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Abstract: Complementary short-strand DNA homooligomers and guanidinium-linked homonucleosides associate
and form triplexes in solution. The melting temperaturés, the association and dissociation kinetic and
thermodynamic parameters, and activation energies were determined by UV thermal analysis for the triplexes of
short strand DNA homooligome{sl(pA)s-d(pA)i2-1gt and poly(dA) with the guanidinium-linked nucleoside d(Fg)
T-azido{ DNGs}. The melting and cooling curves exhibit hysteresis behavior in the temperature rang8®fG

at 0.2 deg/min thermal rate. From these curves the rate constants and the energies of activation for askggiation (
Eon) and dissociationkgs, Eoff) processes were obtained. Thg decreases with the ionic strength and increases
slightly with increase in concentration of the monomers. A greater increase Thttesults from an increase in the

length of the DNA strand d(pA) In the case of d(pA)and d(pA}, triplexes are formed, witii,, = 34 and 39°C,
respectively, only above 0.063 mM/(adenine base) concentration when ionic strength is 0.08. The rate ggnstants
andk.s at a reference temperature (288 K) are dependent on the DNA strand length and also decrease and increase
respectively with the ionic strength. The energies of activation for the association and dissociation processes are in
the range of~10 to —50 and 17 to 44 kcal/mol, respectively. The equilibrium for the formation of the triplexes
{(d(Tg)-T-azido)-d(pA)x, x = 5—10)} is favored by several orders of magnitude when compared to the triplexes

of DNA. The standard molar enthalpies for triplex formation have larger negative values at low ionic strength than
at high ionic strength indicating that at lowgrvalues the formation of triplexes of d(TgJ-azido with d(pA) is

more favored. The values @&H°(288) calculated from the activation parameters are betwedhand—60 kcal/

(mol base) and the values 8fG°(288) are betweer-8 and—13 kcal/(mol base) for short-strand DNA. There is

a linear relationship in the enthalpgntropy compensation for the triplex-melting thermodynamics.

Introduction o]
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The negatively charged phosphodiester linkages of double- fﬁ’i
and triple-stranded DNA and RNA reside side by side causing N"Yo
considerable chargecharge electrostatic repulsion. This is HO—~_ O,
particularly so at the low ionic strength that is physiological. _/ o
This feature, as well as the susceptibility of DNA and RNA to nn HeC N,H
nuclease activity, limits the usefulness of RNA and DNA as + | I A
antisense or antigene drugs. P. D. Cook, Y. S. Sanghvi, and HN=C N"Yo

co-workers have discussed the desirability of replacing the
phosphodiester linkage by other linkages which are either neutral
or positively charged, and resistant toward nuclease degrada-
tion12 in order to provide more effective antigene/antisense
agents. Also considered by these workers was the desirability
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in future studies to modify oligonucleotides in such a manner HNWOJ
that cellular uptake is enhanced. We have reported the |——/
replacement of the phosphate linkages in DNA and RNA by N3

achiral guanido groups which provide a new class of guani-
dinium (g) linked nucleosides which we identify as DNG and
RNG2 This paper is focused on the interaction of d@F@)
azido{DNGs} with complementary short strand DNA oligo-
nucleotides.

The melting temperaturesl,{) serve as a measure of the
strength of binding of oligonucleotide strands to form duplexes
and triplexes. The dynamic processes of thermally induced
renaturation and denaturation of double and triple helixes are

® Abstract published idvance ACS Abstract#yugust 15, 1996.

d(Tg),-T-azido

described by kinetic and thermodynamic parameters. A phys-
icochemical description of biologically important binding
interactions of structurally distinct oligonucleotides is thus
obtained. For example, the rate of renaturation of DNA’s of
simpler organisms, such as viruses, is faster than the rate of
renaturation of DNA’s of more complex organisms, such as
bacteriat

In renaturation and denaturation studies reactant single/double

(1) Vasseur, J.-J.; Debart, F.; Sanghvi, Y. S.; Cook, Rl.Am. Chem. strands are in equilibrium with double/triple helical structures

So0c.1992 114 4006.
(2) Sanghvi, Y. S; Cook, P. D. IlNucleosides and Nucleotides and

at each temperature when the rate of change of temperature is

Antiziral Agents Chu, C. K., Baker, D. C., Eds.; Plenum Press: New York, Slower than the association and dissociation rates. The associa-
1993; p 331. tion and dissociation rates of triple-helix formation in the case
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of DNA molecules is slower than in the case of RNA molecules. Scheme 1
Thus, at a given rate of heating and cooling and at given d(pA) ; DNG
temperatures one can see different mole fractions of DNA helical
structures dependent on whether one is heating or cooling.
Heating and cooling plots of mole fractions temperature
provide a hysteresfs.From the shape of the hysteresis curves
the individual rates of the association and dissociation of the pnG
DNA strands forming duplexes and triplexes and the associated
thermodynamic parameters can be determined.

In this study we report the melting temperaturgg, as well
as the association and dissociation kinetic and thermodynamic
parameters for the formation of triplexes of short strand DNA
homooligomerg d(pA)s, d(pA)s, d(PA)7, d(pA)es, d(pA)s, d(PAho,
d(pA)2-18t as well as for poly(dA) with d(Tg)T-azido
{DNGs}.

