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Abstract: We used a combination of spectroscopic and calorimetric techniques to determine complete
thermodynamic profiles accompanying the folding of a set of triple helices and control duplexes. Specifically,
we studied the sequences: d(A;CsT7CsT7), d(AsCsTsCsTs), d(AsCsTs), d(AGAGAGACsTCTCTCTCs-
TCTCTCT), d(AGAGACsTCTCTCsTCTCT), d(AGAGACsTCTCTC,;), d(AAGGACsTCCTTCsTTCCT), d(AGG-
AACsTTCCTCsTCCTT), and d(GAAAGCsCTTTCCsCTTTC). Circular dichroism spectroscopy indicated that
all triplexes and duplexes are in the “B” conformation. DSC melting experiments revealed that the formation
of triplexes is accompanied by a favorable free energy change, which arises from the compensation of a
large and favorable enthalpic contribution with an unfavorable entropic contribution. Comparison of the
thermodynamic profiles of these triplexes yielded enthalpic contributions of —24 kcal/mol, —23 kcal/mol,
and —22 kcal/mol for the formation of TAT/TAT, TAT/CGC*, and CGC*/CGC" base triplet stacks,
respectively. UV melts as a function of sodium concentration show sodium ions stabilize the triplexes that
contain only TAT triplets but destabilize the triplexes that contain CGC™ triplets. UV melts as a function of
pH indicate that the protonation of the third strand and loop cytosines stabilizes the triplexes that contain
CGC™ and TAT triplets, respectively. Our overall results suggest that the triplex to duplex transition of
triplexes that contain CGC™ triplets is accompanied by a release of protons and an uptake of sodium,
while their duplex to random coil transition is accompanied by a release of sodium ions. A consequence
of this opposite sodium dependence is that their coupled transitions are nearly independent of sodium
concentration but are dependent on the experimental pH.

Introduction for the use of ODNs as modulators of gene expression: the
antisense strategy and the antigene stratdgythe antisense
trategy, ODNs bind to messenger RNA, forming DNA/RNA
ybrid duplexes. The formation of these hybrids inhibits
translation by sterically blocking the correct assembly of the
translation machinery or by inducing an RNAse H mediated
cleavage of their mRNA targétin the antigene strategy, ODNs
bind to the major groove of a DNA duplex, forming triple
helices®” The formation of triplexes can inhibit transcription
by competing with the binding of proteins that activate the
transcription machiner§?®

By directly targeting the gene, the antigene strategy offers
some advantages over the antisense strategy. First of all, there
are only two copies of the gene, whereas there is a large
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The completion of the human genome project will extensively
change the pattern and focus of the research in pharmaceuticai
scienced.Future analysis of the human genome may provide a
number of potential gene targets that could be exploited for the
development of therapeutic drugMoreover, a number of point
mutations or genetic polymorphisms are likely to be identified,
making it imperative to produce drugs that offer a means to
discriminate sequences that differ in only a few base pairs.
Nucleic acid oligonucleotides, as drugs, present an exquisite
selectivity and are able to discriminate targets that differ in a
single basé.Therefore, oligonucleotides (ODNs) may be used
to control gene expressién® There are two main approaches
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Scheme 1. TAT and CGC™' Base Triplets Scheme 2. Structures of Duplexes and Triplexes?
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and access its DNA target within the densely packed chromatin AnARAA T AGAGA™ N érTTE
structure®10 TITTTR__5 ceTétét S & SAAAGT
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The formation of triplexes is sequence specific, allowing the u CAMAG

re(?(?gnltlon 9f different DNA 'S.equences by H(_)OgSteen k?ase aThe suffix Du denotes a duplex, while the remaining molecules are in
pairing®” Triplexes are stabilized by base triplet stacking the triplex state.

interactions and hydrogen bonding between the third strand

bases and purine bases of the dugfexriplexes can be the ASof unfolding, such as the uptake of counterions observed
classified on the basis of the composition and/or orientation of in triplexes containing CGCltriplets or an increase in the triplex
the third strand. Parallel triplexes are usually pyrimidine rich length, promote the biphasic unfolding of intramolecular
and bind parallel to the purine strand of the duplex, while triplexes. Our analysis not only elucidates the pH and cation
antiparallel triplexes are usually purine rich and bind the duplex dependence in the unfolding of intramolecular triplexes but also

purine strand in the antiparallel orientatib#13 Parallel helps in the design of triplexes as therapeutic agents in at least
triplexes are characterized by the formation ofATT and two ways. First, they will allow researchers to select the target
CeG*C™ base triplets (" and “*” represent WatsonrCrick and gene sequences that are more likely to form a stable triplex,

Hoogsteen base pairing, respectively). These triplets are iso-given the environmental conditions of the cell nucleus. Second,
morphous, that is, super imposable, allowing a regular confor- they will allow the selection of the appropriate solution
mation of the sugarphosphate backborfeHowever, triplexes conditions for the formation of a given triple helix sequence
containing different combinations of these triplets have been for in vitro experiments.

shown to exhibit different stabilitie’s.Successful control of gene
expression depends on the effective binding of a specific DNA
sequence. Therefore, to develop triplexes as therapeutic agents, Materials. All oligonucleotides were synthesized by the Core
it is imperative to have a clear understanding of how the Synthetic Facility of the Eppley Research Institute at University of
sequence, base composition, and solution conditions affect theNebraska Medical Center, HPLC purified, and desalted by column
stability of these molecules. To this end, we have studied a Setchromatography. The concentration of the oligomer solutions was

of intramolecular triplexes, with different nucleotide sequences determined at 260 nm and 8C using the following molar extinction
P ’ q coefficients in mM?* cm™ of strands: ~d(A7CsT:CsT7) "3, 273;

and compositio_n. The use of intramolecular structures simplifies 5—d(ACSTeCsTe) 2, 246:5d(AcCsTe) -, 162:5-d(AGAGACSTCTCTG-

the Study of trlple helices because they are more stable thanTCTCT)—?," 210’5’—d(AGAGAGACSTCTCTCTQTCTCTCTTS" 266;
their bimolecular and trimolecular counterpaftdloreover, they 5-d(AGAGACSTCTCTGy) 2, 151;5-d(AGGAACSTTCCTGTCCTT) 3,
resemble the intramolecular structure of H-DNA, a structure 209; 5-d(AAGGACsTCCTTGTTCCT)®, 209; 5-d(GAAAGCs-

that has been detected in eukaryotic and prokaryotic cells andCTTTCGCTTTC) 3, 207. These values were calculated by the
that is thought to play a role in chromatin structéfe. extrapolation of the tabulated values of the dimmers and monomer

