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ABSTRACT. Inosine has the ability to act as a “wild-card” binding nonspecifically to botfi &and GC

base pairs. This has obvious implications for the design of oligonucleotide site-directed probes. In this
paper we present a series of oligonucleotides withpars-pyre-pyre motif which are designed to fold up
sequentially into intramolecular triple helices. One or more inosines are incorporated into the Hoogsteen
strands in place of T's and/or C's. Once folded into the triplex, the inosine-containing third strand is
incorporated in parallel orientation to the purine strand of the duplex. The influence of inosine on the
triplex—duplex equilibrium, characterized by the melting temperatlixg, @nd on the phase boundaries,

as a function of pH and/or ionic strength, has been assessed by means of UV and CD spectroscopy.
There are two distinguishable influences of third-strand inosines which affect binding, namely, backbone
distortion due to bulkiness (I for T and | for"Cand/or loss of intramolecular ion pairs between protonated
cytosines and the backbone phosphates (I for. A single thymine replacement drops thig by 25.0

(£2.1) °C, and replacing a single protonated cytosine dropsTthéy 32.1 ¢1.0) °C at pH 6.0. On
introducing two inosines in place of thymines, theat pH 6.0 of the triple helix to hairpin transition is
lowered by 35.5 £1.4) °C; on introducing two inosines in place of cytosines, Thedrops by 44.5

(+£1.0) °C, and on replacing a cytosine and a neighboring thymine with inosined,.tleé the same
transition is lowered by 29.24{1.6) °C. Replacing more than two thymines or cytosines, respectively,
eliminates the binding of the Hoogsteen strand at room temperature altogether. Under no circumstances
does inosine replacement stabilize the triple helix: it is a poor substitute and its role as a wild-card is
limited.

It was not long after the discovery of the DNA double T,5e 1. Third-Strand Binding Code
helix (Watson & Crick, 1953) that researchers observed the
formation of a polynucleotide triple helix formed from one

third strand residue

strand of poly(A} and two strands of poly(U) (Felsenfeld _ Watson-Crick core A T ! G c
et al. 1957). Several three stranded complexes were A-T/U + + + - -
GC - - + + +

subsequently discovered which, on detailed investigation,
revealed that a homopolypyrimidine third strand binds via

Hoogsteen hydrogen bonding (Hoogsteen, 1959) to the majorpoly(l-A-U) and poly(+G-C) (Letai et al, 1988) contain

groove sites of a homopurirdnomopyrimidine Watson
Crick double helix (Radhakrishnan & Patel, 1994 and
references therein; Pluget al.,1995). Common to all these
triplexes is a ribo- or deoxyribopolypyrimidine third strand.
X-ray diffraction studies of fibers have revealed an RNA
triple helix formed between one strand of poly(A) and two
strands of poly(l) (Arnott & Bond, 1973). In this complex,
comparable to the {A-U triplex, one strand of poly(l) binds
to the poly(A) strand in the conventional antiparallel orienta-
tion in a kind of Watsor-Crick (WC) base pairing with the
second strand of poly(l) binding in analogy to Hoogsteen
base pairing. The-A-l triple helix diameter of 23.7 A is
very close to 23.2 A of normal ARNA (Arnott & Selsing,
1974). The following polynucleotide triplexes involving
inosine strands also form under physiological conditions:
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poly(l) as the Hoogsteen (HG) strand, poly¢GC) (Thielle

& Guschlbauer, 1968) contains it as one of the WC strands,
and in poly(t-C) (Fresco & Massoulie, 1963) the inosine
serves as the HG and WC strand, respectively.

There is considerable interest in studying triple helix
forming oligonucleotides. Their sequence specificity can be
used to direct desirable chemical reactions to target sites on
double stranded DNA, thus mimicking enzymes in specificity
and range of action (Moser & Dervan, 1987). Current
applications lie in chromosome analysis and gene mapping
(Hééne et al., 1989; Strobel & Dervan, 1990), and in the
oligonucleotide based control of gene expression (Francois
et al, 1989; Maheret al, 1989). The ultimate goal of
“triplex technology” is to target any DNA sequence and thus
provide a viable means of therapy at the gene level. A
significant contribution was made in 1988 by Letdial.
with their proposal of the “third-strand binding code” derived
from affinity chromatography (Table 1). The “code” shows
some analogy to the WatseiCrick base-pairing scheme in
that adenine or thymine residues in single strand sequences
exclusively bind to AT base pairs in WatsorCrick helices
and guanine or protonated cytosines recognize onfy liase
pairs.
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The guanine analogue inosine is shown in this experiment a6 2: parent Oligonucleotide MCT and Derivative Sequences
to bind to both AT and GC base pairs. This might be  |ncorporating Inosine