Materials and Methods

The guanidinium-linked oligomer d(Tg)-azido was prepared as
previously reported@ < Poly(dA) and d(pAg to d(pA)oand d(pA)2-1s
were purchased from Pharmacia Biotech. The concentrations of
nucleotide solutions were determined using the extinction coefficients

per base{poly(dA) exso = 8400 Mt cm™ and for short d(pA) domino normal slide
sequences;sy = 15000 Mt cm 1.8 For d(Tg)-T-azido we usedzes
= 8100 Mt cm13>c All experiments were conducted in 10M a b

phosphate buffer at pH 7.0 and the ionic strengttwas adjusted with
KCI. The concentrations of nucleosides, expressed in M/base, werei, molar per base (M/base). The theory behind the “on” and “off’

2.1x 10°t0 6.3x 10°*M and the ionic strength = 0.03-1.20. Al rates of the dissociation/association of the triplexes and the derivation
stock solutions were kept at®C between experiments. of kinetic equations has been described in détdit eq 1 a triplex is
Sample Preparation. Six magnetically stirred screw-cap cuvettes  formed from and dissociates to a duplex and a third monomer strand

of 1 cm path length were used for data collection: five with samples ith rate constantko, andkss. The associated rate for this reaction is
to be measured and one for the temperature monitoring. A layer of given in eq 2. LettingDw; = [D] + [Tr]; and M = [M] + [TT]

Sigmacote (Sigma) was placed above the aqueous reaction solution in
order to prevent evaporation and the measurement chamber was purged

continuously with dry nitrogen to prevent condensation of water vapor d[Dydt = klﬁ[Tr] - kln[D][M] @)

at lower temperatures. Annealing and melting were followed spec-

trophotometrically. where the subscript “tot” stands for the total concentration and
UV Spectroscopy and Data Collection. A Cary 1E UVlis superscripfl stands for temperature. The monitored absorbance is a

spectrophotometer equipped with temperature programming and regula-weighted combination of the absorbances of the trimer, dimer, and
tion and a thermal melting software package were used for data monomer (eq 3) where = [Tr]/Di.
collection att = 260 nm. Spectrophotometer stability ahdlignment
were checked prior to initiation of each melting point experiment. For A= oA+ (1 — a)Apim (3)
the T, determinations the hypochromicity was used. Data were
recorded every 0.4 deg. The samples were heated from 25%0 86
5 deg/min, the annealing (9% °C) and the melting (595 °C) were
conducted at 0.2 deg/min, and the samples were brought back to 25 do. T o .
°C at arate of 5 deg/min. The reaction solutions were equilibrated for e KorMioi(1 — (1)(1 - —) — koot (€))
15 min at the highest and lowest temperatures. P

Analysis of Kinetic Data for Triplex Formation. The equation
for triplex formation that was employe@eq 1) describes the formation
of the triplex (Tr) from the duplex (D) and the monomer (M), as
individual strands. This equation could be interpreted as the reaction

If one definesp = Mio/Dior, €9 2 can be written in terms of and p:

As mentioned in earlier work€:8 the absorbances for the triplex and
duplex, Ar and Apim (a0 = 1 and 0, respectively), are very often
temperature dependent. In our determinations, Aall and Apim
baselines were well defined and constant with temperature. Exceptions
K, were in the case of poly(dA). Here we saw a second transition due to
D+M T‘ Tr (1) the melting of the d(pAY(Tg)-T-azido duplex. In this case the short
g distance between the end of the triplex melting and the beginning of
K — kgr/kl the duplex melting was approximated by a linégy.v temperature
eq ff dependence. The data points were recorded every 0.4 deg, therefore,
do/dt ~ Ao/At = (o141 — ar-1)/0.8. In our case we kept the ratio
of double-strand D with Single-Strand M. However, the process of between the dup|ex and third strand monomer at 1:1 @e:,]_) and
triplex formation may take place in different ways which we shall refer AT/At = 0.2 deg/min= constant for the melting and the cooling
to as domino, normal, and slide (or dangling ends) (Scheme 1). The processes. To transform eq 4 from a time-dependent into a temperature-
expression of kinetic equations for the reactants and products (eq 2)dependent equation, both sides should be multipliedthiTdand one
can only be accomplished by expressing the concentrations of strandsgan obtain the working equations for the heating (h) and the cooling

(3) (a) Dempcy, R. O.; Almarsson,.(Bruice, T. C.Proc. Natl. Acad. (c) processes (eqgs 5a,b).
Sci. U.S.A1994 91, 7864. (b) Dempcy, R. O.; Browne, K. A.; Bruice, T.
C.J. Am. Chem. S0d995 117, 6140. (c) Dempcy, R. O.; Browne, K. A;; daﬁ dr\t oy,
Bruice, T. C.Proc. Natl. Acad. Sci. U.S.A995 92, 6097. (d) Browne, K. == kIant(]_ —a)|1—-—| - kIﬁOLE (5a)
A.; Dempcy, R. O.; Bruice, T. CProc. Natl. Acad. Sci. U.S.A995 92, dr dt fn
7051.
(4) Wetmur, J. G.; Davidson, Nl. Mol. Biol. 1968 31, 349. (7) Breslauer, K. J.; Sturtevant, J. M.; Tinoco, I.,JrMol. Biol. 1975
(5) Roude, M.; Faucon, B.; Mergny, J. L.; Barcelo, F.; Giovannangeli, 99, 549.
C.; Garestier, T.; Hene, C.Biochemistry1992 31, 9269. (8) Cantor, C. R.; Schimmel, P. Biophysical ChemistryPart I1l; W.

(6) Stevens, C. L.; Felsenfeld, Biopolymers1964 2, 293. H. Freeman and Co.: San Francisco, 1980.
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do]  (gT)\t a, 065 T T T T
_ T C T T a
o dr) ] MoMld e\ =2 = Ko (5D)
C
The rate constant&,, and ko are functions of temperature and, 061 .
therefore, can be expressed as Arrhenius equations:
Enf1 1 n ]
KoMt = k;enfMtot exp — — = — = (6a) 0.53
R\T T
OD,¢
E d(pA
oM = K5t exu{ - —°“(1 - i)} (6b) st (PAho .
RAT ref,
whereR = 1.98 cal/(molK) and T any arbitrary temperature. For
comparison reasons with other repdmtge choseTs = 15°C. In a 0.45 |- -

plot of In(Koniot)) vS LT — 1/T,es the thermodynamic parametdgs, R
are obtained as slopes and the kinétigMi: and kot parameters as
intercepts. The variation of the values @fat the limits restrict the i | i i

use of this model to the transition portion of the sigmoidal curve. As 045 20 40 60 80 100
recognized earlier by othe?d® the sloping of the baselines and the
self-association of the single-stranded oligonucleotides limit the ac- Temperature (°C)

curacy of the determinations.

