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Abstract: We have investigated the thermodynamics and specificity of DNA triplex formation with isothermal titration

calorimetry (ITC). The triplex formation between a 23-

mer double-stranded homopirameopyrimidine and a

15-mer single-stranded homopyrimidine oligonucleotide formingTTand C™-GC triads at pH 4.8 is driven by a

large negative calorimetric enthalpy changg.,, of the order of—80 kcal/mol. AHcy is strongly temperature
dependent, yielding a heat capacity chan®@g, of about—1 (kcal/mol)K™1. The equilibrium association constant,

K, obtained from the titration curve is about®10” M~ at 25°C (binding free energy changAG, is about—11
kcal/mol). Thus, the triplex formation is accompanied by a negative entropy chAgye 245 (cal/mol)K?! at

25°C). We found thaK is insensitive to temperature near room temperature, leading to an apparently small van’t
Hoff enthalpy changeXH,+), in sharp contrast with the large negatidklc,. Together, the analyses of the observed
temperature dependenceskofand AH and the large negativAC, suggest that the triplex formation is a coupled
process between conformational transitions in single-stranded DNA and its binding with double-stranded DNA. The
examination of single mismatches in the triplex formation has showrktlaawd AG are not strongly affected by the
particular combination of triad sequences (differenceS@are within 1.2 kcal/mol). In contrast, single mismatches
affectedAHcq to a greater extent (up to 7-kcal/mol differences). We discuss possible means to enhance specificity

in triplex formation, implied by the present findings.

Introduction

Interest in triplex DNA has grown recently because of its
possible biological function and its potential applications as
antisense drugs.Triplex formation has been applied to specific
cleavage of DN repression of gene expressiband genome
screenind. Triplex is usually formed between a double-stranded
homopurine-homopyrimidine and a single-stranded homopy-
rimidine tract?5or a homopurine tra&. The third homopyri-
midine single-stranded DNA (ss-DNA) binds to the major
groove of the double-stranded DNA (ds-DNA), in parallel with
the purine strand, via Hoogsteen hydrogen bondindgpereas
the third homopurine strand binds to the major groove antipar-
allel to the other purine strarfd. Typical triplexes are formed
between thymine (T) and adenitteymine (AT) base pairs
(T-AT triad), and between protonated cytosine (C) and
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guaninecytosine (GC) base pairs {&C triad)2258 However,
other base combinations have been suggested to form stable
triplexes, e.g., &TA, G:-GC, and FCG triplets?10 The stability

of a triplex is affected by various environmental conditions such
as pH, ionic strength, temperature, and supercoil dePisiy!?

In order to understand the mechanism of triplex formation
and to assess the effects of sequence and environment on its
specificity and stability, it is necessary to obtain detailed
thermodynamic and kinetic data for the binding process under
various conditions. The dissociation process of triplex has been
widely investigated by the measurements with UV melting, CD
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ITC Investigation of DNA Triplex Formation

melting!3 and differential scanning calorimetry (DS&).On

the other hand, the association process of triplex has not been
well characterized nor has its mechanism been understood.
Furthermore, there are some variations in the thermodynamic
and kinetic data of dissociation and association of triplex
obtained by different methods, e.qg., in the enthalpy change for
the association process measured by filter-binding 48znd
affinity-cleavage assaj¥ and for the dissociation process
derived from UV, CD, and DSC measuremetit$? There are
several pieces of evidence indicating that triplex formation is
not a simple two-state reactidd. Thus, it is important to
investigate the details of the thermodynamic properties for the
triplex formation. Measurements by isothermal titration calo-
rimetry (ITC) enable us to obtain detailed information on
thermodynamic quantities such as enthalpy and heat capacity
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changes of molecular associations directly from the heat 0
produced by the reactid§. Also, the binding free energy
change and the entropy change can be estimated at the same
time. The evaluation of these quantities should inform us about
the mechanism of triplex formation. In this paper, we examine
detailed thermodynamic properties for the triplex formation
between a double-stranded homoputrihemopyrimidine and
a single-stranded homopyrimidine oligonucleotide containing
T-AT and C'-GC triads at pH 4.8, and its sequence specificity
by using ITC. Based on the results, we discuss the mechanism 80 —
of triplex formation and suggest possible means for enhancing A S|
sequence specificity. 0.0 0.5 1.0 1.5
Molar Ratio
Figure 1. (a) The titration profile of the binding process between the
15-mer single strand, Pyrl5T¢ETCTTCTTTTCTTTC-3), and the
Thermodynamic Quantities of Triplex Formation. Figure 23-mer duplex DNA, Pur23A/Pyr23T '@CGCGAGAAGAAAA-
la shows the titration profile for triplex formation between the GAAAGCCGG-3/5-CCGGCTTTCTTTTCTTCTCGCGC:g by ITC
15-mer single strand (Pyrl5Z) and 23-mer double strand at pH 4.8. Temperature is 28. Buffer contains 10 mM sodium
(Pur23Y/Pyr23X) with ZYX = T-AT (T-AT triad) measured acetate/10 mM cacodylic acid, pH 4.8, 0.2 M NaCl, and 20 mM MgCl
by ITC at 25°C and pH 4.8. An exothermic heat pulse is Each puls_e corresp_onds to guE-inject_io_n containing 12:M of the
observed upon each injection of the 15-mer third strand into 15-mer third strand into the pell contam_mgu&’l of the 23-mer duplex.
the reaction cell containing the 23-mer double strand. The (b) The area of each peak in (a) was integrated and corrected for the