exploited in the design of oligonucleotide probes in which
inosine can act as a “wild-card”. Furthermore, inosine does
not require protonation for binding to a duplex as cytosine McT GAGAGAGAG CCTT CTCTCTCTC CCTT CTCTCTCTC
does, so replacing protonated cytosine in a third strand

Name Sequence

) MCIC GAGAGAGAG CCTT CTCTCTCTC CCTT CTCTCICTC

sequence would remove the pH dependence of triplex
formation. MICI GAGAGAGAG CCTT CTCTCTCTC CCTT CTCICICTC
A different table was published by Griffin and Dervan w7 GAGAGAGAG CCTT CTCTCTCTC CCTT CTCTITCTC

(1989) in which 20 base pairs were examined for binding
specificity compatible with the pyrimidireHoogsteen triple
helix motif. Good binding in these experiments corresponds M1z GAGAGAGAG CCTT CTCTCTCTC CCTT CTCTIICTC
to effective iron-EDTA cleavage. According to their results,
inosine is a very ineffective third strand binder for any of
the four Watson Crick duplex combinations. The result was
recently confirmed by Shimizet al. (1994).

In this paper we will re-examine the impact of inosines
on the third strand binding by using a self-folding oligo-
nucleotide model system (iHar & Dervan, 1990; Skl€ma
& Feigon, 1990; Viker et al. 1993; Plum & Breslauer,
1995).

A self-folding triple helix formed from a single DNA
strand was first reported by Sklarend Feigon in 1990, and
these structures have been investigated with one- and two
dimensional NMR techniques (Macayet al, 1991;
Radhakrishnan & Patel, 1994). By choosing pH and
counterion concentration accordingly, three different con-

GAGAGAGAG CCTT CTCTCTCTC CCTT CTITITCTC

MHPIN GAGAGAGAG CCTT CTCTCTCTC CCTT

and purified by HPLC on a Pharmacia Mono Q anion
exchange column (Mker et al,, 1993). Purity was checked
by gel electrophoresis. Only samples with less than 3%
failure sequences have been used throughout this study.
(B) UV-Melting. Thermal denaturation monitored by UV
absorbance was carried out in a Pye-Unicam SP1800
spectrophotometer with a custom-made heating block inter-
faced to an IBM PC through an Oasis digital converter.
Typical samples contained about 1« oligonucleotide,
giving an absorbance of 0.7 at 260 nm. Absorbance values
at 260 nm were recorded every 0Q at a heating rate of 1
°C/min. Samples were heated to &5 prior to the first scan
&hd allowed to cool over 40 min to avoid alternative folding
intermediates. Scans of each sequence were reproducible,
so the reactions are completely reversible. The melting
temperaturesT(,) were extracted from the digitized data by
a computer based curve fitting procedure (Bevington, 1969;
Husler & Klump, 1994) and processed with the Quattro-Pro
software package. Solutions were composed by mixing two

a random coil the hairpin formation can be distinguished from
the triplex formation as seen in CD spectra and UV-melting
experiments (Viker et al., 1993; Hisler & Klump, 1994;
Plum & Breslauer, 1995). By using the intramolecular
folding of a single strand, one can (a) be almost sure of
excluding alternative secondary structure formatioringta

& Dervan, 1990), (b) maintain the prospective strands in high stock buffer solutions of 50 mM [Nd (20 mM’ sodium