Data Analysis. The Cary 1E data were exported in ASCII format b 28 ! ! 1 1
and smoothed in Mathlab (The MathWorks, Inc., Natick, MA) and
imported in Mathcad Plus 5.0 (MathSoft, Inc., Cambridge, MA) for
calculations and analysis (see supporting information). 26 - -

Results

Melting Curves and Their Hysteresis Behavior. Melting
studies of triplexes formed from short strand DNA homooli- d(pA);
gomers and d(Tg)T-azido have been carried out using UV 0Dy
spectroscopy at 260 nm. The ratio between d{Tigazido and
d(pA)was 2:1. In Scheme 2 we show the temperature ramping
used in these studies. A 15 min waiting period was used at
each designated temperature. We have found that all melting
curves exhibit hysteresis (Figure 1). The divergence of the 2 -
heating and cooling curves are functions of the rates of heating
and cooling. At 5 deg/min the hysteresis curve is more

pronounced, whereas at 0.2 deg/min it is less. Consequently, 18 i 1 1 1
when dI/dt approaches zero, the system is at equilibrium, and 0 e 40 60 80 100
the melting and the cooling curves coincide such that= Temperature (°C)

constan eq 4). . . . . .
( Bort (€9 4) Figure 1. Hysteresis curve for the triplex denaturation and renaturation

f Stou;)hlonk;etry of thfe B:n?mg. Jobtp.lo.ts Wgere co%struct(;ad of d(pA)o (a) and d(pA) (b) with d(Tg)-T-azido (TgXATg) at 2.1
rom absorbances of solutions containing defgjazido an x 1075 and 6.3x 10° M/base of ssDNA respectively at = 0.03,

the DNA homooligomers d(pAjand d(pAjoin order to assess and 0.2 deg/min heating (cooling) rate. For d(p® second small

whether the hysteresis generally seen in the heating and coolingransition is observed &, of ca. 76°C due to the duplex melting
curves (Flgure 1) is associated with trlplex denaturation. and/or to other types of associations.

Equilibrated solutions were examined at 10 and@Q(Figure

2). The linear dependence of the absorbances fails below 10%Scheme 2

or above 90% d(Tg)T-azido but clearly establishes a minima 95°C 95°C

at ca. 67% d(Tg)T-azido which corresponds to the formation Sdeyy W my/ Wmin
of a 2:1 (d(Tg)-T-azido}:(DNA) complex. At 10°C the curves 0.2 deg/min

are well-defined whereas at 2C the plots are shallow such 25°C s 25°C

that it is difficult to define the intersection point of the sloping

lines. The same results were obtained at three wavelengths (Zozéolution containing the 2:1 stoichiometry, and no changes for
260, 265 nm). The absorbance change was, however, mUCh[he 1:1 stoichiometry when working at 2>1 1075 M/base

larger and the intersection of lines easier to define at 202 nm. )

It has been reporté@-1! that in studies of DNA and RNA ~ Monomer concentrat!on. )
oligomers the triplexes are the major absorbing species at 280  Effect of the Heating/Cooling Rate. As the rate of the

284 nm. This report led us to monitor the temperature Neating and cooling increases, the rate of equilibration of the
dependence of absorbance at 284 nm with solutions containingSPecies lags such that the hysteresis becomes more marked
2:1 and 1:1 ratio of d(Tg)T-azido and d(pA) (the mole ratio (Figure 4). These features are shared in the melting charac-

was expressed in per base). The results are displayed in Figurderistics of triplex DNA§’_12 The four ramps depicted in Scheme

(A2s0) vs temperature. The gap in the hysteresis curve at a

355()9) Riley, M.; Maling, B.; Chamberlin, M. JJ. Mol. Biol. 1966 20, heating/cooling rate of 5 deg/min (first and the fourth ramps)
(io) Sugimoto, N.: Shintani, Y.; Sasaki, them. Lett1991 1287. is larger than that at a heating/cooling rate of 0.2 deg/min (the

(11) Sugimoto, N.; Shintani, Y.; Tanaka, Bull. Chem. Soc. Jpri992
65, 535. (12) Maher, L. J.; Dervan, P. B.; Wold, B.Biochemistry199Q29, 8820.
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Figure 2. Job plots of d(pA) (@, O, A, A) and d(pA} (O) at 2.1x
1075 M/base with d(TgyT-azido at 10 (open) and ZC (solid) at the
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Figure 5. Dependence of thél, on ionic strength ) for the
dissociation of triplex formed between d(Lgl)-azido and d(pA) at

indicatedl values. As the percentage of T approaches 100, other types2.1 x 10-5 M/base monomer at the indicated ssDNA lengths. TNo

of associations could occur.
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Figure 3. Triplex formation at 284 nm between d(Tg)-azido and
d(pA)wo (ratio 2:1, solid circles). When the T:A ratio was 1:1 no
transition was observed (open circles) due to little or no triplex
formation.
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Figure 4. Effect of the heating/cooling rate on the extent of association/
dissociation of the triplex of d(pAwith d(Tg)-T-azido at 6.3x 10°°
M/base monomer concentrationt) fast heating (5 deg/min)2j slow
annealing (0.2 deg/min)3) slow melting (0.2 deg/min)#4) fast cooling

(5 deg/min).

second and the third ramp). At equilibrium, both heating and
cooling curves coincide satisfying with the mathematical
condition dv/dt = 0 (o = fraction of duplex engaged in the
triplex, see Materials and Methods). Thus from eq 4,
k! Mio(1 — o)(1 — a/p) — klzo = 0. For the cooling curve
dT/dt < O (we are decreasing the temperature) antid> 0
(more triplexes are formed in time while cooling; consequently,
do/dT < 0). Therefore, the right side of eq {4(3,1 Muot(1 —
o)(1— alp) — kgﬁa} is positive and the cooling curve is above
the equilibration curve. The opposite is valid for the heating

determination was possible at this concentrations for d{pAl d(pA}
employed (see text and Table 1). At high ionic strengtk=(1.2) only
poly d(A) forms a triple strand witfi, = 37 °C; for d(pAhz-1s atu
= 0.06 theTy, value was 55°C (data not shown on the plot).

curve. If the rate of heating/cooling is smaller than the rate of
association or dissociation there is no hysteresis and the heating
and cooling curves coincide to provide the equilibrium curve.