itude of th kd ivel b eat of dilution, which was estimated by a separate experiment by
magnitude or (he peak decreases progressively upon subsequen jecting the 15-mer strand into the dialysis buffer. The corrected heat

injections, and residual peaks at saturation correspond 10 they s givided by the moles of injectant and values were plotted as a
heat of dilution for placing the third strand into the buffer. The  function of the molar ratio of 15-mer/23-mer. The titration curve was

area of each peak was integrated and corrected for the heat ofit with a nonlinear least-squares method.

dilution, which was estimated by a separate experiment by

injecting the 15-mer strand into the dialysis buffer. The method, the enthalpy changkH, and the equilibrium associa-
corrected heat was divided by the moles of the injectant and tion constantK, of triplex formation can be estimated with the
the values were plotted in Figure 1b as a function of the molar assumption of a two-state model for triplex formation. Averag-
ratio of 15-mer/23-mer. The titration passes a half-saturation ing over multiple experiments, we estimat{ andK to be
point near the equimolar ratio between the single and double —83.8 + 0.5 kcal/mol and (9.08+ 0.67) x 10° MY,
strands, indicating a one-to-one binding to form a triplex. By respectively, at 28C. Thus, the triplex formation is driven by
fitting the titration curve with a nonlinear least-squares a large negative enthalpy change. The association constant
obtained by calorimetry is similar to the values estimated by
the filter-binding assaj®? From the estimated association
constant, the value of the binding free energy chargs, is
calculated to be-10.8 £ 0.1 kcal/mol. Thus, the entropy
change AS, for triplex formation is—245 + 2 (cal/mol)K™;
that is, the entropy change is unfavorable for the triplex
formation.

Temperature Dependence of Triplex Formation. We have
examined the temperature dependence of the enthalpy change
in the temperature range between 15 and°@5in order to
evaluate the heat capacity change,, associated with the
triplex formation. The results are shown in Table 1 and Figure
2. AH decreases with increasing temperature, indicating that
the triplex formation is accompanied by a negatMg,. The
plot of AH vs T shows a nearly linear dependence in this
temperature range. If the plot ofH vs T is fit with a straight
line, the estimated value &C, is —914 + 47 (cal/mol)K™.

kcal/mol of injectant

1
2.0
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Table 1. Thermodynamic Parameters for Triplex Formation, 2 — T T T T
Obtained by ITC Measurements at pH #%.8

AG AH AS
T K(M™) (kcal/mol)  (kcal/mol) ((cal/mol)K™1)

15 (7.97+£1.97)x 10/ —10.2+0.2 —73.1+0.8 —223+7
20 (8.37+0.88)x 10’ —10.6+0.1 —78.1+0.2 —230+1
25 (9.08+0.67)x 10/ —10.8+0.1 —83.84+0.5 —245+2
30 (8.20+0.69)x 10 —11.0+0.1 —87.2+0.8 —252+3
35 (8.21+0.12)x 10’ —11.24+0.1 —91.4+0.6 —261+2

Molar ellipticityx 107

a Concentration of the 15-mer third strand is 124 in the syringe.
5 uL is injected into the cell. Concentration of the 23-mer duplex is
5 uM in the cell (total 23-mer duplex in the cell is at a 10-fold excess
over the single 15-mer injection). Corrected for the heat of dilution
by the 15-mer. -10 L L ) !
0 20 40 60 80

100 ——m——r—r—+—r—rrr—rrr1 T T Temperature (°C)
Figure 3. Melting profile of the 15-mer/23-mer triplexes; AT (solid

1 line), T-TA (dash line), ATA (dot line), and AAT (dash-dot line),
- measured by CD. The melting profiles were recorded at 220 nm under
TAS

g - the same conditions as in Figure 1. The solution containgM®f
= 50 J each strand in the same buffer as in Figure 1. The heating rate is 20
S °C per h.
=
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Temperature (°C) Figure 4. Melting profile of the single strands, Pyr15T (solid line),

Figure 2. Temperature dependence/ifl, AG, and TASfor the TAT Pyr19C (dash line), TC15 (dash-dot line), and TC19 (dot line).