local concentration, (c) obtain the correct stoichiometry, and acetate, 20 mM sodium cacodylate, 10 mM sodium chloride)
(d) enfo_rce the ori_entation of the third strand with respect to and 5 M [Na] (20 mM sodium ac,:etate, 20 mM sodium
the purine strand in the preformed target duplex. cacodylate, 5 M sodium chloride). The pH was adjusted
The sequences investigated here are based on the sequeng@th minute amounts of concentrated hydrochloric acid to
JV-ITS (Volker et al, 1993) which forms a stable intra-  ayoid undue dilution. All chemicals were analytical grade
molecular triplex. All the sequences used here form an gissolved in double distilled water.
identical Watsor-Crick hairpin helix as the core with an (C) CD SpectroscopyCD spectra (366205 nm in 0.5
extension which can fold on to form a triple helix in which ) stens) were obtained on an Aviv Model 60DS spectro-
canonical bases are systematically replaced by inosine. Thepolarimeter (Aviv Associates, Lakewood, NJ) in an agqueous
technique of UV-melting was used to determine the melting p ter solution (100 mMm [N&]) in a 0.1 cm path length
temperature ) of the triplex-hairpin, hairpin-coil, and ¢ yette (Hellma 110QS). An extinction coefficient of 3.27
triplex—coil transitions. Phase diagranig,(vs pH andTn, x 10P M~ cmrt was calculated for MCT according to Cantor
vs log[Na']) were constructed according to Klump (1987). gt 51 (1970). Phosphate analysis (Snell & Snell, 1949) of
The impact of inosine replacement on the third strand binding \icic and MICI yielded extinction coefficients of 2.68
is reflected in theTr, in the first place and consequently in 15 (£0.8 x 10 ML cm ! and 2.6x 10° (£1.6 x 107)

the shifting of_ th_e phase boundaries. CD spe.ctroscopy wasp -1 ¢mt, respectively, quoted at 9 on a per strand basis.
used to discriminate between the three possible conforma-the spectra were normalized in units of molar ellipticity for

tional states, coil, double helix, and triple helix, and to comparison.
monitor the thermally induced interconversion between the
tlhgrgg)structural motifs of the molecule (Plum & Breslauer, RESULTS AND DISCUSSION

(A) The Unmodified Parent Sequence MCT Can Sequen-
MATERIALS AND METHODS tially Fold into a Triple Helix by Way of a Double Helical
Hairpin Intermediate. Figure 1 shows the proposed unfold-
(A) DNA Preparation. The seven oligonucleotides listed ing pathway of the intramolecular triple helix MCT induced
in Table 2 were synthesized on an Autogen 6500 (Miligen, by rising the temperature under given conditions of pH and
Burlington, MA) by conventional phosphoramidate chemistry sodium concentration. As will be shown below, the forma-
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Ficure 1: The proposed thermally induced unfolding pathway of
the oligonucleotide MCT. The equilibrium between the conforma-
tions is influenced by solution conditions, as indicated by changes
in proton and sodium ion binding.
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FiIGURE 2: A plot of the first derivatives of melting profiles (fdsd
dT) vs T) obtained for a pH series for oligonucleotide sequence
MCT (1.5 uM single strand in 100 mM [N§ buffer: 20 mM
sodium acetate, 20 mM sodium cacodylate, and 60 mM NaCl). Each
scan was repeated at least twice.

tion of the triplex requires the formal charge on the cytosine
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Ficure 3: Phase diagram of MCTT{, s pH) in 100 mM [Na]
buffer (20 mM sodium acetate, 20 mM sodium cacodylate, and 60
mM NacCl) showing the phase boundaries of the tripleil (empty
squares), triplexhairpin (filled triangles), and hairpincoil (filled
squares) transitions.

55

published observations on the pH dependency of the thermal
unfolding of the related oligonucleotide sequence JV-ITS
(Volkeret al.,1993). Itis obvious from this pH dependency
that the first step is accompanied by a release of the positive
charges from the Hoogsteen cytosines, resulting in an
increase ofT, with decreasing pH. The second stepTat
=65°C) is pH independent, no further change in the degree
of protonation is occurring, and thE, is invariant under

the set of solvent conditions applied.

Figure 3 gives the complete phase diagram of the reference
sequence MCTi.e., the plot of T, vs pH for the triplex-
hairpin transition (filled triangles), the hairpitoil transition
(filled squares), and the triplexcoil transition (empty
squares), in a pH range where there is no stable hairpin
intermediate in the unfolding pathway. In the pH range
between 6.5 and 6 the triplehairpin and the hairpiacoil
transitions are becoming increasingly superimposed such that
no effort is made to deconvolute the two transitions to extract
Tw's and no individual data are shown in the diagram. The
sodium concentration is kept constant throughout this series
at 100 mM [N&]. The full lines represent the phase
boundaries between the three conformers where they can be
confidently resolved. A complete set of phase diagrams has
been obtained for the other six sequences. Only the slopes
of the boundaries are listed in Table 3. A detailed discussion
of variation in slope with variation in sequence for the