Effect of the lonic Strength on Ty,. At the concentration
of 2.1 x 1073 M concentration in base A and a 2:1 ratio between
the T bases and A bases (in 10 mM phosphate buffer pH 7.0)
we saw only oneTy, transition (at 260 nm) after annealing
d(Tgly-T-azido with d(pAY, d(pA)s, d(pA), d(pA)o and
d(pA)2-1s (Figure 1). We assigned this transition to the triplex
denaturation. In contrast, interaction of d(FJ)azido with
poly(dA) exhibits the two transitions corresponding to triplex
and duplex melting®>c We find that only the first transition,
corresponding to the triplex denaturation, has hysteresis behav-
ior. With an increase in ionic strengtl)(the value ofTy,
decreases (Figure 5). Regardless of the source ofid#,
d(pA)7 to d(pAhgt, the slope of a plot offy, s u equals ca.
—50 deg/(unit of ionic strength). Above = 0.2 the melting
curves become shallow (i.eAAzs0 becomes smaller) and the
Tm determination is less accurate. There is an ionic strength
for each DNA length above which transitions cannot be seen
or are too shallow to accurately determine e (see Figure
5). For d(pA) the Ty, determination was possible only at=
0.08. By increasing the concentration of the dA component to
6.3 x 1075 M/base and maintaining the 2:1 stoichiometry, we
obtained triplexes with d(pA)and d(pA} possessindn, values
of 34 and 39°C, respectively{ see Figure 1 for d(pA}.

Kinetics of the Association and Dissociation.The expres-
sion which provides the temperature dependence of the rate
constants for associatiok.f) and dissociationky) is provided
in eq 6. At a given reference temperature eq 6 provl@‘és
and kfff{ as well as the activatiort,, and Eq¢ parameters.
Examination of plots of IoMior) and Inkorr) vs /T (Figure
6) shows that in each case there is a linear and a scattered region
(see supporting information). The scattered region is associated
with the initial and final portions of the triplex melting curve
where there is little change in the absorbance, ie/did~ 0,
which introduces errors. From the intercepts of plots of In-
(KonMio) and Infofr) S 1T — 1/T,er we obtainkE Mo and ko,
respectively. Eo;/R andEq/R are determined from the respec-
tive slopes (Table 1 and Figure 6). Inspection of Table 1 shows
that the values ok.> “My for short-strand DNA oligonucle-
otides vary between & 107* and 45x 1074 s~ ! and those of

1¥C vary between 0.8x 1076 and 37 x 106 sL. The

energies of activatior.- - for short-strand oligonucleotides
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Figure 6. Dependence of Ik{ M) and Inks) on 1T for the
denaturation/renaturation of triplex of (d(Tkg)-azido)-d(pA)s at 6.3
x 107° M/base andt = 0.08 and d/dt = 0.2 deg/min.

Table 1. Kinetic and Activation Parameters for the Triplex
Melting of d(pAx with d(Tgk-T-azid&

1CPconc/ 1043 "My e e
uw  d(pA)x base (M) (s} 10,1 (51 (kcal/mol) (kcal/mol)

12 polyd(A) 2.1 193 19.4 —-34.6 275
0.22 d(pAo 21 58 35.4 —-13.9 17.8
d(pA)s 21 91 37.2 -9.9 16.8
0.12 d(pAo 21 143 9.2 —26.7 20.8
d(pA)s 21 84 8.7 -20.8 27.7
0.08 polyd(A) 21 3. 10° 58x 103 -495 35.2
d(pAyz-1s 2.1 452 0.8 —218 287
d(pA)wo 21 166 8.6 —-29.7 22.2
d(pA) 21 58 2.0 -24.8 35.6
d(pA)s 21 58 8.7 -22.8 28.7
d(pA); 21 83 37 -34.1 33.3
d(pA); 42 203 1.6 -15.8 44.4
d(pA); 6.3 288 1.4 -19.8 34.7
d(pA)s 6.3 14.3 1.8 —25.7 436
d(pA)s 63 58 11.8 -23.8 35.6
0.03 d(pA)o 21 674 2.5 -35.6 275

aMargin of errors: k-3 "Myt = £0.3 x 1074 7% ko & 0.3 x 1076
s EXC andEX© = 40.5 kcal/mol.

were between-10 and—30 kcal/mol andEx; © values were
between 17 and 44 kcal/mol.

Influence of the DNA Length on kon and ko The rate
constant for the associatiok.f) of d(Tg)-T-azido to d(pA)
increases with increase ix while the rate constant for the
dissociation Kr) decreases (Table 1 and Figure 7). At lower
concentration of d(pA)(e.g., 2.1x 1075 M, u = 0.08) the rather
scattered kinetic data indicate no significant chang&gfr
kot With change of chain length up to d(pg) In the same
concentration range,n is one order of magnitude higher and

Blaskal.
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Figure 7. Dependence of thig> © andk; © with the DNA length for
the dissociation of the triplex at 6.% 10> M/base monomer
concentrationg = 0.08 and d/dt = 0.2 deg/min.
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Figure 8. Dependence ok>© and kX3 on ionic strength for

denaturation/renaturation of the triplex formed from d(pAR.1 x
10°% M/base) with d(TgyT-azido (4.2x 10°° M/base) at d@/dt = 0.2
deg/min.

strength decrease (0.22 to 0.0B), decreases from14 to—30
kcal/mol, wherea& increases from 18 to 28 kcal/mol (Table
1).

