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ABSTRACT. DNA oligonucleotide sequences containing two parallel complementary strands attached through
3—3 and 5-5' linkages were synthesized. These oligonucleotides form Hoogsteen base-paired parallel-
stranded (PS) hairpin duplexes under appropriate conditions [Kandimalla, E. R., Agrawal, S., Venkataraman,
G., & Sasisekharan, V. (1995d3) Am. Chem. Soc. 118416-6417]. UV melting experiments show

that these Hoogsteen hairpin duplexes have a lower thermal stability than that of the Waitiesr(WC)

hairpin duplex (antiparallel) of the same sequence. The circular dichroism (CD) spectrum of the Hoogsteen
duplex is different from the canonical B-DNA WC duplex spectrum. The formation of the Hoogsteen
duplex is pH-dependent since protonation of cytosine requires lower pH conditions. Studies with
oligonucleotides of different loop sizes revel that three- and two-base loops are optimum for the formation
of stable Hoogsteen duplexes with-3 and 3—5' linkages, respectively. The guanine residues in the
loop stabilize the duplex as a result of G-G interactions as confirmed by molecular modeling studies.
The new PS Hoogsteen duplexes form stable triplexes with complementary (antiparallel to the purine
domain) single-stranded RNA and DNA pyrimidine sequences P&y (pyrimidine third strand

purine WC strand:pyrimidine WC strand) motif. The thermal stability of the resulting triplexes is much
higher than that of the conventional triplex (binding of a Hoogsteen pyrimidine third strand to a WC
duplex) of the same sequence. The CD spectra of the new triplexes are similar to those of conventional
triplexes, suggesting that no conformational change occurs as a resut-8f @ 5—5' linkage. A
molecular modeling study was carried out to examine the stereochemical feasibility of the Hoogsteen
duplexes and formation of triplexes with single-stranded pyrimidine complementary strands.

DNA is highly polymorphic in nature and exists in at least existence of a pH-dependent Hoogsteen hydrogen-bonded
three different families of A-, B-, and Z-DNA duplexes PS duplex, adding a new structure to the DNA families (Liu
(Saenger, 1984). A common feature of these three types ofet al., 1993; Kandimalla et al., 1995a). The WC duplex d(A-
duplexes is the antiparallel (APprientation of the two  G)gd(C-T)s undergoes transition to the PS Hoogsteen duplex
constituent strands. Several other unusual and higher-orderd(,a\_(;,)e.d(C+_-|-)6 at a lower pH and is more stable than the

structures have been added to the ever-growing families of ;orresponding WC duplex (Lavelle & Fresco, 1995). An
DNA in the last two decades. These new structures include jytercaator, benzopyridoindole derivative, interacts specif-

triplexes (Cheng & Pettitt, 1992; Maher, 1992; Thoung &
Helene, 1993, and references cited therein), tetraplexe
(Blackburn, 1991), and reversed Watsa@rick (rWC)
parallel-stranded (PS) duplexes (van de Sande et al., 1988). Pyrimidine linear (Xodo et al., 1990; Giovannangeli et al.,
In addition, a structure involving a Hoogsteen hydrogen- 1991; D'Souza & Kool, 1992; Kandimalla & Agrawal, 1993,
bonding pattern is known to exist between the purine strand 1994; Noll et al., 1994) or circular (Kool, 1991; Prakash &
of a duplex DNA and a pyrimidine third strand of a triplex Kool, 1992; Wang & Kool, 1994) oligonucleotides form
in the PyPu:Py motif (Cheng & Pettitt, 1992; Thoung & triplexes with complementary purine single strands (Figure
Helene, 1993, and references cited therein). 1B), in addition to the conventional way of forming triplexes
Until recently, scientists believed that Hoogsteen hydrogen py adding a pyrimidine (Roberts & Crothers, 1992; Han &
bonding is possible only in triple helices (Wilkins et al., pervan, 1993; Escude et al., 1993) third strand to an already
1970) and monomeric crystals (Hoogsteen, 1963) or with gyisting duplex (Figure 1A). These oligonucleotides are
modified bases containing bulky groups that prevent Wat- yanerally named foldback triplex-forming (FTF) and circular
son—-Crick (WC) base pairing (lkehara et al., 1972; Ishikawa |y gjigonucleotides (Os). The triplexes formed by FTFOs
etal., 1972; Hakoshima et al., 1981). We have reported theor COs are more stable than conventional triplexes (Prakash

* Authors to wh g hould be add 4 Ph & Kool, 1992; Kandimalla & Agrawal, 1994). Recently,
508_7%2_%08 évaﬁmSggf;%Sﬁ‘;gggf‘ce should be addressed. Fhoney, e reported triple-helix formation of a pyrimidine RNA/

® Abstract published iddvance ACS Abstractdlovember 15,1996.  DNA strand with a PS Hoogsteen hairpin duplex (Figure

