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Abstract 

The conformational transitions (helix-coil transitions) of three hairpin triple helices, models 5’.(A-G), + 5’-(T-C),-T,- 
(hrC-T), [CY]. S-&G), + 5’-(T-h’C),-T,-(C-T), [YC] and 5’.(A-G), + 5’-(T-h’C),-T,-(h’C-T), [YY], are characterized in 
this work by UV spectroscopy. Melting of these triplexes is biphasic. and the profiles are used to obtain the thermodynamic 
parameters. The thermodynamic properties of the hairpin triplex are T,, = 19.45”C and i! H,., = 293. I2 kJ molt ’ for CY, 
q,, = 22.85”C and AH,., = 256.63 kJ mol- ’ for YC and 7;,, = 28.47”C and AH,,, = 234.68 kJ molt ’ for YY at pH 4.4. 
Those of the duplex are 7;,, = 30.5O”C and AH,, = 427.09 kJ molt ’ for CY, T,,, = 32.96”C and AH,, = 374.47 kJ molt ’ 
for YC and 7;,, = 33.24”C and 1 H,,, = 329.67 kJ mol- ’ for YY at pH 4.4. The distinct transitions of triplex to duplex and 
duplex to single strands are analyzed win g the nearest-neighbor Ising model. Electrostatic effects on each conformation are 
also analyzed. 0 1997 Elsevier Science B.V. 

Kr,~~v,-tf,s: Conformational transitiona: Hairpin triplex DNA: UV spectroscopy: Electrostatic effects 

1. Introduction synthetic polymer [7]; modification of aromatic bases. 

Since triplex DNA structures were observed in 
combinations of Watson-Crick base-paired double 
strands and the addition of a suitable third strand 
[I ,2], vast attention has been focused on the biology 
and on novel approaches to therapeutics [3,4]. How- 
ever, for successful pharmaceutical and clinical ap- 
plications some aspects [5] need to be considered 
such as stability and molecular recognition. Several 
methods have investigated to improve the stability of 
triplex formation: modification of the backbone. such 
as substitution of methylphosphate or methylphos- 
phorothioate. PNA (peptide nucleic acids) [6] or 

such as substitution of protonated cytosine and/or 
5-methylatecytosine [8]; and control of the environ- 
mental properties of DNA, such as changing the 
acidity of DNA solution. adding electrolytes or 
adding intercalators. 

In the present work we have investigated the 
stability of triple-stranded DNA helices of appropri- 
ate sequence formed by the addition of a suitable 
third strand to a homopolypurine-homopolypyrimi- 
dine Watson-Crick type double helix [ l,2]. Our 
objective was to evaluate the effect of substituting 
5-bromocytosine( h’C> for cytosine on triplex stability 
in three different triplexes formed from the interac- 
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tion of 5’-(A-G), with 5’-(T-C),-T,-(h’C-T), [CY], 
5’.(T-“C),-T,-(C-T), [YC] and 5’-(T-h’C),-T,-(h’C- 
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Fig. I. Schematic diagram of’ a hairpin triple helical DNA. The 
Hoogsteen base pairs and Watson-Crick base pairs are marked by 
* and ” respectively. 

T), [YY], with the aid of UV melting profiles. Fig. 1 
shows an example of such a triplex. Thermodynamic 
parameters for triplex formation of CY, YC and YY 
were extracted from an analysis of the shape of the 
melting profiles [9, lo]. 

2. Material and methods 

2.1. Sample preparation 

All oligodeoxynucelotides CY, YC and YY were 
synthesized and purified as previously described [I I]. 
Hairpin triplexes were prepared by mixing equimolar 
amounts of the oligodeoxypurine (A-G), with the 
corresponding oligodeoxypyrimidines, CY, YC and 
YY. Mixtures (2 FM oligomer) in 500 mM NaCl 
and 10 mM sodium phosphate buffers (pH 4.4) were 
first tested to 85°C and then slowly cooled to 4°C to 
ensure complete hairpin triplex formation. pH was 
measured using a Hanna pH meter with an HI8417 
microcombination electrode. 

2.2. UV measurements 

UV absorbance was measured using a Hitachi 
V-3200 spectrophotometer and 1 cm pathlength 
quartz cells. The rate of temperature increase was 
0.3-0.35”C min _ ’ 

For the pH stability studies, 1 ml solution contain- 
ing 500 mM NaCI, 10 mM sodium phosphate and 
the triplex of interest was adjusted to different pH 
values using either HCl or NaOH. The pH stability 
data were collected at room temperature and plotted 
as a function of pH by measuring absorbence changes 
at 260 nm. Absorption spectra were corrected for any 
volume changes due to acid or base addition. pH was 
measured for all solutions before the absorption 
spectra were measured. 