15-mer/23-mer triplex formation. Conditions are the same as in Figure Measurements were made gt 285 nm under the same Cond.'t'ons asin
1 Figure 1. The sample solution contains @0 of each strand in the

same buffer as in Figure 1. The heating rate RC5per h.
Since the magnitude oAC, is much larger than that oAS,
—TASshows a similar temperature dependence with a slope of one mismatch at the center are less stable than A& Triad;
opposite sign (see Figure 2). Because of this “enthagmtropy their Ty's are 58 (AAT), 53 (A-TA), and 48°C (T-TA) in
compensation”, the temperature dependenc@@fis weak decreasing order of stability. However, these molecules are
(Figure 2). When the values of I§ are plotted against T/ indicated to be dominantly in the triplex state at room temper-
the curve is nearly flat (see Figure 5). The linear least-squaresature for these triads.
fitting of the curve yields an apparent van't Hoff enthalpy CD Melting of Single Strands. We have also carried out

change of—0.35_j: 0.79 _kcal/r_nol. This is in sharp contrastto melting experiments for the single strands, Pyr15T, Pyr19C,
the large negative _calonme_trlc ef“ha'py change. H°W_e"‘“trv the TC15, and TC19 (Figure 4), in order to determine whether a
plot of In K I\'/S E[UZ 'fS no;[. strictly Img@r, anql could be fit with temperature-dependent conformational transition of the single
more complicated functions (see Discussion). strand might play a role in the triplex formation (see Discussion).

CD Melting of Triplexes. In order to make sure that the - - - -
. . A As shown in Figure 4, all single strands exhibit conformational
triplex is stable in this temperature range, we also measured by

circular dichroism the temperature-induced denaturation of transitions with different melting temperaturdss for Pyr1°5T,
triplex. As shown in Figure 3, the triplex with-AT triads Pyr19C., TC15, and TQl_Q are-5, 10, 27, and .30 C
begins melting at around 5C, with aT, of about 70°C. Since respggtlvely). Thg transVuoqs were almost reverS|pIe as the
there is no significant denaturation between 15 and@5the transition curves in both dII’eC.tIOI’]S were almost identical.
temperature dependence &fH measured by ITC can be Longer DNA’s. tend to melt at higher temperatures. Further-
attributed to the triplex formation. We have also checked the MOre, alternating T/C sequences (TC15 and TC19) are much
temperature dependence of pH of the buffer used, and found itMOre stable than irregularly mixed T/C sequences (Pyr15T and
to be negligible (the pH variation should be less than 0.01 in PYr19C), indicating that the alternating T/C single strands may
our temperature range, based on the enthalpy changes ofSsume a specific conformation in solution.

protonation for the sodium acetate/cacodylic acid buffer). Figure Sequence Dependence of Thermodynamic Quantities in

3 also shows the melting of other triplexes for the different Triplex Formation. We have measured thermodynamic quan-
triads, Z2YX = T-TA, A-TA, and AAT. These triplexes with tities for four different triad sequences; X = T-AT, T-TA,
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Table 2. Effect of Single Mismatches on Thermodynamic enthalpy change. On the other hand, the present results show

Parameters for Triplex Formation, Measured by 1TC K to be insensitive to temperature (Table 1). If we assume that
AG AH AS AH and AS are independent of temperature, the van't Hoff

triad K (M) (kcal/mol)  (kcal/mol) ((cal/mol)K™) enthalpy change can be calculated by

T-AT (9.08+0.67)x 10/’ —10.8+0.04 —83.8+0.5 —245+2 5

TTA (1.23+£0.10)x 10/ —9.66+0.05 —76.9+ 1.7 —225+6 AHES= —R In K 1)

ATA (1.73+0.11)x 10/ —9.87+0.04 —82.3+0.4 —203+2 AL
A-AT (4.4240.22)x 10/ —10.4+0.03 —77.6+0.6 —218+2

aTemperature is 25C. Other conditions are the same as in Table FOr @ linear fit of this slope in the present temperature range,
1. Mismatches are made at the center of the triplex wittdZ where AHZ*was found to be-0.35+ 0.79 kcal/mol. It might be
Z, Y, and X are in Pyr15, Pur23, and Pyr23 strands, respectively.  thought that this temperature insensitivenessKotould be