1 Abbreviations: AP, antiparallel; CD, circular dichroism; FTFO, 1C) (Kandimalla et al., 1995a). The resulting triplex showed
foldback triplex-forming oligonucleotide; PS, parallel-stranded; rwC, '

reversed WatsGrCrick; T, melting temperature; UV, ultraviolet; WC, & greater thermal _stability than the conventional triplexes
Watson-Crick. (Figure 1A) (Kandimalla et al., 1995a).
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ically with the Hoogsteen PS duplex and stabilizes the
sHoogsteen duplex structure (Escude et al., 1996).
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studied the length of the spacer loop required for both the
3'—3 and the 5-5' linkages. The third pyrimidine strand
in the triple helix is capable of fitting in the groove of the
PS structure without altering the conformation of the PS
duplex or the loop connecting the Hoogsteen strands.

A

EXPERIMENTAL PROCEDURES

Oligonucleotide SynthesisOligonucleotides were syn-
thesized on a Milligen 8700 DNA synthesizer (Bedford, MA)
using phosphoramidite chemistryi-CyanoethyIN,N-diiso-
propylphosphoramidites and-@ert-butyldimethylsilyl)-3-
p-cyanoethyl N,N-diisopropylphosphoramidites were pur-
chased from Millipore for DNA and RNA syntheses,
respectively. The'3DMT-5'--cyanoethyIN,N-diisopropy-
Iphosphoramidites and-fnonomer-attached CPG solid sup-
port were obtained from Glen Research Laboratories (Ster-
ling, VA). The 5—5'"-attached oligonucleotide synthesis was
carried out on a regular CPG solid support-g8ached
nucleoside) until the point of'55 attachment, and from
there onward, synthesis was continued usindpBIT-5'-
phosphoramidite monomers with longer detritylation and
coupling times. The ‘3-3'-linked oligonucleotide was
synthesized on'Emonomer-attached CPG usingBMT-
5'-phosphoramidite monomers with longer detritylation and
coupling times until the point of'3-3' attachment, and from
there onward, synthesis was continued with normal phos-
phoramidite monomers to the required length. After syn-
thesis, all the oligonucleotides were deprotected, purified on
reverse phase HPLC (g}, detritylated, and desalted using
Cis Sep-pack cartridges (Waters, Milford, MA). The purity
of the oligonucleotides was checked by denaturing poly-
acrylamide gel electrophoresis (PAGE).

Oligoribonucleotide (RNA) was deprotected with a 3:1
mixture of ammonium hydroxide and ethanol at %5 for
about 15 h and then with 1 M tetrabutylammonium fluoride
FIGURe 1: Three possible ways of strand attachment with hydrogen at room temperature for another 15 h. RNA was then
bonding showing for the ‘AT triplet. (A) Conventional triplex in purified on 20% denaturing PAGE, eluted from the gel, and
which WC strands are covalently attached and the Hoogsteen strandjesalted using a ¢ Sep-pack cartridge (Waters). Oligo-
is added to the hairpin WC duplex. (B) Foldback triplex in which ; i ;

WC and Hoogsteen pyrimidine strands are covalently attached andnucleqtldes V\./ere. quantlflgd' by meagurlng absorbance at 260
the purine strand is added. (C) Current model in which the NM Using extinction coefficients, which were calculated by
Hoogsteen and WC purine strands are covalently attached and théhe nearest neighbor method (Puglisi & Tinoco, 1989).
WC pyrimidine strand is added. The"@3:C triplet is shown in UV Thermal Melting ExperimentsUV thermal melting
the inset. experiments were conducted in either 100 mM sodium

In the present study, we have examined in detail PS DNA acetate, pH 5.0 buffer containing 10 mM magnesium chloride
hairpin duplexes with Hoogsteen hydrogen bonding inde- or 100 mM sodium acetate, pH 7.6 buffer containing 10 mM
pendent of triplex structure. The new structures are obtainedmagnesium chloride and 1 mM spermine (Kandimalla et al.,
by synthesizing oligonucleotides containing two comple- 1995a). Thermal melting curves were recorded at 260 nm
mentary strands, one of which is an all-purine strand and at a heating rate of 0.5C/min with a Perkin-Elmer Lambda
the other of which is an all-pyrimidine strand, attached by a 2 spectrophotometer. The oligonucleotide concentration was
3—3 or 5-5 linkage (Kandimalla et al., 1995a) in order 1.2uM per each strand. The midpoint of the thermal melting
to facilitate parallel orientation of the two strands. Such curves ) was determined from first-derivative curves
covalent attachment of the two strands prevents formation obtained by plotting &eonn/dT versusT (temperature). Each
of mismatched, slipped structures, which have been reportedvalue is an average of two independent experiments. The
for linear strands designed to form PS structures (Liu et al., uncertainty in thelr, values is about 1.0C.