In this work, we have used a combination of optical and base® at 25 °C to high temperatures, using procedures reported
s . : .
calorimetric techniques to study the stability of a set of triplexes S2/lier-® Buffer solutions consisted of 10 mM sodium cacodylate or
that contain FA*T and GsG*C* base triplets, shown in Scheme 10 mM sodium phosphate, adjusted to different sodium concentrations

11 . f soluti diti o Its sh hat th and pH with NaCl and HCI, respectively. All molecules and their
, In a variety of solution conditions. Our results show that the corresponding designations are shown in Scheme 2.

formation of each base triplet stack is driven by a large and  cjrcylar Dichroism (CD). Evaluation of the conformation of each
conditions for a given sequence can be chosen on the basis okpectrum. These spectra were obtained on an AVIV circular dichroism
the nucleotide sequence and composition of the resulting triplex. spectrometer model 202-SF (Lakewood, NJ), using a 10-mm quartz
Moreover, our results offer a reasonable hypothesis for the cuvette. All spectra were collected afG, between 200 and 400 nm,
unfolding of intramolecular triplexes, which includes the effects using a wavelength step of 1 nm. The reported spectra represent the
of ions and pH. Our results suggest that the large and average of at least two scans.
unfavorableAH of unfolding the third strand is not compensated | emperature-Dependent UV Spectroscopy (UV Melts)Absor-
by the small favorable entropy change of releasing the third b_ance versus temperature profiles (meltlng curves) for_each duplex and
. . . triplex were measured at 260 nm with a thermoelectrically controlled
strand from these intramolecular triplexes. Factors that increase, . "1 4.ps spectrophotometer, as a function of strand, pH, and salt
concentration. The temperature was scanned at a heating rat@ ®f
°C/min. These melting curves allow us to measure transition temper-

Materials and Methods
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10fAT T T T T L transitions, while, at basic pH and high sodium concentrations,
we observed biphasic transitions. The UV melts of AG7, shown
0.9 roreasing oH in Figure 1, illustrate this effect. UV melts at different total
g strand concentrations were conducted to determineTihe
:‘, dependence on strand concentration and van’'t Hoff enthalpies,
I 08 N S— ] AHw4. The Ty dependence on strand concentration for the
g 1ore unfolding of each molecule is shown in Figure 1c. Over a 50-
5 fold concentration range, th&y values of all molecules are
2

independent of strand concentration, confirming the formation
of intramolecular structures. We used the relationgtifyy =

. fr=tomit 4RTw2 0a/9T, Y to calculate the\H,ShaPevalues, shown in the

0'80 20 40 ] 60 : 80 100 last column of Table 1; these values represent the average of at

Temperature least seven melting curves. The van't Hoff enthalpies of TAT7,

TAT6, AT6Du, AG5, and AGBu were found to be independent

of pH or sodium concentration, while, for the remaining

triplexes, they depended on the experimental pH, with larger

values on the pH range of 5:8.2 and smaller values in the

pH range of 6.77.2.

o
©

N . , L ) Circular Dichroism. The CD spectra of each molecule are
-3 12 11 -10 -9 -8 shown in Figure 2. The triplexes TAT7 and TAT6 as well as
In C; the control duplexes exhibit the typical spectra of a nucleic acid

Figure 1. (A) UV melting curves of AG7 as a function of pH, in 10 mM  duplex in the “B” conformation; that is, the positive band
sodium cacodylate and 200 mM sodium chloride; curves correspond to pH centered at-278 nm has a similar magnitude to the negative
values of 5.2, 5.7, 6.2, 6.7, and 7.2. (B) UV melting curves of AG7 as a band at~245 nm. The triplexes AG5, AG7, AGGAA, AAGGA
function of sodium concentration, in 10 mM sodium cacodylate, at pH 7.2, w T ' .
are shown; curves correspond to sodium concentrations of 10, 21, 46, o9g,and GAAAG also adopted the “B” conformation, although their

and 210 mM. (C)fw dependence on strand concentration is shown for TAT7 CD spectra presented some deviations from the typical “B”

(:), TAAGTS A(/:), ATGD(;J ((;I), A<GB7 (4), AG5 (0), AGSDu (O0), AAGGA conformation, including an overall shift of the spectra toward
%), (+). an AAG ©). higher wavelengths. These deviations may be the result of the
atures Ty, which are the midpoint temperatures of the oredisorder presence of protonated cytosines in the stem of these mqlecules.
transition of the duplexes and triplexes, van't Hoff enthalpitisp, All triplexes showed a band at 210 nm with larger magnitudes

using a two-state transition approximation, as reported previdtsly, than that of duplex DNA, which may be characteristic for the
and the thermodynamic release of protonsy*, and counterions, formation of triple helices.