caused by an instrumental limit of ITC, since tKevalue is

A-TA, and AAT, by ITC, as shown in Table 2. From this relatively large. The ¢ value” defined byMK, whereMy is
result, the value oAG varies within 1.2 kcal/mol for the single  the concentration of molecule in the calorimetry cell, needs to
mismatches. The-RT triad is the most stable triplex, andA  pe smaller than 1000 for the accurate measuremekit!8f In
AT is next most stable. The AA and T-TA triads are  the present case,is below 450. And, indeed, we observed a
significantly less stable than theAT by 0.9 and 1.2 kcal/mol,  variation inK for the triplex formation with different sequences
respectively. This order of relative stability agrees with that (see Table 2) around thesvalue, and were able to measure an
obtained from our melting experiments (Figure 3) and also by even larger association constant than the present values.
others3¢17 On the other handAH exhibits a very large  Furthermore, in the previous analyses by filter-binding assay,
sequence dependence, with up to 7 kcal/mol variation per singlewe also found that the binding constant of the triplex formation

mismatch among the four different triads. In terms\#f, the s similar to the values obtained by ITC and is insensitive to
order of stability is FAT, A-TA, A-AT, and TTA. Among temperature at low pf# Thus, all of this evidence precludes
these, the TTA triad is the least stable in terms &G or AH. the possibility of any instrumental limit as the cause of the

temperature insensitiveness i§f The AH:°° measured by
filter binding assay varies from 0 to0.8 kcal/mol per base as
The present results have shown that triplex formation is driven pH increases from 5 to 68. Thus, the discrepancy between
by a large negative enthalpy change-673 to —91 kcal/mol the van't Hoff enthalpy changes obtained by the affinity
in the temperature range examined. Since the present systen¢leavagé'¥and the present ITC measurements appears to result
contains cytosines, which are protonated to form a triplex, the from the difference in pH.
calorimetric enthalpy chang&\H2°; measured by ITC con- The discrepancies betweefiH,; and AHca have been
tains a contribution from the protonation of cytosine and the recognized, and possible causes of the discrepancies have been
deprotonation of buffer. Here, “assoc” is used to distinguish discussed® Webef®® has emphasized the importance of
the association process from the dissociation process. At pHincluding the temperature dependenceAdf and AS and in
4.8, approximately 33% of cytosine will be protonated in several model calculations on protein subunit association, the
solution (fK, of cytosine is 4.5). Thus, about 3.3 protons need calculated enthalpy changes differ significantly from the simple
to be taken up from the buffer. After correcting for the Vvan'tHoff enthalpy changes. Inthe present case, the assumption
deprotonation enthalpy change of bufferd.18 kcal/mol) and that AH and AS are independent of temperature is not valid

Discussion

the protonation enthalpy change of cytosire4(5 kcal/mol), (Figure 2), i.e., we observed a large negatM@,. Thus, we

the correctedAH¥**is about—69 kcal/mol (4.6 kcal/mol cannot use a linear least-squares fit to eq 1 to calculate the true

per base) for thé:‘%-pT triad at 25°C. enthalpy change for the triplex formation. AC, is assumed
Although reports on the enthalpy change of the association to be independent of temperature and to originate in a simple

between ss-DNA and ds-DNA are relatively scarte218the two-state binding process, we would expect the temperature

dissociation process has been analyzed by various methods. Theependence ok to bet®

van't Hoff enthalpy changeAH2S**¢ measured by UV melting _

at different pH, salt concentrations, DNA lengths, and sequences In K_ AHO—TOACP(i - l) + ﬁ’ In T (2)

ranges from 4.5 to 6.6 kcal/mol per badeOn the other hand, Ko R To T R T

the calorimetric enthalpy changAH2**¢ measured by DSC . .

for the same process is-5.8 kcal/mol per bas¥,which tends  Inserting the observedC, (=914 (cal/mol)K™ by the linear

to be smaller thamHZS*® The magnitude of the present fitting) and the values oAHZZ*(~83.8 kcal/mol) andKo

calorimetric enthalpy change for the association process, (9-08x 10"M™)atTo = 25°C into this equation, the predicted
AHZS fa]ls at the lower end ohAHI5¢ and the higher end of temperature dependence of khwould be the dashed curve

AHéis:so'c_ The presentaHZis aIg:) at the lower end of the  Shown in Figure 5. This expected temperature dependence of
denaturation enthalpy change of double helical DN&'s. In K based on _the constamic, model dewat(_as s_|gn|f|cantly_
The van't Hoff enthalpy change for the association process, from the experimental data. Although the ftitration curves in
ITC measurements appear to be fit well by a two-state transition
(Figure 1), the discrepancy in the temperature dependence of

AHE°¢ measured by affinity cleavage titration for a 15-mer of
mixed C/T oligonucleotides and a 339-bp plasmid fragment at In K suggests that triplex formation may be more complex than

pH 7.0 and 0.1 M NaCl is about2 kcal/mol per bas&'9 This

value is much smaller in magnitude than the present calorimetric  (20) (a) Weber, GJ. Phys Chem 1995 99, 1052-1059. (b) Naghibi,
H.; Tamura, A.; Sturtevant, Proc. Natl. Acad Sci U.SA,. 1995 92, 5597
(17) (a) Fossella, J. A.; Kim, Y. J.; Shih, H.; Fresco, JNBcleic Acids 5599.