Dependence of Kinetic and Activation Parameters on
Concentrations of d(pA); and d(Tg)s-T-azido. At u = 0.08,
an increase in d(pA)oncentration from 2.k 1075 M/base to
6.3 x 10°° M/base, while maintaining the 2:1 ratio between
d(Tg)-T-azido and DNA, results in an increase K, “Mio
from 8.3 x 10410 28.8x 104sL ie k> ~42M1s?
(molarity in per base), whereags © does not change signifi-
cantly (Table 1). No significant dependencebgf, andEq on
the DNA length was found in the DNA concentrations and the
ionic strength range studied.

Discussion

Replacement of the phosphodiester linkages of the DNA with
guanidine linkages provides the polycation deoxyribonucleic
guanidine (DNG). The d(Tg)T-azido polycation binds to poly-
(dA) and poly(rA) with unprecedented affinity and with base-

kot one order of magnitude lower when the chain length exceedspair specificity to provide both double- and triple-stranded

d(pA)o {e.g., d(pA)2-1s and poly d(pA}. At the higher
concentration of d(pA)of 6.3 x 10~> M/base andgt = 0.08
the dependence &f,, andky; upon chain length is exponential.
As the chain length increasgsising d(pA), d(pA)s, d(pA)s,
d(pAhgt konincreases andy; decreases (Table 1).
Dependence of Kinetic and Activation Parameters on
lonic Strength. By increasing the ionic strengy, increases,
while kot decreases (Figure 8). The variationkgf and ko is
found to be exponential with change @f For d(pA)o at 2.1
x 1075 M/base concentration using P& asTyer, AkonMiot =
55 x 104 s and Akys = 32 x 10°¢ s71. With the ionic

helices®d Positively charged d(Tg)T-azido has a signifi-
cantly greater affinity for poly(dA) and poly(rA) than the DNA
equivalent. The effect of ionic strength on melting is more
pronounced with d(Tg)T-azido interacting with d(pA)and has

an opposite effect as compared to DNA complexes with DNA
or RNA. This is due, of course, to electrostatic interactions
being attenuated by increasing salt concentrat#®ngarlier
works in this laboratory show that the, of the double helix

of pentameric thymidyl DNA with poly(dA) at = 0.12 is ca.
13°C, whereas the d(TgjT-azido duplex with poly(dA) does
not dissociate in boiling watéf. At an ionic strength of 0.22
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the five bases of d(Tg)T-azido were estimated to dissociate
from a double helix with poly(rA) at>100 °C3d¢ The

J. Am. Chem. Soc., Vol. 118, No. 34, /837

Table 2. Thermodynamic Parameters for the Triplexes of d(pA)
with d(Tg)-T-azido

recognition of adenine by d(TgY-azido, as opposed to guanine AS©
and cytosine, makes this class of positively charged nucleosides 1C°conc/ AH°(288y"  (call  AG°(288) Tn°
putative antisense/antigene agents. #_ d(pA) base (M) (kcal/mol) (molK)) (kcal/mol) (°C)
The melting studies of complexes formed from short-strand 0.22 d(pA)o 2.1 -31.7 =79 -9.0 393
DNA homooligomers and d(Tg)T-azido showed that all d(pA 21 —26.7 —65 —-8.0 32
melting curves exhibit hysteresis (Figure 1) at the rate of heating- %-12 c? (pﬁ Jo 21 :igg :ig :18'2 ggg
cooling employed (0.2 deg/min). Rates of heating and cooling g gg d((%A)io 21 —51.9 ~140 —116 463
of up to 0.5 deg/min are generally slow enough to ensure d(pA)e 21 —60.4 —169 ~-11.8 422
attainment of the equilibrium in the case of duplex to coil d(pA)s 21 -51.5 —142 -10.5 38.7
transitions in oligonucleotides, i.e., heating and cooling curves d(pA) 21 —59.4 —168 —-109 371
coincide® Association and dissociation kinetics for the oli- g(pﬁh g'g :gg'i :igz :E'g ig';
godeoxyribonucleotide &TCTTTCCTCTCTTTTTCCCC (bold doar 83 T3 Tlse  _iis s
C’s indicate 5-methylcytosine residues) binding to pMTCAT- d(pA)s 6.3 —59.4 —171 ~102 34
TH1, supercoiled plasmid DNA, at 1 nM concentration, show 0.03 d(pA), 2.1 —63.2 —-174 —-13.1 483

that the value of the observed pseudo-first-order association rate

constantkyops is 1.8 x 10° M~1 57112 The half-life for the
triplex formation for pRW2322 and pRW2325 supercoiled
plasmids at 37C was found to be 054 min corresponding
to akopsOf 0.003-0.02 s1.13 Hysteresis behavior at a heating
cooling rate of 0.+0.5 deg/min was found for the melting of
triplexes of short-strand (22 base pairs) DNA oligomers as3well.
At a heating-cooling rate of 0.2 deg/min, we observed

aFrom Eon — Eofr.5 P 40.2 kcal/mol.¢ +1 cal/(motK). 9 40.3 °C.
€41 °C.