+
Ala’ . . . . ) ) Differential Scanning Calorimetry. The DSC melting curves
Differential Scanning Calorimetry (DSC). To investigate the helix

. L . o : of each oligonucleotide are shown in Figure 3, and the
coil transition of each oligomer, excess heat capacities as a function ofth d . files det ined f th °@5
temperature (melting curves) were measured with a Microcal MC-2- ermodynamic profiies determined from these curves

or VP-differential scanning calorimeters (Northampton, MA). Two cells, aré summarized i_n Table 1 TheHc, an_d A& parameters
the sample cell containing 1.6 mL (MC-2) or 0.8 mL (VP) of oligomer Were measured directly using the equatidis.a = fACA dT
solution and the reference cell filled with the same volume of buffer andAS.a = [(ACHT)dT, whereAC,? represents the anomolous

solution, were heated from 0 to 9C at a heating rate of 0.7&/min. heat capacity during the unfolding process. We measured heat
Anal_ysis of '_[he resulting thermograms, _using _ procedures described capacity effects ranging from 0 to 75 cal/ni@; however, these
previously, yields standard thermodynamic profilasita, ASa, AC;, heat capacity effects are considered small enough and can be

and AG°cy) and model-dependent van't Hoff enthalpiesi,y, for

al) <P ignored without compromising the overall trend of the results.
the transition of each hairpin.

The free energy change at’€, AG®,7g, is obtained from the
Results Gibbs equation:AG®,78 = AHca — TASa. Table 1 also shows
van't Hoff enthalpies calculated from the shape of the DSC
curves. These enthalpies are similar to the ones obtained from
analysis of the UV melting curves. TheH,/AHcy ratios of
1.08-1.13 obtained for the duplexes indicate that these mol-
ecules unfold in two-state transitions; that is, the transitions occur
in an all-or-none fashion without the presence of intermediate
states. The large difference between van't Hoff and calorimetric
enthalpies obtained for each triplex indicates that these mol-
ecules unfold in non-two-state transitions and suggests the
presence of coupled transitions with similgy. Inspection of
Table 1 reveals that triplex or duplex folding at °& is
accompanied by a favorable free energy term resulting from
the characteristic compensation of favorable enthalpy and

UV Melts. UV melting experiments were conducted at
different salt and pH conditions and were used to characterize
the helix—caoil transition of the duplexes and triplexes, shown
in Scheme 2. Figure 1 shows typical melting curves; above 10
°C, all curves follow the characteristic sigmoidal behavior for
the unfolding of a nucleic acid helix. The UV melts of the
control duplexes and of the triplexes that contain only TAT base
triplets exhibit monophasic transitions under all conditions,
consistent with previous report!° In contrast, the triplexes
that contain CGC triplets melt in monophasic or biphasic
transitions, depending on solution conditions. At low sodium
concentrations and acidic pH, these triplexes exhibit monophasic

(17) Marky, L. A.; Breslauer, K. JBiopolymers1987, 26, 1601-1620. unfavorable entropy terms. In general, these favorable enthalpy
(18) i?gegnizepens, D. Doctoral Dissertation, New York University, New York, terms mainly correspond to heat contributions from the forma-
(19) Rentzeperis, D.; Marky, L. Al. Am. Chem. Sod.995 117, 5423-5424. tion of base-base stacking interactions, while the unfavorable
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Table 1. Thermodynamic Profiles for the Formation of Triplexes and Duplexes at 5 °C#
[Na*] Tu AG® AHcy TAS AHy AH,Shape
pH (mM) (°C) (kcal/mol) (kcal/mol) (kcal/mal) (kcal/mol) (kcal/mol)
TAT7 7 16 23.2 —5.8 —93.9 —88.1 —53
116 34.8 —-9.0 —-92.9 —83.9 —49 —51
1116 53.8 —12.7 —85.3 —72.6 —58
TAT6 7 16 20.6 —-3.7 —69.5 —65.8 —54
116 30.2 —6.0 —71.6 —65.7 -50 —48
200 33.7 —6.6 —70.9 —64.3 —48
1116 47.0 -8.0 —61.1 —53.1 —49
AT6DuU 7 16 24.3 —-2.3 —35.1 —32.8 —38 —33
1116 45.0 —3.8 —30.3 —26.5 —33
AG7 7 16 37.3 —10.9 —104.7 —93.8 —37 —52
6.2 10 52.6 —-19.1 —130.7 —111.6 =70 =77
AG5 7 16 29.3 —5.6 —69.3 —63.7 —49 —52
6.2 10 43.0 —10.2 —84.8 —74.6 —53
AG5Du 7 16 31.9 —2.6 —29.2 —26.6 —33 —-31
AAGGA 7 16 25.4 —3.7 —54.4 —50.7 —42 —48
6.2 10 42.8 —11.3 —94.6 —83.3 —58 —61
AGGAA 7 16 25.5 —4.0 —58.9 —54.9 —43 —50
6.2 10 44.0 —11.0 —89.6 —78.6 —57 —64
GAAAG 7 16 27.9 —3.6 —47.6 —44.0 —34 —43
6.2 10 41.8 —10.0 —85.9 —75.9 —47 —53

a Experiments were conducted in 10 mM sodium phosphate buffer, at pH 7.0,

or 10 mM sodium cacodylate buffer, at pH/8:R el AH,Share

terms are obtained from the shape of calorimetric and UV melting curves, respeciiyelglues are within 0.8C, AH¢, values are within 3%AG° and
TAS values are within 5%, andH,y and AH,,Sh@Peare within 10%.
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Figure 2. Circular dichroism spectra of triplexes and duplexes. (A) Spectra  Figure 3. Typical DSC curves of triplexes and duplexes. (A) Curves for
of TAT7 (a), TATE (M), and AT®u () in 10 mM sodium phosphate, at ~ TAT7 (a), TAT6 (W), and ATE@u (—) in 10 mM sodium phosphate, at pH
pH 7, are shown. (B) Spectra of AGX), AG5 @), and AGDu (—) in 10 7, are shown. (B) Curves for AG7a}, AG5 (), and AGDu (—) in 10
mM sodium cacodylate, at pH 6.2, are shown. (C) Spectra of A5 ( mM sodium cacodylate, at pH 6.2, are shown. (C) A@5, AAGGA (a),
AAGGA (a), AGGAA (@), and GAAAG (-) in 10 mM sodium cacodylate, ~ AGGAA (@), and GAAAG (-) in 10 mM sodium cacodylate, at pH 6.2,
at pH 6.2, are shown. are shown.

