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The work considers a possibility for thermodynamical describing the transition in oligomeric complexes dA,s-
2dT,y and dA,-2dT;g from the triplex form to the duplex+single strand (3—2 transition), using the “Staggering
Zipper” model and assuming the transition to be bimolecular reaction A-2B<AB+B. It was shown that upon
physically grounded values of the transition thermodynamic parameters (AH,;, AS,;, nucleation parameter (3., and
others) the model describes adequately the experimental melting curves for triplexes with various lengths of
oligonucleotide chains and different ionic conditions.

As well, the work considers effects of the dye covalently attached to dT,,, intercalating between A-T pairs of the
duplex on the transition parameters. Possible causes of great dispersion of the experimental data obtained for AH;; by
different methods (DSC, ITC, van’t Hoff analysis and so on) are analyzed. It is shown that disordering of the triplex
and duplex ends (the so called “end fraying”) has an significant influence on the form of melting curves and on
thermodynamic transition parameters.

KEY WORDS: oligonucleotide triplexes, helix-coil transition, stabilization of triplexes by dve, “Staggering Zipper”
model.

In recent years, due to interest shown in studies on triplex structures of nucleic acids (NA), calculations of
thermodynamic parameters conditioning the NA stability are of great importance [1-9]. Along with
microcalorimetric measurements of heats of helix-coil transitions by methods of differential scanning calorimetry
(DSC) and isothermal titration calorimetry (ITC), transitions enthalpies are calculated from melting curves
determined by monitoring changes in ultraviolet absorption. But the great scatter of enthalpy values of the
transition from triplex complex to the duplex one + single chain (3—2 transition) 1s observed for the results
obtained by different methods [1]. In particular, there are some data [6,7] evidencing nonadequacy of the two-
state model for the thermodynamic description of such transitions. Therefore a necessity arises to apply more
perfect approximations to calculate thermodynamic characteristics. The “Staggering Zipper™ model developed by
Zimm [10] and Applequist and Damle [11,12] can serve a such approximation that was shown by Eigen and
Pérschke [13,14] for transitions in ribooligonucleotide duplexes rA,-rU,.

In our previous work [15] we have performed calculations by “Staggering Zipper” model to describe
transitions in deoxynucleotide duplexes dA,-dT,, of different lengths as well as those in duplexes strengthened by
covalent attachment of a phenazine dye to one of the pyrimidine strand ends. In the present paper we have
applied this model to thermodynamic analysis of melting transitions in desoxyoligonucleotide triplexes dA, -
2dT,. The model was modified to take into account effects of covalently attached phenazine dye and ionic
strengths of solutions. '

THEORETICAL MODEL
The process of the triplex formation in our oligonucleotide system may be considered as the attachment of
the third strand, dT,, to the already formed duplex dA,-dT,, (dA,-dT,, + dT,, <> dA,-2dT,, reaction) (Fig. 1). In
this case the process 1s the bimolecular reaction and, by the “Staggering Zipper” model approximation, may be
described by the equilibrium constant:

N
K., =»B:32(N—"+1)2'333 ':!gzsL(S) (1)
=]

where [,3 is the nucleation constant, N is the number of base pairs in the duplex (or bases in the third strand), »
is the number of bound bases in the third chain; §,, is a constant of a new base attachment to the ordered section
in the third chain (the third chain grov»"fh parameter): ,

s,, = exp(-AG,, / RT) : @)
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where AGa; is the difference between free energies of ordered and disordered bases in the third chain. For the
reaction of AB+B<>A2B type the fraction of the ordered bases in the third chain, f , can be calculated by
formula [12,14]

1 =l 7 L) -+ 2y, LOW? f s L () (Ny 122 (5)) &)
where ¥,; = f3,; - C and C is the concentration of oligonucleotide strands.
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Fig.1. Schemes of oligonucleotide triplex complexes: (a) — dA¢-2d T, (b) - dA5-2dT,Ph. It is supposed that third
strand (dT,, or dT,oPh) attaches to completely formed duplex and dye intercalates between base pairs of duplex.
Possible disordered end bases of Hoogsteen strand are shown. States with disrupted phenazine intercalation (dotted
line) are noticed.

