, and studies in this area 
should provide new insights. 

Base Triple Interactions in Folded RNA.  Base triple 
interactions were first discovered in a biological context in 
transfer RNA molecules (Kim et al.,  1974; Robertus et al., 
1974). Bases involved in these tertiary interactions are 
invariant or semiinvariant in transfer RNA molecules, 
underscoring the stabilizing influence of these interactions. 
Base triple interactions analogous to those described in this 
paper have been proposed for several other RNA molecules 
by NMR (Puglisi et al.,  1992) and phylogenetic covariation 



Perspectives in Biochemistry 

analyses (Michel et al., 1990). Novel base triple alignments 
including those involving third strand bases located in the 
minor groove have been described or anticipated (Chastian 
& Tinoco, 1992; Michel & Westhof, 1990). One can 
anticipate that future structural studies will identify additional 
triples that are involved in the maintenance of the tertiary 
fold of RNA. 

Triple-Stranded Intermediates in Genetic Recombination. 
Genetic recombination in living organisms proceeds through 
at  least two fundamentally different mechanisms. In homolo- 
gous recombination, the exchange of genetic information 
between two chromosomes occurs in regions of extensive 
sequence identity, whereas in site-specific recombination, the 
exchange occurs at  specific sites. Homologous recombination 
is thought to proceed via a triple-stranded intermediate (Rao 
et al., 1990; Hsieh et al., 1990). The formation of this 
intermediate is facilitated by recombinases (e.g. ,  RecA) which 
presumably lower the activation energy for the structural 
transition. Not unlike canonical triplexes, it has been postulated 
that the third strand in this intermediate is located in the 
major groove and participates in sequence-specific hydrogen- 
bonding interactions. However, these triplexes differ from 
canonical triplexes in that the third strand is homologous and 
oriented parallel to the same strand in the duplex, probably 
defining a new structural motif (Rao & Radding, 1994; 
Zhurkin et al., 1994). A major challenge concerns the definitive 
characterization of the triple pairing alignments and structures 
of RecA-catalyzed triple-stranded intermediates in genetic 
recombination. 
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