2.3. Melting prcfiks 

Fig. 2 shows the melting profiles at 260 nm for 
the three hairpin triplexes. Each profile shows that 
melting is biphasic, the first presumably due to the 
dissociation of the third strand segment of the hair- 
pin and the upper transition to the dissociation of the 
(A-G), strand from its complement in the homopy- 
rimidine strand. Such biphasic melting is characteris- 
tic of polynucleotide triplexes at lower ionic strength 
[12]. Changes in hypochromicity observed for the 
first transitions of CY, YC and YY are respectively 
13.89%, 15.24% and 12.54% at pH 4.4, which seems 
reasonable given that the few T residues in the loop 
are not H bonded. 

The experimental melting profile can be con- 
verted to a plot of (Y vs temperature, where LY is the 
helix-coil transition fraction. In detail, we can nor- 
malize the UV transitions by taking the ratio at each 
temperature of the height between the experimental 
curve A,,,(T) and the lo wer baseline A,(T) and the 
height between the lower [A,(T)] and upper [A,,(T)] 
baselines, i.e. a(T) = (A,,,,(T) - A,(T))/( A,(T) 
-A,(T)). Fig. 3 shows the normalized profiles of LY 
vs temperature for the three different hairpin 
triplexes. 

The van’t Hoff enthalpy can be calculated from 
the UV melting profiles on the basis of the relation 
AH,.=2(n+ l)RT”~(aa(T)/aT)r=r,,,, where R 
is the universal gas constant and n is the number of 
strands that form the helical complex [IO]. The melt- 

Fig. 2. Thermal denaturation profile AIhO(T) obtained from each 
2.0 pM hairpin triplex DNA at pH 4.4. A, indicates the lower 
baseline and A, the upper baseline. 
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Fig. 3. Helix-coil transition (Y vs temperature T converted from 
Fig. I. The profile of dcu/dr vs temperature ahows two peaks, 
indicating that two transitions occur in the thermal denaturation 
process. Watson-Crick and Hoogsteen base pairs are breaking at 
different levels. (a) CY, (b) YC and (c) YY. Empirical data are 
displayed as points and theoretical calculations as lines. 

ing of CY, YC and YY occurs in biphasic transitions 
representing dissociation from triplex to duplex to 
single strands, similarly to triplex DNA. Table 1 
shows the biphasic van’t Hoff transition enthalpy 

values extracted from Figs. 2 and 3. T,, appears 
clearly different to that of the duplex (Watson-Crick) 
T, point. 

We have applied the theoretical nearest-neighbor 
Ising model [ 131 to the conformational transitions. 
To account for the fact that the Watson-Crick dou- 
ble-helical formation is a bimolecular reaction, the 
model considers the process from coil to Watson- 
Crick helix and coil (Watson-Crick transition): 

CC c) HWmcC 
(.=c 

where sW-C indicates the statistical weight 
exp(-AG,-c/K? = exp{(AH,_,/RT,Xl - T,,/ 
T)) with AG,_, = Gzfc - G$Fc. For a chain of 
N residues, the partition function will be 

Z(N)= 
A;“( I - h2) + h;y( A, - 1) 

A, - h? 
(1) 

where 

Al,? = 
1 + swmc _t /( 1 - ,Yy + 4asWmC 

2 
with a nucleation parameter (+. The fraction of 
residues, a(T), in the coil conformation at a temper- 
ature T will be given by 

alnZ( N) 

(Y(T) = Ndlns 

In this work, we attempt to compare the calcu- 
lated fraction with the normalized UV profile of the 
temperature-induced transition. Therefore, we ignore 
the dependency on molecular weight. 

alnZ( N) 
o(T) = NiJ,nsW-c 

= 
] ( 

sw-c &w-c _ l)? + 4osv+c 

+(sv+C- 1) + 2fl)] 

,[((I +sw-c) 

+ {( .rw-c - I)z + 4asW-C > 

I 

-I 
x /( SWPC - l)? + 4aswpc (2) 

The transition process from coil and Watson- 
Crick helix to triple helix (Watson-Crick and Hoog- 
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Table I 
Conformational transition parameters for each hairpin triple helix, obtained from UV absorption. Hgst = Hooghteen hahe pairs: W-C = 
Watson -Crick base pairs 

CY 

T,,(K) AH,&kJmol-‘) 

Hgst 292.9 + 1.8 293.12 295.8 i 2. I 256.63 301.5 f 2.3 233.1 
W-C 313.5 _+ I.4 423.09 316.0 * I.6 373.47 316.2 * 2.0 329.7 

Steen helix: Hoogsteen transition) will be described 
in the same manner as the Watson-Crick transition: 

These two processes are superimposed in the UV 
melting profile. The curves in Fig. 3 are based on 
theoretical calculations (lines). It can be seen that the 
theoretical calculations are consistent with the exper- 
imental data (points). In this theoretical calculation 
the electrolyte environment was not included. A 
counterion effect on the conformational transition is 
considered in the following section. The change of 
the Hoogsteen transition is discernible with the place 
of “C. The transition order of the Hoogsteen is 
CY < YY, which is the same as the order of the T,, 
values for the transition. 