residues of the Hoogsteen sequence. At pH 7.5 the meltingtriplex—hairpin transitions is given below (Figure 8). The

temperature of the triplex has dropped below°gZD

The effect of the solution pH on the stability of the
conformers is further exemplified in Figure 2 which shows
a compilation of derivatives of melting profiles @gso/dT)
vs T) at five different pH values. At pH 8.0 a monophasic
transition appears with &, of about 65°C. As was
confirmed by CD spectroscopy and chemical footprinting
methods (Viker et al., 1993), no Hoogsteen strand sequence
is bound at this pH and the initial conformation is that of
the extended hairpin conformation. Between pH 7 and 6.7,
a new low-temperature transition, which is assigned to the

hairpin—coil transition is taken as a kind of internal standard
transition because it is pH independent and does not reflect
sequence variation in the single strand dangling ends of the
hairpins. The average slope of th&dd(pH) plots, repre-
senting the phase boundary between the hairpin and coil, is
zero (Figure 4). It should be pointed out that the phase
boundary between triplex and coil decreases in slope to zero
when the pH approaches 5, which is close to tiegf free
cytosine (Ka = 4.5).

(B) CD Spectroscopy Is Used To Assign the Conforma-
tional States Associated with Each Transitiofihe ther-

triplex—hairpin transition, appears as a clearly separate peakmodynamically most stable conformational state and its

set aside from the pH invariant high-temperature transition
which is assigned to the hairpithelix to coil transition.
Dropping the pH further lifts th@, of the triplex—hairpin
transition. At pH 6.0 it starts to merge with the hairpin
coil transition. This is in good agreement with the previously

conversion into another conformation can be best character-
ized by CD spectroscopy as temperature-dependent CD
spectra, recorded under preselected experimental conditions
(temperature, pH, and [N, give clear and independent
evidence for the presence of the triplex, hairpin, or random
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FiIGURE 4: Ty, vs pH for the hairpir-coil transition for MCT,
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Ficure 5: Temperature dependence of CD spectra of MCT (1.78
x 1075 + 0.1 x 105 M) in aqueous buffer solution (100 mM
[Na*], pH 6.7) at 10°C (triangles), 50C (empty squares), and 75
°C (filled squares).

coil as the dominant conformation (Figures 5 and 9). A
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FIGURE 6: Ty vs log[Na'] (pH 6.7) for triplex and hairpin
conformations of MCT.

the phase transitions as a function of pH or sodium
concentration and/or temperature.

(C) The Hairpin—Coil Transition Can Sefe as an Internal
Control for the pH and Salt Dependent Bef@ of Each
Phase Transition.It is clear from Figure 6 that the triplex
hairpin transition temperature (full rectangles) is independent
of the sodium concentration in the interval 10060 mM
[Na*], i.e., no sodium ions are taken up or released during
this conformational change. In contrast to the behavior of
the triplex, the hairpin conformation gains thermal stability
with increasing [Nd] and sodium ions have to be released
when the hairpin unfolds to the coiled single strand. Similar
findings are reported in the literature (Rec@ial., 1978;
Breslaueret al., 1986).

At pH >7.5 the stability of the triplex has dropped below
room temperature and only the hairpin exists as the ther-
modynamically most stable conformation. Hence the UV-
melting profile for the hairpir-coil transition (not shown)
can be used to calculate thg, and the corresponding

negative band at 246 nm and a second one appearing at 21&ansition enthalpy AH,y) following a procedure first

nm, present only at low temperature (XD spectrum, Figure
5) and pH conditions XpH 6), make up the established
indicators for the presence of the triplex as the prevailing
conformation (Mancinet al,, 1990; Pilchet al., 1990; Xodo
et al,, 1990; Johnsowet al, 1991; Scaria & Schafer, 1991;
Roberts & Crothers, 1992; \er et al, 1993; Plum &
Breslauer, 1995).