But it should be noted that such an approach simplifies the situation because the possible partially
disordered duplex states (the “end fraying”) are not taken into account. This may results in some quantitative
changes in the properties being calculated but don’t change the picture qualitatively.

As in the case of duplexes, the model permits to calculate the fraction of the completely separated triplexes
(into duplexes and single strands)

fo =0+ 275 - L) =155 - L(5)) s

and to determine the ordered segments distribution on lengths (that is to carry out the “population” analysis)
fn:_;—yza'foz‘(N_""'l)z‘st" (5)
The change in the free energy, AGa;_ can be calculated by formula [14,16]
AG,, = AH,, —T(AS,, - RC})+ T(AS,, - RC,)+ RT -log u-(C, - C:) (6)
where AH,, =AH ,—AH,,; C/, C;, Ciand C, are empirical constants characterizing dependences of
transition temperatures on ionic strength, p , that are determined from “phase diagrams” for polymeric molecules.
The dye covalent attachment to one of the oligonucleotide ends increases the transition constant K, that
may be taken into account by introducing the parameter of complex stabilization by dye ( § on) [15]
s, =exp{(~AH,, +TAS , )/ RT} (7
where AH pn and AS pn are changes in enthalpy and entropy upon the dye intercalation between the bases of

oligonucleotide duplexes. As follows from Fig. 1(b), this provides additional bonds between oligonucleotides the
consideration of which results in the expression for the binding constant K,

N
K;J=ﬁ232{5pk(N1—")+(N:—”+1)2}'3;3 (8)
n=1

When calculating §_,, the experimental value of binding constant determined earlier for the free phenazine

ph?
association with poly(dA)-poly(dT) [17] were used. For convenient calculations and to take into account the
temperature dependence of this constant, formula (7) was transposed to

Sp.fl i S,(;fl exp{“a ' (T L 273)} (9)
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where @ = Ath /R-T,-T and ng

is a value of the constant § i At Te=273 K.

In all the cases, the calculation formulae include a number of unknown values which can serve as fitting
parameters that diminishes a significance of the experimental test of the theory. Therefore, to restrict an arbitrary
selection of parameters and to get uniqueness of calculated data, the additional conditions resulting from the
physical meaning of the values considered were imposed. Since for the polymeric molecule the change in the free
energy AG,, at the middle point of the transition is equal to zero, the relation between enthalpy and entropy of
the transition is

AH
—==T, (10)
AS;,
where ASh, = AS,, — RC! —(AS,, - RC,).
The nucleation parameter B is conditioned by an entropy loss upon the chain combining [11]. Upon
nucleation of the triplex structure, one of its constituents - duplex is in the ordered state. Therefore, on the chain

ordering, the entropy change should be less compared with the double helix formation [18]. Taking this into
consideration upon calculations of triplexes, higher values of Bi; than for duplexes must be used.

RESULTS AND DISCUSSION

To approve the present model approximation, the 3—2 transition curves were calculated for the dA 5-2dT
and dA;;-2dT,Ph systems studied earlier [19]. The transitions were determined from UV-absorption
measurements at A = 284nm in cacodylate buffer, pH 7.0, at ionic strength of solution 4 = 1. Concentration
of each strand in the triplex studied was 7uM. Synthesis of decathymidylate-phenazine conjugate (dT,,Ph).
methods and conditions of measurements as well as optical properties of the phenazine dye are earlier described
in detail in [17,19,20]. Besides, melting curves were calculated for the dA3-2dT)g system studied in [6,21]. To
get more reliable calculations, upon the selection of thermodynamic parameters, some experimental data were
used, first of all, values of transition enthalpy AH,, .