1993). We show that the PS Hoogsteen duplexes readily Circular Dichroism (CD) ExperimentsQOligonucleotides
form triplexes with a pyrimidine strand, which is comple- were mixed in 10 mM cacodylate (pH 5.0), 100 mM sodium
mentary in antiparallel orientation to the purine strand of chloride, and 10 mM magnesium chloride buffer. The
the PS Hoogsteen duplex. We use molecular modeling to concentration of each strand was M. The solutions were
generate stereochemically feasible structures for the PSheated at 90°C for 10 min, allowed to come to room
Hoogsteen-bonded duplex. We also show that the guaninegsemperature slowly, and stored at'@ until CD measure-
that are a part of the loop linking the two strands are capablements were carried out. The CD spectra were recorded on
of forming hydrogen bonds. Further, we systematically a Jasco J-710 spectropolarimeter attached to a peltier thermal
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controller using a 0.5 cm quartz cell. The samples were 1 e 1- Oligonucleotide Sequences
equilibrated at the required temperature for 15 min before

recording the spectra. Each spectrum is an average of eight Parallel-Stranded Hairpin Sequences
scans subtracted with the buffer blank, which is also an A S G T T TT TCT TTC TTCC T)-5'
average of eight scans and obtained at the same scan speed 1 G
(100 nm/min). All the spectra are noise-reduced using the G-3-3-AAAAAAGAAAGAAGGA)4-5'
software supplied by Jasco, Inc., and the molar ellipticities A 8 G T CCTICT TT CTT TT TT)3'
were calculated using the same software. 2 G

CD Mixing Cures. The oligonucleotide (pyrimidine G-5'-5"AGGAAGAAAGAAAAAA)-3'
target and the hairpin parallel duplex oligonucleotides)
solutions were prepared in 88:12, 75:25, 63:37, 50:50, 37: Complementary Pyrimidine and Purine Sequences
63, 25:75, and 12:88 molar ratios in 10 mM cacodylate (pH 3 5d(TTT TTT CTT TCT TCC T)-3'

5.0), 100 mM sodium chloride, and 10 mM magnesium

chloride buffer. Two samples containing only one of the 4 s-uuyuuucuuucuueet-s

two strands were prepared (100:0 or 0:100) in the same 5 5-d(AGGAAGAAAGAAAAAA)-3'
buffer. The final concentration of the oligonucleotide strands
was 2uM. The sample solutions were prepared as described Hoogsteen Pyrimidine Sequence
above. The CD measurements were carried out as described 6 5-d(TCC TTC TTT CTT TTT T)-3'
above after equilibrating each sample at°ZDfor 15-20
min. _ _ Antiparalle]-Stranded Hairpin Sequence
Molecular Modeling. Molecular modeling was performed G

- h . . ; ) G ° TT T TT TCT TTC TTCC T)-3'
on a Silicon Graphics lIris Indigo workstation using the 7 A
Insightll program (version 2.3.1 Biosym-MSI, Burlington, G g AAAAAAGAAAGAAGGA)A-5'

MA). The coordinates of the purine strand were generated
using the linked atom least-squares program (Smith & Arnott, : _
1978), and the helical parameters were the same as used@Ple 2: Thermal Melting Data of Duplexes

earlier for Hoogsteen-paired duplexes= 12, h = 3.26) oligo oligonucleotide Tm, °C
(Raghunathan et al., 1994). The coordinates of the pyrimi- number sequences/complexXes pH5.0 pH7.8
dine strand of the Hoogsteen duplex were generated (Ra- GA

ghunathan et al., 1994) by rotating the coordinates of the 1 S:-TCCTTCTTTCTTTTTT-G' g 478 486
purine strand about the helix axis by an angle of 89.5 S-AGGAAGAAAGAAAAAA-3-S-

Energy minimizations were performed using the CVFF force GA

field in Discover (Biosym-MSI) with 100 steps of steepest 5 srTrTTTreTTTeTTCcTG G 453 469
descent followed by 500 steps of the conjugate gradient 3-AAAAAAGAAAGAAGGAS-5-G

method in a vacuum (dielectric of 1.0), primarily to relieve
bad stereochemical contacts in the loop structure (Kandimalla

—_—

. ala 6 S“TCCTTCTTTCTTTTTT-3 410 453
etal., 1995c). Then the backbone torsions and the glycosidic °*¢  S-AGGAAGAAAGAAAAAA-3 : :
linkage torsions were manually adjusted to facilitate theGs
hydrogen-bonding scheme (Saenger, 1984; Mohanty & . 3.TCCTTCTTTCTTTTTT-C GA 674 692