Conditions which favor the hairpin as the dominant stable

conformation such as neutral pH and intermediate temper-

ature (25-50°C) are changing the features of the CD spectra.

published by Marky and Breslauer (1987); we can safely
assume that the hairpirtoil transition follows a two-state
mechanism with no intermediate states populated. Trhe
for this sequence amounts to 66 (100 mM [Na]), and

the AHy yields 57.6 £5) kcal/mol of single strand. The
enthalpy value is in good agreement with a computed value
derived from increments of stacked base paitd¢,c= 59.9
kcal/mol of 9mer (55% GC). These increments were derived
from stacking interactions of selected polymer double helical
complexes measured by calorimetry (Klump, 1988). The

A large positive band at 276 nm, a small negative band at close correspondence of the two values supports the assump-
242 nm, and a small positive band at 221 nm are indicative tion that the hairpir-coil transition is well described by a

for the B-DNA type conformation which is expected for the
hairpin helix (Bush, 1974)cf. spectrum 2 in Figure 5).
Raising the temperature well above thgfor the hairpin-
coil transition, which occurs at about 66 for the sequences
investigated here in 100 mM [N# solution, the positive

two-state process. Plum and Breslauer (1995) have reported
correspondingAHyy values for slightly shorter hairpin
helices with larger loops, but theiAHcy values are
systematically lower. No explanation can be given for the
discrepancy at this stage. The sequences investigafed (

band at 276nm decreases substantially as does the negativéable 2) are designed in such a way that they will all fold

band at 246 nmdf. spectrum 3 in Figure 5). The high-
temperature spectrum (?&) is in good agreement with the

into the same hairpin helix, with the only variations present
in the dangling single strand extensions which can be shown

spectrum of a thermally disordered single strand. Since thenot to affect the stability of the hairpin conformation in any

characteristics of the three conformational states, triplex,

duplex, and coil, are well reflected in the CD spectra, it is

detectable way. The results for the hairpioil transition
are shown in Figures 2 and 4 and listed in Tables 3 and 4.

sufficient to use the corresponding bands to identify the three Taken together, we can safely state that the hairpoil
structural motifs. They can be used to assign the three motifstransition temperature is independent of the pH and the
to their respective areas in the phase diagram and to monitorsequence variations in thé-8xtensions. This conserved
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Table 3: Summary of the pH DependencyT@{d(pH)) Data 2 ¥ MACT(OI)
Recorded at 100 mM [Ng 45 MeIC arm)
triplex—hairpin hairpir-coil MICE Q2T
MCT —28.940.9 —0.7+04
MCIC —29.0+2.1 0.3+0.3 s
MICI —-30.8+1.4 —-0.9+0.2 2
MIT —21.5+0.6 —-1.4+0.2 g
MITI —15.7+0.8 0.0+ 0.1
Ml —19.4+ 1.6 —0.9+0.3 25
MHPIN 0.0+0.2 ‘
A
av —05+06 = E\g N e
1 T T
Table 4: Summary of the Sodium Counterion Concentration * ‘ * ’ 7'5
Dependency (d{m)/d(log[Na'])) Data P
pH 4.5 pH 5.8 pH 8.0 b) a
- - — — - — - . MCT (0D
triplex—coil triplex—hairpin hairpin-coil hairpin—coil ol MIT @)
MCT 10.2+ 0.6 0.4+ 0.6 147+09 14.1+0.4 T Q12C)
MCIC  13.0+1.0 0.8+ 1.1 15.8+£0.8 11.2+1.0
MICI 11.4+1.0 —4.6+0.5 11.7£ 0.6 12.8+ 0.6 R 5 s
MIT 139+1.1 40+ 17 11.3+0.6 11.6+0.6 5 :
MITI 175+0.1 6.7+ 1.2 1494+ 1.00 13.24+0.9 E Apl, 3
Mil 11.3+1.4 6.1+ 1.5 129+ 0.6  13.5+0.7 —
MHPIN 12.1+0.4 < -
% A
av 13.6+£1.7 126+1.0 e
apH 6.7.° pH 5.0. ]

5 55 3 65 7 75

structural element can be used to compare the thermal

transitions of.the variqu§ triplexe.s'. g Ficure 7: Phase diagramsT§ vs pH) comparing the triplex
(D) The Triplex-Hairpin Transition of the Unmodified  pirpin (3« 2) transitions of (a) MCT, MCIC, and MICI and (b)

Sequence MCT.The transition on which we expect the MCT, MIT, and MITI (100 mM [Na]).