Res 1993 21, 4511-4515. (b) Best, G. C.; Dervan, P. B. Am Chem (21) Connolly, M.Sciencel983 221, 709-713.

Soc 1995 117, 11871193. (22) Coordinates of the triplex are from: Raghunathan, G.; Miles, H.
(18) Wilson, W. D.; Hopkins, H. P.; Mizan, S.; Hamilton, D. D.; Zon,  T.; Sasisekharan, \Biochemistryl993 32, 455-462.

G.J. Am Chem Soc 1994 116, 3607—-3608. (23) Spolar, R. S.; Record, M. T., Bciencel994 263 777-784.
(19) (a) Klump, H.Ber. BunsengesPhys Chem 1987 91, 206. (b) (24) Finkelstein, A. V.; Janin, Protein Eng 1989 3, 1-3.

Klump, H. Can J. Chem 1987, 66, 804. (25) Kauzmann, WAdv. Protein Chem1959 14, 1-63.
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Table 3. Estimation ofAC, and AS due to Hydrophobic Effeét
APy AA APt AC, AS4e

C"-GC (unstacked) —118 —49 —69 —6.1 1.8
(stacked) —80 —-22 —58 1.2 4.1
T-AT (unstacked) —118 -55 —63 -8.8 1.9
(stacked) —76 -23 —53 0 4.6
Total (unstacked) —797 -—-972 —-1769 -—119 28
(stacked) —-341 -—-820 -—1161 56 66

a AAnp, AA,, andAA: in units of A2 represent changes in nonpolar,
polar, and total solvent accessible surface areas due to the triplex
formation. These values were calculated by rolling a probe size of a
water molecul# over the surface. A probe size of 1.4 A was used for
the effective radius of water. We took three adjacent base pairs and a
third strand with three matching bag&® calculate the surface of the
central base triad, either-AT or C*-GC. Then, we calculated the
surface areas for the triplex, ds-DNA, and ss-DNA. We considered
two extreme stacking states for free ss-DNA: one with fully stacked
bases, which is the same as in the triplex form; and the other with
completely exposed bases, where surfaces of aromatic planes are fully
exposed. In both cases, we calculated the accessible surfaces of the
central bases, and that of triplex was subtracted from those of ds-DNA
and ss-DNA. ThenAA for the 15-mer/23-mer triplex was calculated
by adding each triad contribution.AC, and ASi due to the
hydrophobic effect were calculated by the following empirical relations:
2 ACp = 0.32AA; — 0.14AA;; ASie = 0.32AA In (T/386) in (kcal/
mol)K~. In the case of triplex formation, exchanges of counterions
and protons could make the effect of hydration more complicated. The
values of AS should be corrected by the loss of translational and
rotational degrees of freedom upon the association between ss-DNA
and ds-DNA, which is approximately50 (cal/mol)K1.2* The entropy
change should also be corrected by a cratic entropy, which reflects the
entropy difference betweea 1 M standard state and approximately
infinite dilution, where the experiments are done. It is approximately
—8 (cal/mol)K=1.25 The net entropy change corrected for these factors
becomes 9 to-30 (cal/mol)K™ for stacked and unstacked ss-DNA.
The contribution of a conformational entropy of the ss-DNA may be

Figure 5. (a) Temperature dependence of experimentally observed estimated roughly by assuming three stable rotational statass(
K(app) (solid circles). The dashed line is the temperature dependencegaucher andgauche) for torsion anglesg, , v, €, andg, and two

predicted by eq 2 with the experimentally observed valu&§, =
—914 (cal/mol)K?, AH§ = —83.8 kcal/mol, andk, = 9.08 x 10’
M~ at To = 25°C. The solid line is the curve fitted by using eq 7
with the fitted parametersAS; = —229 (cal/mol)K'%; AH = —87.3
kcal/mol; AH; = 6.1 kcal/mol; andl, = 53.7°C. nwas set to 15. (b)
Temperature dependence of experimentally obseftdt{app) (solid
circles). The solid line is the curve fitted by using eq 8 with the fitted
parameters:AH; = —87.3 kcal/mol;AH; = 2.9 kcal/mol; andly, =
21.6°C. nwas set to 15.

states for the sugar ring §&ndand G-end andy (anti andsyr), and

that these degrees of freedom are frozen upon triplex formation. The
net entropy change for a 15-mer ss-DNA will b207 (cal/mol)K?
(15(3R In 3 + 2R In 2)). In spite of the oversimplification, the
estimation leads to a value close to the experimental value2d5
(cal/mol)K™! at 25°C.