Bansal, 1993, 1994), and the loop was energy-minimized to 5-AGGAAGAAAGAAAAAA-G G

relieve any unfavorable contacts. The coordinates of the WC

base-paired pyrimidine chain for the triple helix were CETTOTTTCTTITT

; . 3-TCC T-5'
generated as described earlier (Raghunathan et al., 1994). 3+5 5-AGGAAGAAAGAAAAAA-Y 486 520
RESULTS AND DISCUSSION -
3.UCCUUCUUUCUUUUUU-5'
Design of OligonucleotidesHoogsteen base pairing takes 445 STAGGAAGAAAGAAAAAAS 321 321

place between a purine and a pyrimidine strand that run — - : .
parallel to each other. Two hydrogen bonds are formed a Arrows |nd_|cate polarity of the strands’(5> 3') and thereby the
' parallel or antiparallel nature of the duplexé#n the presence of 1

between A and T and two between G and. CThe new mM spermine.
oligonucleotides contain a 16-nucleotide pyrimidine domain
and a complementary 16-nucleotide purine domain parallel gonucleotided and2 alone showed sharp, cooperative, and
to the pyrimidine domain. The two oligonucleotide se- monophasic melting transitions (data not shown) in pH 5.0
quences are attached through'a3 or a 3—5' linkage to buffer, indicating formation of stable secondary structures.
facilitate the parallel orientation. Adjacent to the-3' or The thermal stability of linear WC3{+5) and Hoogsteen
5'—5' linkage, a pentanucleotide purine loop is incorporated (6+5) duplexes of the same sequences as that of oligonucle-
to function as a spacer. The oligonucleotides are designedotides 1 and 2 was also studied (Table 2). The thermal
to contain G-C bases in order to avoid formation of the rWC stability of the hairpin duplexes df and2 is about 5.5°C
parallel duplex (Rentzeperis et al., 1992). Oligonucleotides higher than that of the linear PS duplex of oligonucleotides
used in the study are shown in Table 1. Oligonucleotides 3+5 in pH 5.0 buffer. The WC hairpin duplex of oligo-
1, 2, 7, 3+5, and 6+5 were characterized by native nucleotide7, which has the same sequence as that of PS
polyacrylamide gels (Kandimalla et al., 1995a). oligonucleotidesl and 2, shows aT, of 67.4 °C. The
Thermal Stability of the Hoogsteen Hairpin Duplexes. unusually highTy, for the WC hairpin duplex could be due
Thermal melting results are summarized in Table 2. Oli- to stacking of guanines in the loop (Hirao et al., 1992) (see
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Ficure 2: pH dependence of the Watse@rick (oligonucleotide
7; O) and the Hoogsteen (oligonucleotitie®) hairpin duplexT,s
in 100 mM sodium acetate, and 10 mM magnesium chloride buffers.

also the modeling section). The,s of oligonucleotided
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The CD spectra of oligonucleotidels and 2 exhibit a
temperature dependence (Figure 4). The measured from
thermally dependent CD curves correlate with thgs
measured by UV thermal melting experiments witkif.0
°C (data not shown). This result further supports the fact
that oligonucleotide4 and2 form PS secondary structures.

pH-dependent secondary-structure formation by oligo-
nucleotidesl and 2 is also studied by CD spectroscopic
measurements and compared with the formation of the WC
hairpin duplex oligonucleotid&r). Oligonucleotider shows
similar spectra at both of the pHs (5.0 and 7.6) studied (data
not shown), suggesting that the secondary structure formed
by this oligonucleotide is not pH-dependent. By contrast,
the CD spectra of oligonucleotiddsand 2 show different
spectral characteristics depending on the pH of the solution
(Figure 3A). At pH 7.6, the CD spectrum looks like a
B-DNA spectrum as in the case of oligonucleotide

We examined the reversible nature of the pH-dependent
secondary-structure formation by oligonucleotidesnd 2.

and2 in pH 7.6 buffer in the presence of 1 mM spermine When the pH of a neutral solution containing oligonucleotide
are comparable to those obtained in pH 5.0 buffer (Table 1 or 2 is decreased to pH 5.0 with dilute HCI, a Hoogsteen
2). These results suggest that oligonucleotitiesd2 form duplex is formed readily, as determined by the CD spectrum
stable Hoogsteen duplex structures (Kandimalla et al., 1995a)(Figure 3A).  Similarly, when the low-pH structure (Hoogs-

that have thermal stabilities lower than that of the WC hairpin teen duplex) of these oligonucleotides is titrated with dilute

duplex7.

pH Dependence of the Hoogsteen Duplétoogsteen base
pairing between G and C requires protonation of cytosine
(C*) which could occur below pH 6.0. We measured the
Tns of oligonucleotidesl and 7 as a function of pH.
Oligonucleotide7 which forms WC hairpin duplex shows a
pH-independentl, over the entire range of pHs studied
(4.5-8.0) (Figure 2). The duplex of oligonucleotideshows
decreasing thermal stability with increasing pH in the pH
4.5-6.0 range (Figure 2). Above pH 6.0, the structure does

not show pH dependence. These results suggest that in th

lower pH range €6.0) the structure is Hoogsteen base-paired
and at higher pH conditions it forms a pH-independent

structure as reported earlier for linear Hoogsteen duplexes

(Liu et al., 1992). These results suggest that (i) oligonucle-
otides 1 and 2 form pH-dependent Hoogsteen duplex
structures and (ii) the thermal stability of the WC hairpin
duplex is higher than that of the PS Hoogsteen duplex(

2) over the entire range of pHs studied.