entropy terms arise from contributions of the unfavorable concentration increases. This is consistent with a better screening
ordering of strands and the uptake of counterions, protons, andof the negatively charged phosphates at higher ionic strengths.
water molecules. Closer inspection of Table 1 reveals that the In addition, their enthalpy values appear to be independent of
triplexes in each set unfold with larger enthalpies, relative to salt concentration and decrease only at very high sodium
the corresponding control duplexes. This is consistent with the concentrations.
incorporation of a third strand. In addition and as expected, the The stability of the triplexes containing CGCtriplets
longer triplexes (TAT7 and AG7) with seven base triplets unfold increases with decreasing pH. This stabilization is accompanied
with larger enthalpies compared with those of the shorter by an enthalpy increase, suggesting that low pH is required for
triplexes (TAT6 and AG5) containing five to six base triplets the optimum formation of the base triplet stacking interactions
consistent with the addition of one and two base triplet stacks, of these molecules.
respectively. Furthermore, the difference in enthalpies at pH 6.2 and 7.0
As shown in Table 1, the stabilitieSy and AG®) of the is larger for the triplexes containing consecutive cytosines
triplexes containing only TAT triplets increase as the sodium (AAGGA and AGGAA) or cytosines next to the loops (GAAAG).

14358 J. AM. CHEM. SOC. = VOL. 124, NO. 48, 2002
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T T T Table 2. Thermodynamic Uptake of Counterions upon Folding?

ﬁ 10FA
9 aTyw/aIn[Nat] Anyat
ﬁ 09} Increasing [Na’] | oligomer pH (°C) per mol of hairpin
g TAT7 7 5.85 ~3.50
£ 5.2 4.41 —2.44
S osF ' . E TAT6 7 4.98 —2.25
. . ‘ 5.2 3.68 —1.50
0 20 40 60
AT6Du 7 450 —1.00
Temperature ’, 350 ~Loo
AG7 7 —2.36 1.45
5.2 1.42 -0.92
AG5 7 —2.27 0.97
5.2 0.24 -0.10
AG5Du 7 4.07 -0.71
5.2 1.45 -0.25
AAGGA 7 —2.84 0.97
5.2 —-1.05 0.50
AGGAA 7 -3.73 1.38
5.2 —-0.15 0.07
GAAAG 7 —3.26 0.95
5.2 0.84 -0.39
I a Experiments were conducted in 10 mM sodium phosphate, at pH 7.0,
10

or 10 mM sodium cacodylate buffer, at pH 5.2 or 7.2, and adjusted to
-5 -4 -3 . -2 -1 different sodium concentrations by adding Na@ly/dIn[Na*] values are
In [Na’] within 4%, andAnya+ values are within 6%.

Figure 4. (A) UV melting curves of TAT7 over a NaCl concentration
range of 16-200 mM, in 10 mM sodium phosphate, pH 7.0, at a constant
strand concentration of &M; curves correspond to sodium concentrations
of 16, 30, 57, 116, and 200 mM. (B« dependence on salt concentration
is shown for TAT7 @), TAT6 (®), and AT@®u (H). (C) Ty dependence
on salt concentration is shown for AGK), AG5 (@), AG5Du (m), AAGGA

(0), AGGAA (0O), and GAAAG (a).

LA

-
o

Increasing pH

o
©

Normalized A,

o
)

This is consistent with previous repdftsand reflects the 0 20 40 60 80
importance of cytosine protonation in the formation of CGC Temperature
triplets. —_—
Thermodynamic Release of Counterions.UV melting
curves at several salt concentrations andTielependence on
salt concentration are shown in Figure 4. The thermodynamic
release of counterion&ny,™, is determined from the equation
Anygt = —1.11AH/RTw?) 0Tw/dIn[Na™],2t where thed T/
dIn[Na*] term corresponds to the slope & versus In[Nd]
plots, the term in parentheses is obtained in DSC melting
experiments,R is the universal gas constant, and 1.11 is a
proportionality constant for converting concentrations into ionic
activities. TheAnys™ values were calculated using the slopes
of theTy dependence on sodium at pH 5.2 and 7.2. The enthalpy 15—t
. . 55 60 65 70
values used correspond to the formation of a particular base pH
St_aCk atthat pH _(I'e" the h_eats obtained at pH 6.2 _Or 7.0 for the Figure 5. (A) UV melting curves of AG5 over a pH range of 5:2.2, in
triplexes containing CGClriplets and the heats obtained atlow 10 mM sodium cacodylate, at a constant strand concentrationdfl;5
sodium concentrations for the remaining molecules). The curves correspond to pH values of 5.2, 5.7, 6.2, 6.7, and 7.2T(B)
resultingAnys" values are summarized in Table 2. At pH 7.2, dependence on pH is shown for TATZ) TATG (@), and AT@u (M).
the duplexes and the “TAT triplexes”, triplexes containing only (©) Tw dependence on pH is shown AGZ)( AGS (@), AGSDu (W),
' AAGGA (O), AGGAA (0O0), and GAAAG ().
TAT base triplets, yielded a net uptake of counterions. This is
consistent with the higher charge density of the folded nucleic sodium ions. This decrease is so marked that, in most cases, it
acid structures relative to the unfolded states. However, the reverses the release of counterions observed at pH 7.2 to an
folding of the “CGC" triplexes”, triplexes with CGC triplets, uptake of counterions at pH 5.2. However, the overall uptake
releases counterions. This probably reflects the protonation of or release observed at pH 5.2 is very small and, in most of the
the third strand cytosines, which exclude sodium from the stem cases, may be considered negligible. Thus, at pH 5.2, the
of these molecules. At the lower pH of 5.2, the duplexes and formation of “CGC' triplexes” may be considered independent
the “TAT triplexes” take up counterions in smaller amounts of sodium concentration.
(by ~0.9 mol of Na/mol of triplex) than at pH 7.2. At this Thermodynamic Release of ProtonsUV melting curves
low pH, the “CGC" triplexes” exhibit a decreased release of at several pH values are shown in Figure 5a, increasing the pH
. —— . shifts of the curves toward higher temperatures. The
g% Eee'mféb'gﬁsys‘g‘_?"gﬁgr;’}’(az‘{"g{sé_;'B,\'/l";rﬁ‘(i”“f_t%%%%%?étffﬁgé?%- dependences on pH, shown in Figure 5b, allow us to estimate
6276-6283. the thermodynamic release of protods)q™. This parameter