Several factors such as vibratioffa#” and conformtional
transitiond® have been proposed to contribute to th€, and
AS accompanying a binding process.

Considering the above circumstance, the assumption of the

expected from a simple two-state binding process. In this temperature independencesC, in eq 2 may not be valid for

respect, the origin of the observed large negatiMg, is
interesting. AC, is usually considered to indicate an involve-
ment of hydrophobic effect in protein folding and molecular

interpreting the present data of association constant and enthalpy
change. Eftinket al28 built a general thermodynamic model
of protein—ligand interaction which involves the coupling

association. Thus, we evaluated the accessible surface aregetween multiple states of a protein and the binding processes.
buried upon the triplex formation, in order to examine the Sych coupled processes can result in a heat capacity change

contribution of any hydrophobic effect in the triplex formation.
As shown in Table 3, the estimatédC, values range between
6 and—120 (cal/mol)K'%, depending on whether the free ss-

even if the binding process is not accompanied by an intrinsic
heat capacity change. Their model is worth considering for the
present triplex formation because the free ss-DNA can assume

DNA is completely stacked or unstacked. The magnitude of multiple conformations. Although there is no detailed informa-
the calculated\C, is far less than the experimental value, and tion on the conformational states of ss-DNA, we have observed

at least—830 (cal/mol)K' of AC, in the triplex formation

conformational transitions of ss-DNA by CD melting, as shown

remains to be explained by some factors other than a hydro-in Figure 4; ss-DNA's exhibit conformational transitions with

phobic effect. Table 3 also shows the calculated which

different melting temperatures depending on sequence and buffer

contains hydrophobic effect and other contributions in the conditions such as pH. Similar conformational transitions of

binding process. The observedSapp) values are negative,

ss-DNA have been observed by differential scanning calorimetry

opposite to what would be expected for a hydrophobic effect. (DSC)?° and it has been suggested that the conformational

The discrepancies in the observed and expected valua€of
or AS have been reported for other association proce$g8s.

(26) (a) Jin, L.; Yang, J.; Carey, Biochemistryl993 32, 7302-7309.
(b) Lundbak, T.; Cairns, C.; Gustafsson, J.-A.; Carlstedt-Duke, Jrt,Ha
T. Biochemistryl993 32, 5074-5082. (c) Ladbury, J. E.; Wright, J. G.;
Sturtevant, J. M.; Sigler, P. B. Mol. Biol. 1994 238 669-681.

transition may contribute to the thermodynamics of melting of

(27) Sturtevant, J. MProc. Natl. Acad Sci U.SA. 1977, 74, 2236~
2240.

(28) Eftink, M. R.; Anusiem, A. C.; Biltonen, R. LBiochemistry1983
22, 3884-3896.

(29) Vesnaver, G.; Breslauer, K. Broc. Natl. Acad Sci U.SA. 1991
88, 3569-3573.
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ds-DNA. Thus, it is quite likely that the conformational where K, and AH; represent the equilibrium constant and
transition of ss-DNA can also affect the thermodynamics of enthalpy change of unstacking of ss-DNA, respectivefy.=
triplex formation. The model of Eftinket al?® can be exp((—AHYR)(L/T — 1/Ty)), whereTr, is the melting temper-
represented by the following scheme for the triplex formation: ature of base stacking in ss-DNA. On the other case, where
the base stacking is assumed to take place only sequentially