vs u has a slope of ca-50 deg/(unit of ionic strength). This
relatively large value is a measure of the pronounced ionic
strength effect o, The observation of triplexes on reaction
of d(Tgk-T-azido with d(pA} and d(pA} at 6.3x 107> M/base
which posses3, values of 34 and 39C, respectively (Figure

hysteresis between heating and cooling curves, the magnitudel and Table 2), is most remarkable. Triplexes of such short
being a function of the rates of heating and cooling. This points oligos have not been observed with d(p¥) d(pA)s showing

to the existence of triplexes between d(F@}azido and d(pA) the unprecedented affinity of d(TgJ-azido toward d(pA)
Previous melting studies with poly(dA) and d(Fg)-azido The triplex forms and dissociates to a duplex and a third
established the existence of two transitions corresponding tomonomer strand with rate constatds and ke (eq 1). The
melting of triplex and duple®t-¢ Our present results show that  kinetic equations could be very complicated if we consider that
only the first transition, corresponding to the triplex denaturation, unoccupied sites could exiée.g., d(pAy + 2 DNGs, Scheme
exhibits hysteresis behavior. Supporting evidence for triplex 1}. Even in the case of d(pAywhere we expect to have fully
formation comes from the use of the continuous variation occupied ¢) sites by two molecules of d(Tg)-azido there
method. The minima observed in Figure 2 occurs at ca. 67% can be slides of the strands (Scheme 1b), but here and

d(Tg)-T-azido demonstrating the existence of the (d(iT)
azido}-(DNA) complex. The observation that at 2C the
curves are well defined whereas at 2D the plots are shallow
shows that the process of triplex formation is highly dynamic
and is favored at lower temperatures. With dsDNA the

elsewhere’ species other than full associations are neglected
(all-or-none model) in the kinetic and thermodynamic studies.
Some small corrections pertain to the fraying of the end bases
of the complexe$® The fact that there is little or no sloping of
the baseline demonstrates that the self association of the single

maximum rate of renaturation usually occurs at a temperature strands is negligiblé®

of 20 to 30°C below the melting temperaturd{).* The

reversibility of the formation of triplexes was studied by
Felsenfeld and co-worketéwho recognized that the sharpness
of the mixing curves was related to the extent of complex

At 15 °C the second-order rate constaky, for the triplex
formation with short-strand (510) oligonucleotides is 36200
M~1 s™1 (the molarity is expressed in per bases) and the first-
order rate constarky is 0.1-3 x 107° s 1in the range oft =

formation (to concentration of reactants and temperature). To 0.03-0.22. It is most interesting to note that tkg values for

further support the formation of (d(TgY-azido}:(DNA) triplex

we used a discriminating wavelength (284 nm) at which the
triplexes are the major absorbing speéigsThe hypochromicity

of the melting curves at 284 nm for the 2:1 stoichiometry and
the isochromicity of the melting curves for the 1:1 stoichiometry
(2.1 x 107> M/base monomer concentration) are consistent with
the existence of the (d(Tg)l-azido}-(DNA) complex (Figure

3). However, due to the small OD change and the measure-

DNG:s are, on average, one order of magnitude larger than those
found for a DNA triplex having the length of 22 bp at [NaCl]

= 0.02-0.30 M3 On the other hand, tHe values are of the
same order of magnitude as seen with a DNA triplex having
the length of 22 bp. This comparison is only qualitative since
the ionic strength acts in opposite direction and the composition
of the 22 DNA oligonucleotide alluded to differs from the short-
strand DNA oligonucleotides in this study. For a given DNA

ments’ accuracy, this wavelength should be used cautiously andstrand at a fixed concentration and ionic strength, a decrease in

not used to define kinetic and thermodynamic parameters.
Since electrostatic interactions play a key role in the formation
of the complexes of d(TgjT-azido hybrids with DNA or RNA,

these interactions are attenuated by increasing salt concentfétions.

This phenomenon reverses the ionic strength effect omthe
values of d(TgyT-azido hybrids with DNA or RNA as
compared to DNA complexes with DNA or RNA (Figure 5).
The reaction of DNG with DNA or RNA is favored at
physiologic ionic strength whereas the complexing of DNA by
DNA or RNA is not. By inspection of Figure 5, the plot f,

the molecular weight results in a decrease in the rate of
renaturatiorf. The second-order rate constdqt, increases one
order of magnitude and the first-order rate constdqt,
decreases one order of magnitude when the chain length exceeds
d(pA)io (vide suprd. We can conclude that the association of
d(Tg)-T-azido with d(pA} up to d(pA)o is very strong and
one can estimate that it far exceeds that of its DNA counterpart
by at least three orders of magnitude.

As in the case of DNA duplexes and triplexes, the association
of the strands decreases as the oligomer strand becomes shorter.

(13) Kang, S.; Wohlrab, F.; Wells, R. Ol. Biol. Chem.1992 267,
19435,
(14) Felsenfeld, GBiochim. Biophys. Actd958 29, 133.

(15) Gralla, J.; Crothers, D. Ml. Mol. Biol. 1973 78, 301.
(16) Vesnaver, G.; Breslauer, K.Broc. Natl. Acad. Sci. U. S..A99],
88, 3569.
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The second-order rate constant for reaction of dfTigazido DNA.2! The thermodynamic parameters can be extracted from
with d(pA), kon, increases with increase mwhile the first- the kinetic data or can be experimentally determined by
order rate constanky, decreases (Figure 7 and Table 1). This calorimetric methods. In many cases these data obtained by
dependence is better visualized at the higher concentration ofdifferent methods are in good agreem#&htHowever, single-
d(pA), e.g., 6.3x 1075 M/base andt = 0.08. stranded DNA, as well as RNA bases, are stacked resembling
There is a close relationship between igvalues and the a single strand of a double helix and they bring their own energy
kinetic and activation parameters for the triplex formation contributions in forming duplexes and tripleXgand the actual
because ultimately they describe the strength of association. Asenthalpies of duplex and triplex formation could be lower due
expected, by decreasing the ionic strenigthincreases, while o the fact that the strands are already in a helical conforméftion.
kot decreases (Figure 8). As one changéke variation okyy, In many cases stacking interactions are more important than
andk.f is found to be exponential. The fact that the sensitivity pairing interactions in determining the stability of the terminal
of kon to u is about twice that ok is not surprising since in base paird? which in the case of short-strand oligonucleotides
the case of DNA triplexekyx has no ionic strength dependefice.  play a key role. Although the thermodynamic contribution of
The existence of the ionic strength dependendeeis ascribed DNA single-stranded orders to the thermally induced disruption
to the fact that the electrostatic phenomena are more pronounce®f their corresponding duplex is small, their enthalpies of
in the case of the association of d(F3g)-azido with DNA than formation could contain up to 40% of the ssDNA enthalpies
in the case of DNA triplexes. The same trend has been found that ultimately stabilizes the final duplex sta¢eThis fact brings
for the activation parameterEyn, and Eor.  For d(pA)o, with up the enthalpy-entropy compensation in the formation of the
decrease in ionic strengty, decreases from-14 to—30 kcal/ DNA complexes. The enthalpyentropy compensation at the
mol, whereasys increases from 18 to 28 kcal/mol (Table 1). conventional temperature] = 298.15 K, for the duplex
A more negativeE,, at low ionic strength and a more positive melting?! can be formulated in terms of eq 7 and is related to