T, (°C)
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Table 3. Thermodynamic Uptake of Protons® To obtain thermodynamic contributions for the formation of
[Na] aTw/apH Any+ particular base triplet stacks and for the incorporation of a third
oligomer (mM) (°0) per mol of hairpin strand, the investigated duplexes and triplexes can be grouped
TAT7 16 —6.50 —151 into three sets. The first set includes the triplexes containing
210 —5.22 —-1.10 only TAT triplets, TAT7 & TAT6, and the control duplex
TATE o e s AT6Du. TAT7 contains seven TAT triplets or six TAT/TAT
AT6DU 16 65 ~0.63 base triplet stacks, while TAT6 contains six of such triplets or
200 —4.62 —-0.41 five base triplet stacks. Therefore, the comparison of TAT7 with
AGT7 218 :;‘1‘-(2)8 :g-gi TAT6 will give us the contributions for the incorporation of a
AGS 10 1442 568 TAT/TAT bane tr'iplet stack, Wh'ile t'he compari'son of TATG
210 —~19.66 —4.07 with AT6Du will give us the contributions for the incorporation
AG5Du 16 —5.44 —0.37 of a third strand into a duplex. The second set includes the
210 So84 —0.06 triplexes AG5 and AG7 and the control duplex AGis These
AAGGA 10 —17.60 —3.65 : . . : )
210 —20.92 —454 triplexes contain CGCltriplets interspaced by TAT triplets. The
AGGAA 10 —16.02 —3.16 comparison between AG5 and AG7 will give us the thermo-
210 —21.44 —4.36 dynamic contributions for the incorporation of one TAT and
GAAAG 10 —13.02 —2.54 . : . .
210 _20.36 397 one CGC triplets. This corresponds to the incorporation of two

TAT/CGC' base triplet stacks, assuming that the contribution
d_aExpderimerzjt_s were conducted i? 118 mMM Sggi-i(l),lm l\/(l:aqof?)ll\zatgl bugfer, of the TAT/CGC" and CGC/TAT stacks are equivalent. The
adjusted to sodium concentrations of 10 mM or 210 mM with NaCl and to comparison of AG5 with AGBu will give us the energetic
grd\frlml:isvlglégi Zggv?/itshﬁ'g%v.lth HCI. 9Tw/dpH values are within 4%, oo ributions for the incorporation of a third strand into a duplex.
The third set includes AAGGA, AGGAA, GAAAG, and AG5.
is determined using the following equation (similar to the one A|l these triplexes contain two CGCtriplets and three TAT
used to calculatéAnya®): Any* = —0.434(AHca/RTu?) 9T/ triplets but in different positions. Comparison between these
dpH,#2%3wheredTw/apH corresponds to the slope B versus molecules will help us understand the effect of sequence on
pH plots, the term in parentheses is obtained in DSC experi- the stability of triple helices. In addition, AAGGA and AGGAA
ments, and 0.434 is a proportionality constant for converting incorporate CGE/CGC' base triplet stacks, allowing us to
natural logarithms into decimal logarithms. The resultig;* elucidate the contribution of this particular stack by comparing
values are shown in Table 3. At low sodium concentrations (10 these triplexes with those of the previous two sets.
mM), all molecules yieded a net uptake of protons. This uptake  Circular Dichroism. CD spectroscopy shows that all tri-
is relatively small for the duplexes and “TAT triplexes”, plexes retain the conformation of their parent duplex. This
reflecting the protonation of the cytosine loops. The “CGC  indicates that binding of the third strand does not impose major
triplexes” take up protons in amounts that are larger than the distortions in the duplex geometry. The CD spectra of the
number of the stem cytosines. This larger uptake of protons is triplexes containing protonated cytosines in their stems are red
consistent with the protonation of the third strand and loop shifted. The presence of a positive charge in the N4 of cytosine
cytosines. However, it is worth noticing that the excess of may alter the electron delocalization around the aromatic ring
protons is particularly high in the case of AAGGA and AGGAA.  of this base and of the surrounding bases. This effect may be
At high sodium concentrations, the uptake of protons decreasesresponsible for the absorbance shift observed in these molecules.
for the “TAT triplexes” and control duplexes. In contrast, the Closer analysis of the CD spectra reveals that the triplexes
“CGC™ triplexes” exhibit a significant increase in the uptake exhibit an increased negative band at 210 nm, when compared
of protons at higher sodium concentrations. These effects suggesiyith that of their control duplexes. This band has also been
that the presence of sodium decreases teof the cytosines  observed in previous repoféaind may be a characteristic feature
located at the stem and loop of these triplexes. for the folding of triple helices.
Discussion Differential Scanning Calorimetry. The DSC experiments
) ) ) ) were conducted under a variety of salt and pH conditions. In
Triplex Design. All molecules were designed to fold into  the case of triplexes containing only TAT stacks, these experi-
intramolecular structures. The use of intramolecular triplexes ments were conducted at different salt concentrations. In these
presents several advantages. First, they are more stable thanperiments, we chose to maintain a constant pH of 7.0 because
their trimolecular counterparts because they form at a lower e formation of TAT base triplets does not involve any acid
entropy cost. In addition, their folding takes place even at low pgge equilibrium and is expected to be independent of pH. As
sodium concentrations, allowing us to study their properties in t1e sodium concentration increases, the stability of these
a wide range of solution conditions. This is in contrast t0 {riplexes increases, consistent with the higher screening of
intermolecular triplexes, which only form at very high salt negative charges at higher sodium concentrations. This stabiliza-
concentrations or in the presence of divalent cations (including tjon is entropic in origin and reflects the decreased sodium
transition metal ions). As shown in Figure 1, thg values of gradient between the local environment of the DNA and the
all triplexes and duplexes are independent of strand concentra+, |k solution. When the sodium concentration was increased
tiop, .confirming the exclusive formation of intramolecular fom 16 mM to 200 mM, their unfolding enthalpy remains
hairpin loop structures. constant, as expected for negligible heat contributions for salt
effects?* The enthalpy decrease observed at 1.1 M NaCl