BT T, T, along the strand, i.e., each microstate consists of only a single
D *So D+ S p " state, eqs 5 and 6 become
L | I | n
DSo DS, DS, K,
K(app)= Kg—— 7
where $represents the various conformational states of ss-DNA : i
such as those with different extents of stacked bases, and D 1+ VA Ky
denotes ds-DNA.K, represents the equilibrium constant for =
the stacking and unstacking between the microstates of ss-DNA. n
Ko = expAS/R — AHYRT), andK; represents the equilibrium ZiK‘u
association constant between ds-DNA andithenicrostate of =
ss-DNA. Each DSrepresents a complex between ss-DNA and AH°(app)= AHg + AH{{n — ———— (8)
ds-DNA, which will lead to a triplex. According to Eftinkt 14 - Ki
al.,28 the apparent association constaffapp), and apparent VAR
enthalpy changeAH®(app), are given by =
n
1+ Syp, Equations 3 and 4 contain rather complicated distributions
£ of the conformational states of ss-DNA and more adjustable
K(app)= K——— 3) parameters. Thus, we applied simpler eqs 5 through 8 to fit
0 the temperature dependences of the experimentally observed
1+>np In K(app) andAH®(app), by considerind\S;, AHZ, AH?, T,
= andn as variables. The experimentalliapp) andAH®(app)
n h could be fit well with reasonable ranges of parameters even
iyep, ZiEpi with thesg .simplest models (Figgre 5). By nonlinear least-
= & squares fitting of IrK(app), the estimated values A range
AH°(app)= AHg + — 4) from —210 to —230 (cal/mol)K with either eq 5 or 7. On
! il the other hand, the values #fH3 range from—80 to —100
1+ Zyipi 1+5p kcal/mol, and eq 5 tends to yield a larger magnitudeA6f;.
I

= The AH;, value is 6-7 kcal/mol, andTy, is 50-90 °C. On the
other hand, the fitting of experimentaH°(app) by eq 6 or 8
yielded similar values ofAHg and AH; but the range of
estimatedl, is 3—20°C. The largeiT, obtained by the fitting

of In K(app) could be due to larger experimental errors in In
K(app) within narrow temperature range. Smaltedid not
improve the fitting. The fitting with the above coupled process
yieldedACy(app) near the experimental valuesyl4 (cal/mol)-

wherep; is the probability of theéth microstate of ss-DNA and

is assumed to be expressedrivgxp(—ie/RT)/(n — i)!il, where

€ represents the average energy of intramolecular interaction
(in the case of ss-DNA, this will be mostly the stacking energy).
yi is the ratioKi/Ko. The apparent heat capacity change,
ACy(app), is given by the derivative of eq 4 with respecfto

Wheny, is assumed to decrease wittas €', the peak and K~ obtained by a linear fitting), even if there is no heat capacity

\é\v;)?otgreorft tﬁ:aﬂgf:;ﬁ;ecﬂﬁgzuggfir;’\fsﬂ#(]flrgr?]aggsh aTIrilgan d_change associated with either the conformational equilibrium
induced shift in the microstate distribution, even if the intrinsic of s5-DNA or the binding process. This calculath@(app)

heat capacity chanae is absent in the liaand binding proce varies from —700 to —1100 (cal/mol)K! as temperature
pacity ge Is absent In the g inding p .S.S‘changes from 35 to 18C. The above coupled model of triplex
The coupled process can also result in a temperature-insensitiv

S Sormation can explain the temperature dependenceskfpp)
.regt;lont'r.] :he ;nK(ap:.p) vs 1T plot, such as we have observed and AH°(app), and the magnitude &Cy(app) as observed
n Feerraﬁpae:d OLLrEamgg]é lied the model of Eftinlet al28 to experimentally. However, we cannot uniquely specify the
rarl PPlE : " particular model and evaluate all parameters accurately based
a particular case of the binding of @aamer ss-DNA to single-

trand-binding protein (SSB). An rent large neaativ on the present data alone. More careful analyses of the
SAC? h gbp 0 eb df. th :’El)ppda} € b ENge Segg edconformational transitions of ss-DNA would be necessary to

p(appgo as been observed for Te binding between @NCevaluate more accurately values of the parameters such as
dA(pA)»3° By assuming independent base stacking among all

o s . AH?, T, andn.
the base combinations within a single strand, and that only the ™ &' " .
completely unstacked ss-DNA can bind to SSB (e 0, i The present results strongly suggest that the conformational

7 . . states of ss-DNA play an important role in the thermodynamics
=1, ...n), K(app) andAH*(app) are given by of triplex formation. We have found that the conformational
K \n equilibria of the ss-DNA shown in Figure 4 are pH dependent,
K(app)= KO(—U) (5) i.e., increasing pH Iower‘ﬁm. Thgs,_the pH dependence of the
1+K, AHSY“observed by the filter-binding asséycould be partly
. attributed to the conformational transition of ss-DNA. We also
AH°(app)= AHS + NAH; ©6) found that the stability of ss_—DNA is strongly sequence
1+K, dependent (Figure 4). Alternating T/C sequences, TC15 and
TC19, are stable at room temperature, whereas randomly mixed
(30) Ferrari, M. E.; Lohman, T. MBiochemistry1994 33, 12896-12910. T/C sequences, Pyrl5T and Pyr19C, are much less stable. The
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coupling of the conformational equilibrium of disordered ss- mer’s, 3-GCGCGAGAAGAYAAGAAAGCCGG-3 (Pur23Y) and 5
DNA to the triplex formation is similar to the protein folding CCGGCTTTCTTXTCTTCTCGCGC-3Pyr23X), by DNA synthesizer
problem, in which the disordered unfolded state of proteins can (ABI 381-A), where X, Y, and Z were varied to give different
significantly contribute to the thermodynamics of protein combinations of base triad, and purified them by HPLC with an C18
folding. This suggests that more attention should be paid to reverse phase column (WAKO-SIL DNA). The sample concentrations
the conformational states of ss-DNA for analyzing the mech- were determined by UV absorption. After annealing the complementary
anism of triplex formation. strands, the sample was passed through a hydroxyapatite column