In calculations AHj; equal to 4.9 kcal/mole obtained for polymeric molecules [22,23] can be used. As was
mentioned above, great dispersion among the available literature data for AFf,, is observed. The values
obtained by ITC and DSC methods are considered as the most reliable ones. But in this case AFf, also has a

great scattering of values ranged from 3.0 kcal/mole [24] to 4.1 kcal/mole [8]. These differences can be
conditioned not only by various pH values and ionic conditions used, but by the effect of the buffer system

applied in experiments [24]. Therefore the calculations were fulfilled with several AM,, values and

corresponding AS ;3 values derived from relation (10).

Fig.2. Melting 32 transitions in triplexes dA,5-2dT,, Fig.3. Melting 3-»2 transitions in triplex dA -
(o). dA,s-2dToPh (@) - experimental values obtained 2dT)c. Symbols - experimental data from [21]:

at p=1 and concentration of each strand 7uM. (2) - [Na] =02 M, (®) - [Na’] = | M. Solid
Calculations by “Staggering Zipper” model: solid lines lines - calculations by “Staggering Zipper”
- fractions of disordered bases in Hoogsteen strand, - model. Values of calculation parameters are

dotted line — fraction of completely separated strands. given in Table 1.
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Fig. 2 presents experimental 3—2 transition curves obtained at =1 for the triplex with oligo-dT,, and with
conjugate dT,(Ph in comparison with calculated curves. Thermodynamic parameters used in calculations are
given in the Table 1. The table also shows experimental values of the transition temperature, Ty, and of the
transition interval width, AT, for the systems studied as well as the values calculated by the model used. As the
results given show, with the comparably good agreement between calculated and experimental values of T, the
widths of transition intervals differ significantly. The higher experimental values of AT may be due to the partial
overlapping of temperature intervals of 3-»2 and 2—» | transitions, that results in broadening of 3—2 transition.

The significantly better agreement between theoretical and experimental data is observed for the dA s -
2dT,, system (Fig. 3) in which 3—2 transitions were measured by the method of UV absorption [21] in the Na’
concentration range 0.2 - 1.0 M.

TABLE 1. Thermodynamic parameters used upon the approximation of 3 — 2 transition in triplexes dA,- 2dT,,
by Eq.(3) of “Staggering Zipper” model and experimental values of temperature parameters of the transitions.

5 Tm °C "% ol AR —(AS..-RC
[Na ], p AHJ. (ASU RCI)
M Y23-10 keal chl
Theor. | Exper. | Theor. | Exper. mol mol - K
0.1 ~-15 <0 - -
dA,s-2dT o 18 26 40 4.9 44.6
1 19 16.5+2 34 3743 4 4.0 41.8
16 34 - 3.8 41.2
dA - 335 46 40 4.9 44.6
+
2dT oPh : T DT 4 38 412
8 16 0.8 49 44.6
0.2 8 [21] 1842
o 4 178 4 4.0 41.8
19" 19 47 19 8 4.9 44 .6
1 45 [21] 25
51 245 4 4.0 41.8

Upon the approximation the following constants were used:
C; =0.69;C;, =2.2, AS,, — RC, =-30.7 cal/mol'K.

The especially good agreement is observed at [Na']=0.2 M when 3—2 and 21 transitions are distinctly
separated by temperature. In this case the 3—2 transition begins below 0°C. The comparison of the theoretical
and experimental melting curves permits to obtain more correct value of T,, ~ equal to 4°C which differs from
that of 8°C given by authors in the work, and to get good agreement between experimental and calculated values
in the whole temperature interval of the transition (from 0°C to ~20°C). As well, sufficient agreement between
the melting curves is observed at [Na ]=1 M if, when calculating the melting curve, to take the contribution of the
2—1 transition into account,

When analyzing the form of transition curve for the triplex formed by oligo-dT with phenazine attached, the
very broad transition interval (AT>50") exceeding essentially the value AT for the oligomer without phenazine
(Fig. 2) engages attention. This effect can be induced by the significant increase of nucleation constant B, for
dT,Ph due to the phenazine intercalation. The second cause may be overlapping of 3—2 and 2-1 transition

intervals. As well, it should be noted that the constant s, is close to the intercalation constant by the value
magnitude (~10° M) [17]. This value of S . Provides the T,, increase by ~15°.