(22) Record, M. T., Jr.; Woodbury, C. P.; Lohman, T. Biopolymers1976
15, 893-915.
(23) Plum, G. E.; Breslauer, K. J. Mol. Biol. 1995 248 679-695. (24) Krakauer, HBiopolymers1972 11, 811-828.
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probably reflects hydration changes that may occur in response7able 4. - Thermodynamic Profiles for the Formation of Base
to the effect of high sodium concentrations on the properties of 1Plet Stacks

the bulk solvent. In the case of triplexes containing CGC AG® AH TAS

triplets, the experiments were conducted at pH 7 and pH 6.2. stack (kea/mol) (keamol) (keallmol)

NMR studies have shown that, below pH 6.5, the formation of ~ TAT/TAT 21+05 24.4+ 4.9 22.3+8
TAT/CGCH 45+0.8 23.0+3.2 18.5+ 5

triplexes containing protonated cytosines is nearly com-
plete20.2526therefore, pH 6.2 was chosen as an ideal pH for
the complete formation of these triplexes. Furthermore, NMR
studies have also shown that a protonated cytosine in the thirdTAT base triplet stack and a contribution ef21.5 kcal/mol
strand of a triplex has an averagé,mf ~7.2° Therefore ~87% for the formation of a TAT/CGC base triplet stack. The
of the cytosines should be protonated at pH 6.2, ensuring theapparent contradiction in the values of the TAT/TAT base triplet
complete formation of these triplexes. At the same time, pH stacks may be explained by the presence of frayed ends. For
6.2 is high enough to avoid the presence of tautomeric instance, if we assume that the base stacks at either end do not
conformations in the other bases, ensuring the appropriateform, we obtain a contribution of-23.3 kcal/mol for the
formation of the duplex part of these molecules. Additional formation of a TAT/TAT base stack. When all the triplexes of
experiments were carried out at pH 7.0 to analyze the extent ofthis study containing terminal TAT base triplets are considered,
triplex formation at physiologically more relevant conditions. it is not clear why only the TAT7 and TAT6 triplexes present
The DSC melts indicate that, under these conditions, all triplexes frayed ends. One possible explanation is that the presence of a
melt in monophasic non-two-state transitions. In contrast, the neighboring CGC triplet forces the terminal TAT to remain
control duplexes exhibit two-state transitions, which is consistent stacked in the helix. Support to this hypothesis comes from
with their smaller size and simpler unfolding (dupterandom thermodynamic studies showing that the extent of fraying in
coil). The presence of non-two-state transitions in the triplexes duplexes containing only AT base pairs spreads evieR stacks
can be explained by the presence of two coupled transitions: at either end” Incorporation of a single GC base pair in these
(a) triplex—duplex and b) duplexrandom coil. Indeed, de-  duplexes completely abolished end frayfidhe higher stability
convolution of their transitions yields two all-or-none transitions of TAT/CGC™ triplets is also consistent with this hypothesis.
with very similarTy values (data not shown). Analysis of Table Indeed, closer analysis of the results of Table 1 reveals that the
1 reveals that the driving force for the formation of triplexes at formation of TAT/CGC" base triplets is always more favorable
5°C is a large and favorable enthalpy change. Comparison of than the formation of TAT/TAT stacks, even for the experiments
the AHcq values of the triplexes and the corresponding control at pH 7. As the enthalpic contributions of each base triplet stack
duplexes yields enthalpic contributions of-350 kcal/mol for are similar, the additional stability of TAT/CGQGriplets arises
the incorporation of a third strand. This enthalpic contribution from a less unfavorable entropic contribution. This entropic
is too large to represent the exclusive formation of additional contribution may be the result of several favorable and unfavor-
stacking interactions with the third strand. One possible able processes. For instance, the lower uptake of sodium ions
explanation is that binding of the third strand optimizes the base upon formation of these triplets and the smaller extent of duplex
stacking interactions of the duplex part of the triplex. This optimization of GC base pairs relative to AT base pairs
explanation is consistent with the results of the deconvolution contribute with favorable entropy, while the protonation of the
analysis, which shows a larger than expected enthalpy for thestem cytosines contributes with unfavorable entropy.
duplex contributions of the molecule. Comparison of the thermodynamic profiles of the triplexes
Thermodynamic Profiles for the Formation of Base in the third set reveals that their enthalpy contributions are
Triplet Stacks. Comparison between the thermodynamic pro- similar. This is consistent with the results derived from the first
files of TAT6 and TAT7 yields an enthalpic contribution of two sets and further indicates that the enthalpy contribution of
—24.4 kcal/mol for the formation of a TAT/TAT base triplet a CGC'/CGC' is also similar to the contributions of the TAT/
stack. A similar comparison of AG5 and AG7 yields an TAT and TAT/CGC" base triplet stacks. Since, th&H is
enthalpic contribution of-23.0 kcal/mol for the incorporation  mainly due to the formation of base staking interactions, it
of a TAT/CGC' base triplet stack. A similar comparison of reflects the simple addition of the contribution of each base
the remaining parameters yields th&° andTAS contributions triplet stack. Therefore, subtracting the enthalpy contributions
for the formation of each base triplet stack. This comparison is of the TAT/TAT and TAT/CGC stacks from the profiles for
possible because the only difference between the shorter andhe folding of AAGGA and AGGAA yields the enthalpy
longer triplexes of these sets is the incorporation of additional contribution for the formation of a CGZCGC' stack. These
base triplet stacks. Therefore, the additional contributionsG® values are shown in Table 4 and further indicate that the
and TAS (nucleation, loops formation, etc.) are considered to enthalpic contributions for the formation of the base triplet stacks
be similar. The energetic contributions for the formation of these considered in this study are similar. This suggests that binding
stacks are summarized in Table 4. The enthalpic contribution of the third strand optimizes the base stacking interactions at
of each base triplet stack can also be calculated by dividing thethe duplex and triplex level. Since all the base triplets of this
AHcq value of each molecule by the correspondent number of work are composed of two pyrimidines and one purine, complete
triplets in that molecule. This analysis yields a contribution of optimization of each base triplet stack may be able to yield
—13.9 kcal/mol to—15.7 kcal/mol for the formation of a TAT/  structures with similar enthalpic contributions. On the other
hand, theAG and AS contributions for the formation of these