Circular Dichroism of the Hoogsteen Hairpin Duplex
Both oligonucleotided and2 have similar CD spectra. The
CD spectra of these oligonucleotides are very different from
the CD spectrum of the WC hairpin duplex of oligonucleotide
7 in pH 5.0 buffer (Figure 3). Oligonucleotideexhibits a
canonical B-type CD spectrum (Cantor & Schimmel, 1980;
Gray et al., 1992, 1995) with positive maxima at 282 and
219 nm and a negative minimum at 247 nm (Figure 3B).
The CD spectrum of the linear WC duplex of oligonucle-
otides3+5 under the same (pH 5.0) experimental conditions
is shown in Figure 3B for comparison. Oligonucleotides
and 2 show lower-intensity positive maxima (277 and 224
nm) with a negative minimum at 247 nm almost equal to
that of the WC duplex CD spectrum (Figure 3A). In

alkali to raise the pH to neutrality (around 7.5), a structure
with a CD spectrum similar to the one observed at pH 7.6 is
formed (data not shown). Oligo[d(A)] and oligo[d(T)]
sequences attached through-3 and 3—5' linkages form
pH-independent PS duplex structures involving rwWC hydro-
gen bonding (van de Sande, 1988; Rippe & Jovine, 1989).
The presence of & base pairs in such sequences destabi-
lizes rWC parallel duplex formation (Rentzeperis et al.,
1992). The CD spectra of oligonucleotideand?2 suggest
that they do not form PS structures with rwWC base pairing.
Effect of the Nucleotide Loop Size Joinirfg-3' or 5'—5'

%nds Studies with WC hairpin duplexes of RNA (Groebe

& Uhlenbeck, 1988) and DNA (Haasnhoot et al., 1986)
showed that duplexes with four- or five-base loops are the
most stable. In the case of foldback (Prakash & Kool, 1992;
Kandimalla et al., 1996) and circular (Prakash & Kool, 1992)
oligonucleotides that form triplexes with single-stranded
purine target sequences, a loop of five or six bases is
optimum for joining the two pyrimidine strands. This is also
the case with H-DNA (Shimizu et al., 1989).

The nucleotide loop that bridges the two strands should
have an appropriate length for optimum binding of the two
binding domains. In addition, introduction of &38' or 5 —

5 linkage results in an intranucleotide distance that is
different from the normal '3-5' intranucleotide distance.
Therefore, the length of a linker should compensate for these
differences in intranucleotide and interstrand distances for
optimum binding.

We have synthesized-33'- and 5—5'-linked oligonucle-
otides with loops of zero to three, five, and seven purine or
pyrimidine nucleotides (see Table 3 for the loop sequences).
All the oligonucleotides contain the same complementary
binding sequences as oligonucleotidemd2. Measurement
of the melting temperatures for these Hoogsteen duplexes

addition, the CD spectra of Hoogsteen duplexes have a new(Table 3) with different lengths of pyrimidine loops reveals

characteristic negative minimum around 2135 nm.

that 3—3'-linked sequences prefer a three-base loop (Table

These CD spectral characteristics differentiate the secondary3), and a two-base loop is optimum for-%'-linked

structures formed by oligonucleotidésnd2 from those of
WC duplexes.

oligonucleotides (Table 3). The results with different
pyrimidine sequence loops suggest that parallel duplex
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Ficure 3: (A) CD spectrum of the Hoogsteen duplex of oligonucleotida 10 mM sodium cacodylate (pH 5.0)-§, 100 mM sodium
chloride, and 10 mM magnesium chloride buffer. CD spectra of oligonucledtidgpH 7.6 buffer (-----) and after adjusting the pH of the
same solution (pH 7.6) to pH 5.0 with HCI and incubating for 15 min af@- - -). (B) CD spectra of WC hairpin7§ (—) and linear

(3+5) (--+) antiparallel duplexes in 10 mM sodium cacodylate (pH 5.0), 100 mM sodium chloride, and 10 mM magnesium chloride buffer.

Mol. Ellip.