value of Ey¢ favors a better association at lguwalues. Tm by eq 8, wherel, = 275 K, anda = 81 cal/(moiK).
There is a concentration dependence of the kinetic parameters

for triplex formation. The second-order rate consteit” ~ AS = aAH®/(aT, + AH®) )

42 M~1s71 (molarity in per base) remains constant on increase

in d(pA); concentration by a factor of 3, while maintaining the Tn=T,+ AH/a (8)

2:1 ratio between d(Tg)T-azido and DNA. There was no
significant change ifc; © (Table 1). This is an indication that ~ Experimental enthalpies for formation of DNA triplexes from
there are no intramolecular associations, because an intramoduplexes and single strands range from-€2.to —7 kcal/(mol
lecular reaction is concentration independent. of basef® The AH; (ionization) of the buffer and the pH used
An interesting feature of the triplex formation between dgTg)  in the experiments influence the observed triplex thermodynamic
T-azido and d(pA)is the observation of only one transition ~parameters. Unlike the results with the mixed sequences, the
between 5 and 95C! The addition of up to 30% ethanol is Tm values and calorimetriaH for triplex formation from the
known to decreas€, values!’ Our attempt to observe asecond A*T duplex are independent of pH and buffer species. Equa-
transition by ethanol addition was not successful (data not tions 7 and 8 could be applied to the triplexes as well, however,
shown). We observed a decrease of-20 °C in T, values the parameters a ant, should be determined for the new
for the triplex with no significant change of the upper plateau System. Equation 9 shows the relationship between the
of the melting curves. This can be interpreted as follows: (a) thermodynamic parametersH® and AS® and the equilibrium
the second transition exceeds the boiling point of the water; constantKeq at a given temperature.
(b) the duplex transition is too small as compared to the triplex
transition and is contained in the main triplex melting curve; AH® = TAS = —RTIn K¢(T) (9)
and (c) the triplex melts to three single stran@sa less stable
duplex. There are dodecamer hybrid triplexes of RNA and At the melting temperaturdy, Keq= 2/M and at 288 KKeq
DNA which melt from tnple;x to single strand. For example, is given bykfnf/ reﬁf_ From eq 9 one can calculate the standard
the homopolymer pair rAU is not stable under any conditions  qar entropies for the triplex formation and from eq 10 the
of_ temperature and salt concentration tested. Mlxtures_ of dA free energies of formatiomG® (Table 2).
with rU contain three-stranded dAJ, as the only helical
complex? In generql relatively unstable DNA duplexes form AG® = AH° — TAS (10)
particularly stable triplexes andce versa’®
The interest in thermodynamic data on nucleic acids intensi-
fied when it was shown that the thermal stabilities depend not o
only on base composition but also on nucleotide sequ&hce.
The variation in stability of short DNA or RNA double and
triple helices falls over a range 6f10 kcal/mol® In forming

The standard molar enthalpies have larger negative values at

w ionic strength than at high ionic strength in accord with

the observation that at lowarvalues the formation of triplexes

of d(Tgu-T-azido with d(pA) is more favored. The standard

. . . N molar enthalpies\H°(288) = E,n — Eot are between-30 and

the triple hel|x,_ RNA is favored on _both pyrimidine strands, —60 kcal/(mol base) for short gtranas—(SO base pairs, Table

whereas DNA |s.favore(-j on thg .punne strand. ) ) 2) as compared te-120 kcal/(mol strand) for a 22 base-pair
Double- and triple-helix stabilities can be described in terms pya triplex.5 Sugimoto and co-workers have determined the

of the standard free energy(° = AH® — TAS’ 2°if one knows thermodynamic parameters for the RNA/DNA hybrid duplexes

the standard enthalpy and entropy changed%(andAS’) for  ang showed that pentameric hybrid duplexes with different
the melting of each nearest-neighbor doublet of base pairs in

(21) Petruska, J.; Goodman, M. F.Biol. Chem.1995 270, 746.

(17) lvanov, V. I.; Krylov, D. Yu.; Minyat, E. EJ. Biomol. Struct. (22) Albergo, D. P.; Marky, L. A.; Breslauer, K. K.; Turner, D. H.
Dynam.1985 3, 43. Biochemistry1981, 20, 1409.
(18) Roberts, R. W.; Crothers, D. Maciencel992 258, 1463. (23) Cantor, C. R.; Warsaw, M. M.; Shapiro, H. Biopolymé®&7Q 9,

(19) Breslauer, K. J. InThermodynamic Data for Biochemistry and  1059.

Biotechnology Hinz, H.-J., Ed., Springer-Verlag: Berlin, 1986; Chapter (24) Petersheim, M.; Turner, D. HBiochemistryl983 22, 256.