CGCH/cGcer 21.7+11

(25) Leitner, D.; Schroder, W. Weisz, K. Am. Chem. So4998 120 7123 base triplet stacks cannot be calculated by this simplified
(26) Asensio, J. L.; Lane, A. N.; Dhesi, J.; Bergqvist, S.; BrownJTMol.
Biol. 1998 275 811-822. (27) Alessi, K. Doctoral Dissertation, New York University, New York, 1995.
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procedure because these parameters include additional contribuScheme 3. Progosed Model for the Unfolding of Triplexes
tions, such as nucleation, loop formation, sodium and proton Cntaining CGC™ Triplets

uptake or release, and so forth. These latter contributions may & RGAEATN e e (CTCTER " L
be different for this variety of triplexes. Nreren verert)

The formation of the triplexes in the third set is more ~AaAGA
exothermic at pH 6.2 than at pH 7.0. This suggests that optimum O N rerere e
stacking of CGQ triplets requires low pH conditions to ensure cr ~ Tc”,jf:
the protonation of the third strand cytosines. This effect is more rerer/
pronounced in the triplexes containing consecutive cytosines
or cytosines next to the loops. This is consistent with previous rérér . chener
reports?® showing that the g, of a third strand cytosine depends cs\.????‘??js T grere "

TCTCT

on its exposure to the solvent and on the identity of the
neighboring bases. For neighboring cytosines, protonation of e L ) .
thegsecondgcytosine is moregdiﬁicultgbe)éause theppresence of astablhzatlon of the whole molecule. This is consistent with the

neighboring positive charge decreases its appakenfihe Ka Ismallc?rrhproton upta_lke 01; tkk]]e duple>_(es,|wh|ch_ corl1ta|n only one
of a cytosine residue in a single stranded DNA-ig.628 while oop. The protonation of the cytosine loops Is also consistent

the [Ka of a cytosine well stacked into the stem of a triplex is With the decrease in sodium uptake observed at low pH; that
~ 7.42° Cytosine residues partially exposed to the solvent (as 'S this protona_tlon decreases Fhe overall_ negatlve charge density
in the case of GAAAG) are expected to exhibit a decreased through eff_ectlve local screening, resulting in the lower gptake
pK. compared with those of cytosines well stacked into the helix, ©f counterions. Furthermore, in the pH range used in our
Thus, the reduction in theka of the cytosines in AGGAA,  Experiments (7.25.2), one mlght expect 0.220% of the I.oop
AAGGA, and GAAAG is consistent with their larger enthalpy cytosines to be protonated. This will indicate that the triplexes,
difference between pH 6.2 and 7.0. which contain 10 loop cytosines, may uptake 0.025 to 2 protons
Thermodynamic Uptake of Counterions. The folding of or an average of 1 proton for this pH range, in excellent
the “TAT triplexes” and of the control duplexes takes up @dreement with our experimental results.
counterions. This uptake reflects the higher charge density of At low sodium concentrations, AG5, GAAAG, and AG7
folded structures compared to that of random coils. As expected,uptake protons in amounts that are consistent with the number
the molecules with more phosphates exhibit a higher uptake of of cytosines in their stems. However, at high sodium concentra-
counterions, that is, triplexes versus duplexes. The uptake oftions, there is a large excess of proton uptake. This excess may
counterions decreases at low pH. This effect probably reflects be explained by an opposing effect of sodium ions and protons.
the protonation of their cytosine loops. At low pH, the loops The presence of sodium destabilizes the triplexes, while the
may be protonated and the overall molecule needs to reducepresence of protons stabilizes these molecules. Therefore, as
the overall uptake of sodium ions than at pH 7. The “CGC the concentration of sodium increases, more protons are needed
triplexes” release counterions when they form at pH 7 and to push the equilibrium toward the favorable formation of a
yielded a small uptake of counterions when folded at pH 5.2. triplex. At the molecular level, this can be interpreted as a
This effect can be explained by the presence of positively decrease inlg, because of the presence of sodium ions around
charged cytosines, which exclude sodium from the stem of thesethe positively charged cytosines. Because of thig gecrease,
molecules. The exclusion of sodium is only observed at high protonation of the third strand cytosines is induced at a lower
pH because these triplexes melt in two sequential transitions atpH. At this lower pH, the fraction of cytosine loops that are
high pH and sodium concentrations, while they melt in protonated increases, resulting in a higher uptake of protons.
monophasic transitions at low pH. Therefore, the release of The model shown in Scheme 3 may be adequate to explain the
sodium ions observed at high pH corresponds to the triplex to gyerall folding of the “CGC triplexes”. According to this
duplex transition, while the uptake of sodium ions observed at model, the triplex to duplex transition is accompanied by an
lower pH refers to the coupled triplex to random coil transition.  yptake of sodium, while the duplex to random coil transition is
The triplexes containing two consecutive CGEiplets show  accompanied by a release of sodium ions. When the transitions
a smaller uptake qf counterior']s atpH 5.2. This probably reflects 5,¢ coupled (as it occurs at low pHs or low sodium concentra-
the stronger sodium exclusion due to the presence of tWO fjons) these transitions are nearly independent of sodium
consecutive positive charges. The release of counterions Upo,gncentration, as the uptake and release of each half reaction
binding the third strand of the “CGC triplexes” might suggest ance| each other. In this model, sodium not only stabilizes the
that these cytosines are protonated only upon docking the th'rdduplex but also destabilizes the triplex. Thus, at high sodium
strand onto a duplex, indicating that the changes in the apparent,, entrations and pH (the most unfavorable conditions for