Important transition peculiarities may be revealed, when considering the data of population analysis. Figs 4
and 5 give distributions of triplex formations by lengths for some systems studied. Fractions of completely
dissociated triplexes correspond to values n=0. The remaining complexes are characterized with the broad
distribution of the ordered triplex structures by lengths. Thus, calculations for the systems considered reveal the
significant “fraying” of ends (Fig. 1) increasing with temperature. This effect has an influence on the form of

" It is interesting to note that this value of the melting temperature T, lies well onto the linear dependence of T,
on the log (Na" activity).
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Figd. Population analysis of ordered bases for triplex systems: (a) dA,5s—2dT),, (b) dAs - 2dT,,Ph,y=§& 107, =1,
AH;; = 4.9 keal/mole, ASy; = 44.6 cal/mol- K.

melting curves, resulting in the formation of long low-temperature “tails”, in the slope decrease and asymmetry
increase of the curves. This effect is especially pronounced in the case of oligonucleotides with the dye attached.
The values calculated for thermodynamic characteristics and compared with experimental results permit to
draw some conclusions on transition mechanisms in triplex structures. The main advantage of the “Staggering
Zipper” model used is in the possibility to obtain thermodynamic parameters nondependent on temperature,
strand lengths and ionic conditions that permits to predict the stability of duplex and triplex structures and to
determine the character of conformational transitions between these structures. The results obtained in the present
work clarify a number of controversial questions concerning effects of intermolecular interactions on the complex
structure.
One of the main characteristics of the triplex

1,0 * _ stability is the transition -enthalpy AH;,
0947 B AP C N M RN il =AH; ~AH,,, determining a change in enthalpy

i (! Ly i:‘; ,jg upon the attachment of the third strand to the

<ol RN WA A I S s ) S duplex. As was noted above, very great
0,74+ A S I dispersion is observed between the literature data

s : o =50 'C obtained by different methods (DSC, ITC. by

i & ' ' i:: g van’t Hoff - from the slope of transition curves).

= 0,54 - : e e St T DA The triplex structure disordering may be one of
= 044 P G e the principal cause of low (2-2,5 kcal/mole)
g . _ enthalpy values cited in the literature. As can be
Dt i s e s i seen from Figs 4 and 5, “end fraying” contributes
0.2 essentially into the total disordering degree of
bases of pyrimidine strands. This effect becomes

0,1+ more increased due to ends disordering of the

0,0 - duplex to which the third strand attaches. With

the temperature rise these effects contribute more
significantly, changing the slope of the melting
curve and, as a result, distorting the enthalpy
results calculated by van’t-Hoff principle. As can
be seen from Figs 2 and 3 at low temperatures
Fig.5. Population analysis of ordered bases for triplex systems  (in the beginning of the melting curve) “end
dAjs—2dT o [21], pu=1,y=8" 107, AHs, = 4.9 keal/mole, fraying” makes a great contribution into the
ASy = 44.6 cal/mol- K helix-coil  transition that 1induces strong
asymmetry of the curves, long low temperature

“tails” appeared in these curves and strong deviation from the two-state model. As Fig. 2 shows, the slope of the
calculated curve corresponding to the completely separated strands for dA,s-2dT,, system differs from the
experimental dependence by (30-40)%. This effect is even higher in triplexes stabilized by the dye attached to the

n
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third strand. The broad transition curves make difficult the enthalpy determination by the DSC method due to 2
possible error upon the base line selection.