The present analyses of sequence dependence show that singlOKEN) to remove any unpaired single strands. We also prepared
mismatches in the triplex do not have strong effectaand other single strands,- FCTCTCTCTCTCTCT-3(TC15), 3-TCCTCT-
therebyAG. On the other hand\Hca exhibits more sequence- TCTCTTCTTTCTT-3 (Pyr19C), and STCTCTCTCTCTCTCTCTCT-
dependent variations, as shown in Table 2. This result may be3 (TC19), for the CD melting study. The purified oligo-DNA's were
rationalized by assuming a nucleation-elongation process in thedialyzed against the binding buffer (10 mM sodium acetate/10 mM
triplex formation; in the nucleation step only a few base contacts cacodylic acid, pH 4.8, 0.2 M NaCl and 20 mM Mgf

of the Hoogsteen type may be formed between ss-DNA and  cajorimetry. For the measurement of heat produced by the triplex
ds-DNA, and this may be followed by a slower elongation step, formation, we used the ITC system, OMEGA, and MCS (Microcal,
in which base pairing progresses to form a complete triplex. |nc )16 The concentrated samples of the 15-mer oligo-DNA’s were
The observeK and AG, which may mostly reflect a rapid  jnjected at a constant interval into the cell containing the 23-mer duplex.
equilibrium of the nucleation step, would be relatively insensi- The heat pulse produced by the mixing decreases as the injection
tive to single mismatches, since the nucleation step may containprogresses. The residual heat that remains after the saturation is due
only limited numbers of base tripling between ss-DNA and ds- g the heat of dilution by the injectant, and this effect was corrected by
DNA. On the other hand, the observa#., would be mainly measuring the titration against the buffer. The integrated heat pulses
contributed by the elongation step, which may accompany were plotted against the total ligand injected into the cell, and the
enthalpically favorable base stacking and hydrogen bonding. titration curve was fit by nonlinear least-squares analysis using the
The present results also show that triplex formation is ac- origin software (Microcal, Inc.) to determine the enthalpy change and
companied by a large negati¥es, which counteracts the effect  pinding constant.

of a large negativéAH¢,. As a result, the values akG are
rather small.

These results offer some hints for designing modified
oligonucleotides with enhanced sequence specificity. We
suggest here that the design of a highly specific triplex DNA
would require attention not only to the interaction between ss-
DNA and ds-DNA but also to the state of the free ss-DNA.
One such strategy is to amplify the contributionAdflco;, which
is highly sequence dependentA® by suppressing the negative
AS. A major source of the negativAS may come from
flexibility of ss-DNA (see the legend of Table 3), which
becomes substantially restricted in the triplex structure. If a  Acknowledgment. We thank Dr. Harumi Fukada for helpful
modification could make the chain more rigid without changing comments and suggestions to the present work and Dr. R. L.
the required conformation of nucleotides, the magnitud®®f  Jernigan for critically reading the manuscript. This work was
might become larger and more sensitive to sequence. Suchpartly supported by a Special Grant for Promotion of Research
oligonucleotides with enhanced specificity as well as stability from the Institute of Physical and Chemical Research (RIKEN),
could be more readily applied as antisense drugs. a Grant-in-Aid for Scientific Research from the Ministry of
Education, Science and Culture of Japan (03259103), and Japan
Private School Promotion Foundation.

Circular Dichroism. The denaturation of triplex was measured by
circular dichroism (CD) spectropolarimeter JASCO J-720. The melting
profiles of triplex were recorded at 220 nm, whereas 285 nm was used
to monitor the melting of single strands. Data were collected in the
temperature range betweeid and 85°C at a heating rate 0of-550 °C
per h. The measurements were made using a square quartz cell with
a 1 mm path length. Temperature was controlled by a Periche
controller. The sample solution for triplex contains &Ml of each
strand in the same buffer as in the calorimetric measurement.

Experimental Section

Preparation of DNA. We synthesized 15-mer oligo-DNA'’s,-5
CTCTTCTZTTCTTTC-3(denoted as Pyr15Z), and complementary 23- JA952287J