-300000 -

-450000

300000

150000 -

-150000

200

T T
250

T
275

T
300

T
325 200

T T T T T
225 250 275 300 325

Wavelength, nm

Ficure 4: Temperature-dependent CD spectra of oligonucleotide& & (B)7 at 15 (), 30 (-++), 50 (»-), and 70°C (- - -). Experimental
conditions were as in the legend for Figure 3.

Table 3: Effect of Loop Length and Sequence on the Hoogsteen

Duplex Formation

on a 3—3-linked duplex. The interaction of guanines in
the loop is suggested by molecular modeling. We used a
five-base GGAGG loop in the studies reported here.

loop Tm, °C* Tm, °C* : ) : A

size  sequence 33 5-5 sequence 33 5-5 Triplex Formation with DNA/RNA Pyrimidine Comple-
mentary Strands In the presence of a complementary

0o - 438 445 - 432 440 L : ;

1 G 453 460 C 154 458 pyr|m|d|ne gtrand (antlparallgl to the purine st_raﬁdqr 4),_

2 AG 470 479 TC 46.6 47.7 oligonucleotided and?2 form triplexes. These triplexes with

3 GAG 478 464 CTC 475  46.0 both DNA and RNA pyrimidine single strands are more

5 GGAGG 478 453 CTCTC 450 433  gtable than the triplex formed by adding a pyrimidine

7 GAGAGAG 456 438 CTCTCTC 43.0 416

Hoogsteen third strand) to oligonucleotider (WC hairpin

“ TnS were measured in 100 mM sodium acetate (pH 5.0) and 10 gyplex). TheT,, data are shown in Table 4. The triplexes
mM magnesium chloride at a strand concentration ofidvRat 260

nm as described in Experimental Procedures.

of oligonucleotided and?2 with the DNA (3) and RNA @)
pyrimidine single strands showed single, cooperative melting

formation is not pyrimidine loop sequence-dependent. Thesetransitions (not shown) witfi,, values comparable to those
results are supported by molecular modeling studies (seeobtained with foldback triplexes (Kandimalla & Agrawal,
Molecular Modeling). When purine nucleotides are present 1994; Kandimalla et al., 1995a,b).

in the loop, however, a different order of loop size preference  Hoogsteen duplexes of oligonucleotidesind 2 formed
and influence of loop bases on the Hoogsteen duplex stability stable triplexes (Kandimalla et al., 1995a), with the comple-
are observed (Table 3). In the case 6f3-linked oligo- mentary pyrimidine DNA stran@®, that haveT,s of 63.1
nucleotides, two- to five-base loops appear to have a similarand 63.4°C, respectively, at pH 5.0 (Table 4). Thegg
effect on duplex stability. Whereas in the case bfB- values are about 14 and more than°Tshigher than those
linked oligonucleotides, a two-base long purine loop is better. of the corresponding linear WG3+¢5) and the Hoogsteen
The higher duplex stabilizing effect of the GGAGG loop in  hairpin duplexes X or 2), respectively, under the same
3'—3'-linked oligonucleotides may result from interaction of experimental conditions. The conventional triplex of the WC
guanines in the loop. It is not clear why the GGAGG loop hairpin duplex7 and oligonucleotid& showed two distinct
has a less stabilizing effect on &%'-linked duplex than melting transitions at 24.6 and 67.2C. The lower-
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Table 4: Thermal Melting Data of Triplexes

o 100000 |
oligo oligonucleotide Tm, °C

number sequences/complexes pH 5.0 pH 7.8
GA

—_—
S'-TCC’I‘TCTTTCTTTTTT—G G
5-AGGAAGAAAGAAAAAA-3-3-G

e ——
3“TCCTTCTTTCTTTTTT-5

63.1 54.6 -100000 -

w4 =
Mol. Ellip.

- G 200000 | |
-

.TTTTTTCTTTCTTCCT-C G

3-AAAAAAGAAAGAAGGAS-5-G (3,

-~ 533 -300000 |\/
S“-TTTTTTCTTTCTTCCT-¥
—_—

w4+

-400000

By ——— GG T T T T T
- TCCTTCTTTCTTTTTT-
5-AGGAAGAAAGAAAAAA-G GA 26,612 1526 693 200 225 250 275 300 325 350

—_—
5-TCCTTCTTTCTTTTTT-3

A+

Wavelength, nm

Ficure 5: CD spectra of the triplexes of oligonucleotides3 (—)

A and7+6 (- - -) in 10 mM sodium cacodylate, (pH 5.0), 100 mM

- G
. G G _ ! . ;
2-:',{SSHS‘,{X‘,{SHHH_M_G sodium chloride, and 10 mM magnesium chloride buffer.