At last, it should be noted that upon calculations of triplex formations the total duplex ordering was
supposed when the third (Hoogsteen) strand was attached to the duplex. Such binding is realized strictly in the
case when the duplex is a section of the longer double chain and, as a result, it is unnecessary to take into account
disordering of the duplex ends. As a rule, intervals of 352 and 2-»1 transitions do not intersect in this case. The
triplexes considered in this work are more complex systems for which equations for duplexes and triplexes must
be solved in common. In this case the transition width increases, the melting curve slope changes and the
deviation from the two-states model is observed.

CONCLUSIONS
The “Staggering Zipper” model considered can be used for describing helix-coil transitions not only in
duplexes (2—1 transitions) but in triplex structures (3—2 transition), including oligomers with a covalently
attached dye intercalating between base planes of the duplex opposite strands. In this case the increased triplex
stability depends on the binding constant of the dye interacting with the duplex.
As well, the present model approximation applied permits to evaluate a degree of the triplex end

disordering and the effect of this “end fraying” on the form of melting curve and the width of the transition
interval.
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TEPMOJIMHAMIYHHAM AHAJII3 ITEPEXO/Y 3—2 B TPUCITIPAJIBHUX
OJITOHYKJEOTUIAHUX KOMILJIEKCAX dA,-2dT,,
HO.II. Baaroii, B.M. 3o3yas, C.O. €rynos, 0.0. Psizanosa, A.C. lllepbakosa
Diztiko-mexnivHul Hemumym Huzvkux memnepamyp im. B.I. Bepkina Hayionaneror akadestit nayx Yepainu,
47 npocn, Jenina, Xapris, 61103, Vepaina, e-mail: zozulya(@ilt.kharkov.ua.

B poGoTi po3rasHyTO MOKIHBICTE TEPMOIHHAMIYHOTO OITHCY Nepexo]y B oliroMepHux Kommaekcax dA,«-2dT, Ta
dAg-2dT 5 i3 TpunnekcHO! dopMH B Iynaeke + ojaHa coipatk (nepexia 3-—2) 3a JonoMoror mozem “Staggering
Zipper” (*3acTiOka-6nuckaBka”) Ta 3a YMOB NPUIYLIEHHA, 110 NMepexia € fimonekyaspHolo peakuicio A 2B<>AB+B
Byno nokazaHo. o npH ¢izuyHo 06rpyHTOBAHNX 3HAYEHHAX TEPMOIMHAMIYHUX NapaMeTpis (AH.;, AS,;. napamerpa
HyK/eallii Byy Ta THIIMX) MOAETh 8JIEKBATHO OMHCYE eKCTIEPUMEHTANLHI KPUBI IUIABICHHSA T8 TPUNNEKCIB 3 PI3HOK
NIOBKHHOI0 NAHLIOB ONIFOHYKICOTHAIB | 32 PI3HHMH I0HHUMH YMOBaMH, i

Kpim Toro, B pofOTi BHBYCHO BIUIMB HA NapamMeTpd TMepexony KOBAICHTHO npueaHaHoro 1o dT,, Gapehuka.
inTepkamooyoro nomik AT napamu nymnekca. [TpoanamizoBaHo MOXUIMBI NMPHUMHW, 3YMOBIIOIOMI  3HAYH)
JHMCTIEPCIKD eKCTIEPHMMEHTANBHAX AaHUX. oTpuManux Ang AH., piswumu meronamu (DSC, 1TC. awaniz 3a san’t
TFopdom ra inmmmu). TMokasaHo. 1we PO3YNOPAIKYBaHHA KIHLIB TPUILICKCIB i AYTIEKCIB Mac 3HAUHUA BIUIME Ha
(dopMy KPHBHX INIABNCHHS Ta HA TEPMOJHHAMIYHI TApaMeTPH NEPexo1is.

KJHOYOBI CJIOBA: Tpuriekc OiFOHYKICOTHAIB, nepexia cripans-kayfok. crabidilanis  TpHUMICKCs
GapBHMKOM. Moe/b ““3acTiOka-Omckaska’.