sequence variation and pH changes to have a measurable

effect is the triplex-hairpin transition, which becomes

apparent in the phase diagram (Figure 3) on lowering the

pH to 7.4 and lower. The triplexhairpin transition shows

pH

No Inosine

a strong pH dependency Tgdd(pH) = —28.9 + 0.9 °C), 65 LorT
giving the Hoogsteen/loop cytosines an appar&tgh about 60 HorCaT
7.3 at 25°C (Husler & Klump, 1995). In other words, the ;f) 21sfor2Ts

Hoogsteen strand extension contains five cytosines, eachg s
carrying a formal charge. This localized positive charge & %

2I'sfor2C's
MCT

density explains why, in contrast to the hairpicoil transi- b mcic
tion, the triplex-hairpin transition shows no [Nddepend- 25

ence, with d/d(log[Na']) = 0.4 + 0.6 °C (cf. Figure 6). 20

The phosphate groups in the vicinity of the third-strand . °

cytosines must be electrically neutralized by the localized Number of inosines introduced
positive charges. Ficure 8: Summary of the effect on the triplesairpin transition
In the following paragraphs we will discuss the impact of of replacing cytosine and/or thymine with inosine in the third strand
exchanging one or more pyrimidine residues in the Hoog- @S compared to the sequence MCTF, »s number of inosines
steen strand extension with the uncharged purine basentroduced (pH 6.0, 100 mM [Ng), vs the kind of Hoogsteen
: . L . pyrimidine replaced.
inosine. Inosine is supposed to hydrogen bond with the
Hoogsteen side of A and GC base pairs. Since inosine (T, vs pH) which shows the conditions for the triplex
is a large purine base, its presence within the pyrimidine hairpin transition for the two sequences with thymine
sequence should exhibit some steric effects, and in addition,replaced is given in Figure 7a. The phase boundary for the
the uncharged inosine must have an effect on the pH reference sequence MCT is also included. The three phase
dependency of the triplexhairpin transition. The results  boundaries run parallel, i.e., the same number of protons are
are presented in Figures 7 and 8. released during the phase transition. This corresponds to
(E) The Influence of Inosine for Thymine Exchange on the fact that no formal charge is deleted from the third strand
the Binding of the Hoogsteen Strand to the Conedr since no cytosine is replaced by inosine.
Hairpin Helix. To separate the effect on the triplex stability A single thymine replacement (MCIC) offsets the bound-
of the | for T mutation from the effect of the | for C mutation, ary toward a lower pH by 0.8 pH unit. A further replacement
we have designed two sets of oligonucleotide sequencesof a second thymine (MICI) offsets the phase boundary by
either with a single thymine or with two thymines, spaced an additional 0.4 pH unit, resulting in a total downward shift
by a cytosine, replaced by inosine(s) and the correspondingof 1.2 pH units. Compared to the reference sequence MCT,
sequences with cytosine replacements. The phase diagrana substantial stepwise lowering in pH is required to keep
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a) 4 MITI) as compared to the reference sequence MCT. With
10°C increasing loss of formal positive charges (protonated cyto-
3 soC sines) from the third strand, the slope of the phase boundary
N - decreases indicating that fewer protons are released upon
7 the triplex to hairpin transition. A 7C decrease in slope is
N observed for a single cytosine replacement, which is in very
good agreement with the decrease in slope of 8%
01 predicted for losing a single formal charge in the third strand
(Volker, Ph.D. thesis, Cape Town, 1993). To observe a
phase transition at 25C, the pH of the solution has to be
lowered by 1.0 pH unit when one cytosine is mutated to
inosine (MIT) and by 1.7 pH units when two cytosines are
3 ‘ , , ‘ : ‘ , replaced. If the pH is kept constant, tfig for the phase
00200240 260 280 300 320 340 360 transition decreases by 32 (pH 6, 100 mM [N4]) for a
Wavelength [nm| single cytosine replacement, and a further drop of about 12
by 4 °C is observed on the second replacement. In general, it
Lc seems that the loss of the formal charge has a greater impact
on the triplex stability than the distortion by the bulky purine
residue.
75°C As seen for thymines, the combined influence of two
replacements does not appear to be simply additofe (
Figures 7b and 8). It should be pointed out that the triple
helix (9-mer) does not exist above room temperature when
as few as two cytosines are exchanged by inosines. In other
words ion pair formation seems to be the major stabilizing
factor in intramolecular triplexes formed from mixed se-
guence.
R . ‘ ‘ ‘ ‘ ‘ . (G) The Effect of a Combined MutatiorReplacing a
200 220 240 260 280 300 320 340 360 neighboring cytosine and thymine with inosines (Mll) lowers
Wavelength [rum] the T, for the triplex hairpin transition at pH 6, 100 mM
FIGURE9: Temperature dependence of CD spectra of (%435 [Na'], by about 29°C, indicating that this triplex is slightly
ﬁlgll(g) 10> M) MC'E (f}’vl) anoll (t_2-54(><101005§ F@X&%z;\ﬂ)t more stable than sequence MIT which has an isolated
In aqueous burrer solution m 9] .0) al H i
10°C (triangles), 50C (empty squares), and 7& (filled squares). g%li?]isslnsee;iﬂﬁggd(cl\sh|I;!ghuc:\(/av:\zler,-rirs]evzlr())/psl?m(?naﬁodt(ﬁg é)lope
of the latter (MIT), underlining the dominant effect of the