533 41.1

P

——
3-UCccuucuuuCuUuUuUUuuU-5

-— GA
TTTTTTCTTTCTTCCT-G G
3 AAAAAAGAAAGAAGGA-5-5-G

2
kb 537
4 S-UUUUUUCUUUCUUCCU 43.1

a Arrows indicate polarity of each strand (5 3').  In the presence
of 1 mM spermine¢ Lower melting transition that corresponds to third-
strand (triplex) dissociation.

temperature transition is a result of the dissociation of the
third strand 6) from the duplex, and the higher-temperature
transition is the result of denaturation of the hairpin duplex

itself (Roberts & Crothers, 1992). The triplexes involving 200 25 250 275 300 325 350
oligonucleotidesl and2 with the RNA pyrimidine stand Wavelength, nm

also showed cooperative single melting transitions (figure FIGURE 6: CD spectra of the triplex of oligonucleotides-4 (—)

not shown) at 53.3 and 53.‘_’[:, respectively, at pH 5._0. and the WC heteroduplex of oligonucleoticss5 (- - -).
These are about 20 and®€ higher than the corresponding

linear WC heteroduplex(-5) and the Hoogsteen duplexes ~ Circular Dichroism of Triplexes The triplexes of oligo-
(1 or 2), respectively, under the same experimental condi- nucleotidesl and2 with the DNA complementary pyrimidine
tions. strand show a positive maximum around 282 nm and two
In order to study triplex formation at physiological pH negative minima around 248 and 215 nm (Figure 5). The
g . : . CD spectrum of the triplex of oligonucleotidé with the
conditions, we have carried O.Ut experiments at pH 7.6 |r.1 pyrimidine DNA third strand ) is similar to the CD spectra
the presence of 1 mM spermine (Moser & Dgrvan, 1987; of triplexes of oligonucleotide$ and2 with 3. This result
Hanvey et al., 1991; Han & Dervan, 1993) with both the ¢, 6irms that the global structure of the triplex of oligo-
DNA and RNA complementary strands. Thg data aré . cjeotide 1 or 2 (with 3) is similar to the triplex of
shown in Table 4. In both cases, we observed a single yjigonycleotide§+6. The triplex of an FTFO (Kandimalla
melting transition, indicating that the Hoogsteen and WC al., 1996), in which the WatserCrick and Hoogsteen
hydrogen-bonded strands dissociate simultaneously (data nopyrimigine strands are connected by a nucleotide loop (Figure
shown). The increase in thy that results from triplex 1) and a complementary purine strand also has a similar
formation, compared to thexs of corresponding duplexes, cp spectrum shown in Figure 5 (data not shown). These
is lower than that observed at pH 5.0. Comparison of the cp results support the finding that the triple-helix structure
Tm values suggests that the RNA complementary strandis not affected by the way in which the two strands of a
forms a more stable triplex at physiological pH conditions triplex are attached (Figure 1). The thermal stability of the
than at lower pH. Th&@ data at pH 7.6 in Tables 2 and 4 triplex is dramatically affected; however, the conventional
suggest that spermine has a higher stabilizing effect on PStriplex (Figure 1A) is much less stable than the other two
duplexes than the triplexes. Polyamines such as spermineypes of triplexes (Figure 1B,C).
and spermidine stabilize DNA duplex and triplex structures  The triplexes of oligonucleotidek and 2 with the RNA
by interacting with phosphate backbone charges (Hampel etpyrimidine complementary strand)(exhibited different CD
al., 1991; Thomas & Thomas, 1993). However, the precise spectral characteristics than the triplexes formed with the
mechanism of promotion of €G:C triplexes by polyamines  DNA pyrimidine complementary strand (Figure 6). The CD
at neutral pH is not well understood. The basis for the spectrum of the triplex with the RNA pyrimidine strand has
different stabilizing effects of spermine on PS duplexes and two positive maxima at 271 and 223 nm and two negative
their triplexes is unknown. minima at 247 and 211 nm. The CD spectrum of a linear
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Ficure 7: CD mixing curve for the interaction of oligonucleotides
1 and4.

WC heteroduplex of oligonucleotideand its complementary
DNA purine strandb is shown in Figure 6 for comparison.
The CD spectrum of this heteroduplex indicates an A-type
structure (Gray et al.,, 1995; Kandimalla et al., 1996).
Compared with the heteroduplex, the triplex of oligonucle-
otide 1 (or 2) with the RNA pyrimidine strandl appears to
be in the A-type conformation. It is difficult, however, to
interpret the sugar geometry and the strand conformation ggyre 8: Loop of the 3-3-attached Hoogsteen PS duplex (A)
solely on the basis of the CD data in the absence of IR or in the absence of any hydrogen-bonding and stacking constraints
other spectroscopic data for such complexes. The CD spectrand (B) with hydrogen-bonding constraints (only first four bases
of the triplexes studied exhibit a temperature dependence®f the duplex adjacent to the loop are shown for clarity).
(data not shown). Thel,s measured from thermally
dependent CD curves correlate with thigs measured by
UV thermal melting experiments{3.0°C) (data not shown).
Stoichiometry of the Interaction of the Hoogsteen Duplex