15. (25) Wilson W. D.; Hopkins, H. P.; Mizan, S.; Hamilton, D. D.; Zon,
(20) Marky, L. A.; Breslauer, K. JBiopolymers1987 26, 1601. G.J. Am. Chem. S0d.994 116, 3607.
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-8.0 formation and melting of triple-helix structures composed of
d(Tgly-T-azido and d(pA) Job plots (continuous variation
_ -~ method) establish the stoichiometry as (d@FtHazido)-d(pA)x.
g -10f In general the Job plots are well defined at I whereas at
?3 / 20 °C the plots are shallow. Also the hypochromicity of the
< . melting curves at 284 nm for the 2:1 stoichiometry and the
o 12 isochromicity of the melting curves for the 1:1 stoichiometry
< ,/ (2.1 x 1075 M/base monomer concentration) are consistent with
14 B the existence of the d(Tg)l-azido)-d(pA)x complex. The
0 0.05 0.1 0.15 0.2 0.25 electrostatic attraction between polycation d@Fgjazido and
Tonic strength polyanion d(pA) stabilizes the helical hybrid structures. In-
Figure 9. Dependence oAG® on ionic strength for the (d(Tg)T- crease in ionic strength decreases this electrostatic interaction
azido)-d(pA)i complex formation. and lowers the value of .. In the interaction of d(Tg)T-
50 e o azido with d(pA), increase in ionic strength provides a negative
r o ] slope of a plot ofT,, vsu of ca.—50 deg/(unit of ionic strength).
: / ] The magnitude of the ionic strength effect Bpin the case of
4 -100 - ” o d(Tg)-T-azido)-d(pA) triplex is much greater than observed
g I / with complexes with short strand DNA oligos. At a concentra-
= 150 g tion of 6.3 x 107% M/(base A) and at a stoichiometry of 2:1
= 8)' T/A one observes triplexes with d(pAand d(pA) possessing
02 200 / Tm values of 34 and 38C, respectively. Such thermodynami-
U cally favored association has not been seen in the interaction
of d(pT) such that d(Tg)T-azido shows an unprecedented
250 L P SN S affinity toward d(pA).
70 9 Aﬁio(kcalmﬁ) ¥ 2 The triplex forms and dissociates to a duplex and a third

monomer strand with rate constakgs andke. At 15 °C and
in the range of ionic strengths of 0.68.22, the second-order
rate constantkg,) for the triplex formation with short-strand
mixed base sequences havid® of ca.—45 kcal/(mol strandj® oligonucleotideq d(pA)x, wherex = 5, 6, 7, 8, 9, and 10is
These large and negative valuesAii°(288) indicate a better ~ 30—200 M~! s71 (the molarity is expressed in per bases) and
stabilization of the (d(Tg}T-azido}-(DNA) complex as com- the first-order rate constanks) is 0.1-3 x 1075 s™L. The
pared with the DNA triplexes with at least one order of value ofk,,for reaction of d(TgyT-azido with d(pA) increases
magnitude on the enthalpy scale even with the entropy with increase inx while the rate constark, decreases. This
compensation. Triplex formation between d(#yazido and  dependence is better visualized at the higher concentration of
d(pA)x is associated With values aﬁG_° ranging between—_S ~ d(pA), e.g., 6.3x 10°5 M/base and: = 0.08. By decreasing
and —13 kcal/mol with .Iarge negative values at low Ionic  the jonic strengttkon increases, whilt decreases. The same
strengths (Table 2.and Figure 9). TA&° valyes of formation trend has been found for the activation parame&jssandEo.
of the (d(Tg)-T-azido}(DNA) are ca. two times lower COM-  For d(pA), With decrease in ionic strength there is a decrease
gared togeAG" va_llues for the RNA/ DNA hybrid pentameric in Eon from —14 to —30 kcal/mol, whereaE,s increases from
uplexe de?otlng a better stabilization of the latter. A plot 18 to 28 kcal/mol. A more negativ,, at low ionic strength
of AS® vs AH° shows a linear dependence (Figure 10) and can and a more positive value diy favors association. The
be related to the enthalpyentropy compensation earlier reported - fr e -
second-order rate constekiﬁ ~ 42 M~1 s71 (molarity in per

in the DNA duplexes melting thermodynamics which follow a - ) -
rectangular hyperboR. It is clear that more sequence- base) pertains over a 3-fold change in the concentration of

dependent kinetic and thermodynamic data on the stability and d(PA)7, while maintaining the 2:1 ratio between d(kg)-azido
conformational flexibility of all secondary structural features and DNA. As expected, the first-order dissociation rate constant
(e.g., internal loops, bulges, etc.) are requifed assess the (ki3 ) does not change. The standard molar enthalpies,
potential role of these structures in biological events such as AH®(288) = Eon — Eo, are between-30 and—60 kcal/(mol

frameshift mutagenesis, drug binding, and proteiocleic acid base) and the standard free energi®&°(288), are between

Figure 10. Enthalpy-entropy compensation in the triplgXd(Tg)-
T-azido):(DNA)} melting thermodynamics.

interactions. —8 and—13 kcal/(mol base) for short strands«(50 base pairs)
) and have larger negative values at low ionic strength than at
Conclusions high ionic strength indicating that at lower values the

Replacement of the phosphodiester linkages of DNA with formation of triplexes of d(TgyT-azido with d(pA) is more
guanidine linkages provides a polycation deoxyribonucleic favored. TheAH°(288) andAG°(288) values also indicate a
guanidine (DNG). The polycation d(TgY-azido binds to poly- better stabilization of the (d(Tg)T-azido}-d(pA)x complex as
(dA) and poly(rA) with unprecedented affinity and with base- compared with triplexes of DNA.
pair specificity to provide both double- and triple-stranded
helices. The meItin_g studies of complexe_s formed fror_n short- Acknowledgment. This study was supported by the Office
stand DNA homoohgomers_ and d('lZ;gT-and(_) showed, in all  of Naval Research.
cases, that plots of melting and annealing curves exhibit
hysteresis the magnitude of which is dependent upon the heating
and cooling rates. Further, there can be observed only one
transition between 5 and 9%&. This transition relates to the
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