Table 2 summarizes the amplitude of each transi- 
tion and a nucleation parameter (or cooperative pa- 
rameter) (T obtained for CY, YC and YY. The o 
values of the triplex transitions are slightly higher 
than those of the duplex transitions. If we assume 
that the amplitudes of the non-modified hairpin 
triplex DNA (CC> are A “f” for the Hoogsteen tran- 
sition and Ah’-’ for the Watson-Crick transition, 
A;g’ + A T;’ = I. By modifying the C base to h’C, 
the additional amplitude changes of the Hoogsteen 

Table 2 
Normalized transition parameter5 for the Hoogsteen and Watson- 
Crick base pairs, obtained for CY, YC and YY. The values,of v 
are obtained from v = {~H/[4Rr”~(aa(T)/“T), = t,F,]}e 

Amplitude (r 

CY Hgst 0.336 3.6~ IO-” 
w-c 0.664 3.9x IO_ b 

YC Hgst 0.352 2.7x lo-” 
w-c 0.648 2.9x lomb 

YY Hgst 0. I8 I 2.1 x10-h 
w-c 0.819 1.3x lomh 

and Watson-Crick transitions define uHp” and AM’-’ 
respectively. For CY, the amplitudes will be 

A;;” = A;$‘/( A$ + A:;- c + uw- ‘) 

= ( Ay;C + a”-“)/( I + aw-“) 

for YC, 
A$1 = (A&J + aHg\~ 

A w-c _ 
YC 

_ ATc “,( ] +g\:)+ aH”“) 

and for YY, 

A~;C+;;C+aw-C)/(] +a”3t+u\+C) 

The unknown parameters can be extracted from Table 
2: AZ’ = 0.554, A&‘,-” = 0.446, a”@’ = -0.312 
and awmc = 0.650. The ratio of A$“’ to AT;’ is 
consistent with the results (0.48 and 0.52 for CC 
triplex at pH 7.0) reported by Lavelle and Fresco 
[ 141. hrC plays a role in enforcing UV absorbancy in 
the duplex whereas it prohibits it in the triplex. 
These results show that the increment in stability 
depends upon both the location in the sequence and 
the number of hrC. Biphasic melting is well fitted by 
theoretical calculations. 

3. Electrostatic effects 

The conformational transition from coil to helix is 
the result of two opposing tendencies: (I) from states 
of high energy to states of low energy, and (2) from 
states of low entropy to states of high entropy. The 
molar free energy G of the system reflects both 
tendencies, and the stable state is that with the lowest 
free energy. Therefore, when AG > 0 the helix is 
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stable, whereas when AG = 0 the two states are in 
equilibrium and the temperature is the transition 
(melting) temperature, or T, value. 

The free energy change AG of the system of a 
hairpin triplex DNA in electrolyte solution will be 
considered as the result of two contributions. One 
(AG,) is due to the electrostatic interaction between 
the phosphate negative charges; the other (AG,) is 
due to non-electrostatic interaction. The stabilizing 
effect of monovalent counterions is due to two ac- 
tions: (1) screening of fixed charges by counterion 
clouds, and (2) specific binding of counterions to 
fixed charge sites. We have observed that as the 
counterion concentration is increased by increasing 
monovalent counterion concentration, AG, decreases 
with increasing salt concentration. For AG, = 0, the 
transition temperature (7;,) may be determined by 

AG,, = 0 = AH,, - T,,,, AS, 

or 

T,, = AHJAS, 

where T,,, is the transition temperature at AG = 0. 
At AG = 0, we can also imply 

AG,=AH,-T,,AS,= -AG, 

Thus 

T,, = (AH, + AG,)/AS, = T,,, + AGJAS, (3) 
G, is always negative for DNA, because of the 

X 

repulsion between the fixed phosphate charges. 
Therefore, as the screening effect increases, the tran- 
sition temperature 7;, increases. Conversely, as the 
counterion concentration decreases, the transition 
temperature shifts to favor the formation of species 
of lower effective charge densities. 