6] x 10-deg M bm?

w
?
]

50°C

S v v
:

8] x 10-5deg M k!

'
T

224

the Ty, for the triplex—coil transitions of the three sequences loss of a formal charge ofi,. The observed relative increase
identical. Without compensating for the destabilizing effect 9 |

of inosine through a drop in pHL. at fxed pH), thely 1 320 S8 FORREE U0 T e mosines
drops from 65.9C (MCT, pH 6, 100 mM [Nd]) to 40 °C 9 '

(MCIC, pH 6, 100 mM [Nd]; cf. also Shimiziet al.,1994)
and down to 30C (MICI, pH 6, 100 mM [Na]) (cf. Figures CONCLUSIONS
7a and 8). We attribute this sizeable drop in transition  Although able to bind to both A’ and GC base pairs in
temperature to significant backbone distortion, resulting in the Hoogsteen mode, inosine replacement of either pyrim-
decreased stacking interactions. The destabilizing effect doeddines destabilizes the triple helix conformation. This reflects
not appear to be simply additive (Table 3 and Figures 7a poorly on its potential use as a “wild-card” in the Hoogsteen
and 8), but no detailed description of the local distortions position, and a modified base would perhaps be more suited
can be given. The replacement of one thymine base in theto this role. These results support the findings of Griffin
third strand by inosine has no influence on the slope{d and Dervan (1989) and Shimiat al. (1994). Since triple
d(log[Na'])) at pH 5.8 (Table 4), but the slope changes in helix stability is sensitive to backbone distortion and/or
the order of—5 °C on substitution of a second thymine by decrease in stacking interactions within the third strand, these
inosine, indicating that some destabilization must occur.  factors will have to be taken into account when designing
CD spectra of MCIC and MICI are presented in Figures and implementing a modified base in site-directed 0"90-
9a,b. The characteristic bands (279 n#r) @nd 213 nm  hucleotide probes.
(—)) which indicate the triplex formation are clearly shown Replacing third-strand thymines and/or cytosines in a
in the 10°C spectrum (filled triangle). A slight shoulder canonical intramolecular triple helix reduces the binding
between 250 and 260 nm is the only additional change in energy of the Hoogsteen third strand due to distortion of the

the CD spectrum as compared to Figure 5 ¢Q) filled backbone and reduced stacking interaction.
triangle) when inosine is introduced into the@rimidine Substituting cytosine with inosine reduces triplex stability
sequence. further in favor of the hairpin helix because of the loss of

(F) The Influence of Inosine for Cytosine Exchange on an ion pair between the formally protonated cytosine and
the Binding of the Hoogsteen Strand to the Conedr  the sugar phosphate backbone.
Hairpin Helix. Figure 7b shows the effect on the triplex Two consecutive inosines, even if they replace a neighbor-
stability of replacing cytosine(s) with inosine(s) (MIT and ing thymine and a protonated cytosine, lower the binding
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energy of the third strand to a lesser extent than the Maher, L. J., lll, Wold, B., & Dervan, P. B. (1989) Inhibition of
replacement of two separate thymines or two separate DNA binding proteins by oligonucleotide-directed triple helix

cytosines. It seems that some stacking is gained from the

formation. Science 245725-730.

neighboring inosines, making the backbone distortion a bit Manzini, G., Xodo, L. E., Gasporotto, D., Quadrifoglio, F., van

less pronounced.
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