conformation of the Hoogsteen duplex is almost identical to
the conformation reported earlier (Raghunathan et al., 1994).
Using the loop framework shown in Figure 8A, we imposed

with Pyrimidine Single StrandsThe stoichiometry of the ~ hydrogen-bonding restraints on the guanines in the loop

interaction of oligonucleotidé with both DNA (3) and RNA ~ (Mohanty & Bansal, 1993, 1994). When only one pair of
(4) complementary pyrimidine strands is studied by CD guanines is restrained, the backbone of the loop converges

mixing experiments. The mixing curves demonstrate that read.ily to a viable structure. .Interesting_ly, stereoch(_amicall_y
oligonucleotidel interacts with4 (Figure 7) and3 with 1:1 fea3|ble structures are obtained even if both guanine pairs
stoichiometry. The 1:1 stoichiometric interaction between N the loop are hydrogen bonded, and the adenine forms a
1 and3 or 4 may not, however, indicate triplex formation. Nairpin turn linking the guanine pairs (Figure 8B). In this
That is, the 3-3 (1) or 5—5 (2) oligonucleotide might only situation as well, the Hoogsteen duplex conformation is not
be capable of forming a WC base-paired duplex involving Significantly altered.
its purine domain with the complementary RNA/DNA The distance between the 'Gf the purine strand and the
pyrimidine target strand in 1:1 ratio, while the Hoogsteen C3 of the Hoogsteen strand in the PS duplex is about 10.8
pyrimidine domain remains as an overhanging sequence. Thé. Using an average distance of about 6.5 A for each
sharp, cooperative UV melting profiles (vs broad melting nucleotide (Saenger, 1984), plus an additional 2 A for the
profile for a duplex with a long overhanging Hoogsteen additional phosphate group, the spacer should be at least two
sequence) (Kandimalla & Agrawal, 1994; Kandimalla et al., nucleotides long in order to traverse this distance in the case
1995b), the CD spectral characteristics, and the differenceof a 3—3'linkage. A one nucleotide long spacer will distort
CD spectra do suggest triplex formation. the sugar geometry of the end bases along the duplex, causing
Molecular Modeling We explored whether stereochemi- & destabilization of the Hoogsteen-bonded duplex. For very
cally feasible loop structures can be generated without andlong loops, however, additional destabilization resulting in
with hydrogen bonding between the guanines in the loop in slippage of the duplex structure could occur. In the case of
order to rationalize the highéF,s observed with hairpin @ 5—5 linkage, the distance between the’' @oms of the
duplexes containing guanines in the loop (Table 3). The Hoogsteen strand and the purine strand is about 10.8 A In

models suggest that the five-base |oops in both33 and this case, the modeling studies indicate that a Single
5 —5'-attached 0|igonuc|eotides are Capab|e of adopting a nucleotide can traverse this distance as the-C& bond

range of stereochemically feasible conformations. In one Of the end bases in the two strands can adjust to form a loop.
of these conformations, the bases in the loop are orientedThese findings are in support of the experimental results
radially away from the loop backbone, but in random observed with different loop size PS duplexes (Table 3).
directions (Figure 8A). There is no observable stacking or  Introduction of the WC pyrimidine strand for triplex
hydrogen bonding between the bases in the loop region orformation does not alter the conformation or relative position
between the loop and the purine or pyrimidine strands. The of the purine and the Hoogsteen-paired pyrimidine strands.



Hoogsteen Duplexes and Pyrimidine-Targeted Triplex Formation

Biochemistry, Vol. 35, No. 48, 19965339

Both the loop structures modeled earlier in the absence ofHan, H., & Dervan, P. B. (1993}roc. Natl. Acad. Sci. U.S.A. 90

the WC-paired pyrimidine strand are still possible. Since
the loop is well removed from the pyrimidine strand, there

are no additional interactions between the residues in the
loop and the pyrimidine strand. The loop orientation is also

such that there would be no hindrance for the third WC-
paired pyrimidine strand even it were to continue in
5'-direction. Stereochemically feasible models for hetero-
triplex structures, where oligonucleotid@nd?2 interact with

4, were also modeled (Kandimalla et al. unpublished results).

Conclusions. We have shown that complementary oli-
gopurine-oligopyrimidine sequences attached through 3
3 and 3-5' linkages from stable Hoogsteen hairpin du-
plexes. The studies with oligonucleotides of different loop
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the formation of stable Hoogsteen duplexes with3 and

5'—5' linkages, respectively. The guanine residues in the

loop stabilize the duplex as a result of-G interactions. A
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complementary pyrimidine RNA and DNA single strands,
forming stable triplexes. This allows for targeting of

pyrimidine single strands through triplex formation in the

Py-Pu:Py motif for molecular biological and gene expression
control studies.
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