Approximately, the mole electrostatic free energy 
can be derived by integration of the screened- 
Coulomb potential energy function over all charge 
pairs in the structure [15]. AG, is the work done by 
removing a phosphate of charge e on one strand 
against the electrostatic potential, +, induced by the 
other strand. Thus, 

AG, = -eq!t 

where e is the charge. Hill [16] illustrated AG, by 
using the linearized Poisson-Boltzmann equation in 

cylindrical coordinates to obtain an expression of the 
form 

where(K’= 8~e’NM)/(lO00DkT), in which the 
screening parameter K is proportional to Ml/*, N is 
the Avogadro number, D the dielectric constant, k 
the Boltzmann constant, and M the monovalent 
counterion concentration in mol l- ’ a, R and L are 
respectively the ionic exclusion radius, the radius of 
a cylinder and the length of a cylinder. B,(x) and 
B,(X) are modified Bessel functions. The mole elec- 
trostatic free energy will be expressed in terms of 
summation of the screened-Coulomb potential en- 
ergy over all charge pairs and the resulting modified 
Bessel function in the low salt concentration (KU < 

1). For a random coil, 

and, for an n-strand helix, 

Ghelix 
Nne’zi 

= _~ 
e 

Ql 

277 

! 

m=--, 

lnKI+ 
P 

m@ 
Kasin- 

II = i m= I 2 

2?r 

’ 1 +-Y 
P 

(4) 
where zp is the monomeric phosphate charge, which 
is 1 for DNA, b, and b, (= /31/2n-, with helical 
repeat length 1 and base rotaion fracture p> are 
respectively the distance between adjacent charges 
projected on the long axis of the cylinder for a coil 
and for a helix, and y = 0.5772 is Euler’s constant. 
By differentiating Eq. (4) with respect to log M with 
the assumption that DC = D, (= D), we summarize 
as 

dT,/dlog M = (5) 

Fig. 4a shows the log M dependence for the 
duplex in triplex solution, confirming the decreasing 
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Fig. 4. (a) Variation of T, with the logarithm of the molar NaCl 
concentration; for CY, T,,, (K) = 20.26 log[M]+ 318.85; for 

YC. LYC = 19.44 log[M]+320.26; and for YY, TnYY = 22.10 
log[M]+326.93. (b) Profile of T,s of CY, YC and YY hairpin 
triplex DNA vs pH. 

ionic strength of the solution. T, for each conforma- 
tion was determined to be a linear function of 
dT,/dlogM; for the CY structure dT,/dlogM = 
20.26, for YC 19.44 and for YY 22.09 at pH 4.4. 
This observation is similar to the results reported by 
Plum et al. [17]. The effect of Na+ concentration 
seems to contribute to triplex stability by screening 
the negative charges of the phosphodiest backbones. 
The parameter D can be evaluated by Eq. (5) using 
the values b, = 6.8 [18] and b, = 3.4 (B-DNA). 
Dielectric constants of 8.38, 10.05 and 10.02 are 
obtained for CY, YC and YY, respectively. Accord- 
ing to Table 1, the base pairs of triplex are more 
sensitive to the counterion concentration than are 
those of duplex. In the triplexes CY, YC and YY, 
d7JdlogM values for the triplex base pairs are 
about 27.56 while those for the duplex base pairs are 

about 20.59. The salt dependence of triplex stability 
of poly(U:A.U) showed higher than that of duplex 
[ 191, which is similar to our observation. The order 
of the counterion concentration sensitivity 
(dT,,/dlogM) in the triplexes is YC(26.20) < 
CY(27.50) < YY(28.96), which is the same as the 
order of stability. 

It is well known that the structure of the C:G.C 
triad is difficult to form at neutrality or above. 
Biologically relevant triplex formation should occur 
in vivo. In Watson-Crick, the G.C base pair is most 
strongly and accurately recognized, but the formation 
of the C:G.C triplet needs an additional protonation 
on N3 of C, enabling the formation of an additional 
hydrogen bond in the Hoogsteen base pair. There- 
fore, the formation of the C:G.C triplet is very 
sensitive to pH. The negative dependence of T, on 
pH is displayed in Fig. 4b. The value of dT,,/dpH 
for CY, TC and YY is - 8.4, - 7.9 and -7.7 
respectively. The pH sensitivity of the three different 
conformations is opposite to that of the conforma- 
tional stability. Morever, the replacement of C with 
hrC reduces the pH sensitivity. According to the 
relation 1141 A(l,‘T,)/A<- pH) = 
- l.l5R( An>/( ZA H), the stoichiometric changes 
An/Z in protonation on helix dissociation are ob- 
tained as 4.1 I, 3.35 and 2.76 for CY. YC and YY, 
respectively. 

4. Summary 

We have observed the biphasic temperature-in- 
duced transition of CY, YC and YY by UV melting 
profiles. The two transitions correspond to the triplex 
transition to duplex and the melting of duplex to 
single strands. Our theoretical analysis is consistent 
with experimental observations. Putting hrC in place 
of C stabilizes triplexes. hrC enforces UV absorbancy 
in duplex while inhibiting it in triplex, which shows 
that the increment in stability depends upon both the 
location in the sequence and the number of hrC. The 
effect of Na+ concentration seems to contribute to 
triplex stability by screening the negative charges of 
the phosphodiest backbones in general, but the re- 
placement of C with brC reduces the pH sensitivity. 
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