PKa of these cyto_smes occur as a result of“trlplex_format!’on. triplex formation and the most favorable conditions for duplex
Thermodynamic Release of ProtonsThe “TAT triplexes formation), the overall unfolding reaction starts to separate into

and control duplexes take up small amounts of protons upon q transitions. The relative amounts of proton and sodium ions
formation. This uptake probably reflects the protonation of the in the coupled transition depend on their relative amounts in

cyt(:sm(i Ioopfst.hSmce the I(I)ops arte S,(I),t'nvt%lvw |n|bfasebpa:\|,\r,|ng,each half reaction. The triplexes with five triplets result in
Fr:o ona |(t)_n Ol (:]cytozlneh OOpﬁ' St al 'fZ?hS le repu S."Olg. € eer;coupled transitions that are independent of sodium concentration,
€ negatively charged phosphates ot tne loops, ylelding a nely, e the larger AG7 triplex takes up some counterions upon

(28) Zimmer, C.: Luck, G. Venner, H.: Fric, Biopolymers1968 6, 563 formation. This |nd|cates_that_ the h_|gher charge_ density of the
574. larger duplex part of this triplex is not overridden by the
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exclusion of sodium due to its protonated cytosines. This is but destabilize the “CGC triplexes”. In addition, acidic pH
consistent with the decrease in charge density of hairpin stabilizes the “CGC triplexes” by allowing the protonation of
duplexes due to end effects, which is more pronounced for the third strand cytosines. The folding of the “CG@iplexes”
shorter hairping?20 is consistent with a model in which the triplex to duplex
Intramolecular Triplexes and Their Monophasic Transi- transition is accompanied by an uptake of sodium, while the
tions. The “TAT/TAT triplexes” always melt in monophasic  duplex to random coil transition is accompanied by a release
transitions, as the conditions that stabilize the duplex also of sodium ions. Therefore, the coupled transitions of these
stabilize the triplex. The coupled melting of intramolecular triplexes are nearly independent of sodium concentration but
triplexes contrasts with the biphasic melting of bimolecular and depend on the experimental pH. This may be biologically
trimolecular triplexes. This may be a consequence of the lower significant because it provides a way of bypassing the desta-
entropy cost of their overall formation. The favorable entropy bilizing effects of physiological salt concentrations to allow
change upon the unfolding of the third strand is not large enough specific regions of genomic DNA to fold into “H-DNA”
to compensate the unfavorable enthalpy of removing the third structures. The results also suggest that the monophasic melting
strand. Our observation that the decoupling of the transitions of intramolecular triplexes may reflect the lower entropy cost
of AG7 is easier than the decoupling of the transitions of AG5 of their overall formation, which cannot override their large and
(data not shown) is consistent with the larger entropy change favorable folding enthalpy.
accompanying the removal of the larger third strand of AG7.  The overall results help to choose adequate solution conditions
The presence of monophasic transitions does not necessarilyfor the study of intramolecular triplexes containing different
imply that the Hoogsteen strand is bound more tightly to the ratios of CGC and TAT triplets. The relative stability of these
purine strand than the Watsefrick strand. It should rather  triplexes will depend on their relative amounts of CGi@plets.
be interpreted as aAH—AS compensation: the stacking Our results suggest that, although the stability of these triplets
interactions of the overall system are only released when the may be greatly reduced under physiological conditions (pH 7.4,
ASof unfolding can pay the price imposed by the large enthalpic [NaCl] ~ 150 mM), they may still form with considerably high
penalty of breaking these interactions. stability. Moreover, the results show that it is possible to choose
appropriate solution conditions for the monophasic or biphasic
melting of intramolecular triplexes. This may be useful to
We used a combination of spectroscopic and calorimetric separate the effect of specific factors over the tripteluplex
techniques to determine complete thermodynamic profiles and duplex-random coil transitions. For example, a drug that
accompanying the folding of intramolecular triplexes with stabilizes the monophasic triptexxandom coil transition could
different length, strand composition, and sequence. The resultshe further analyzed for its specificity toward the triplex or duplex
show that, under appropriate solution conditions, these triplexesstate by using conditions appropriate for biphasic melting.
fold in monophasic transitions, driven by a large and favorable Moreover, our results are likely to aid in the design of third
enthalpic contribution. The enthalpic contribution is similar for strands that could effectively target genes involved in human
all the base triplet stacks of this investigation and may reflect diseases, thereby increasing the feasibility of using the antigene
the binding of the third strand as well as the optimization of strategy for therapeutic purposes. For example, our results may
duplex stacking interactions. The formation of isometric base help in the selection of the sequence, within the gene of interest,
triplet stacks with similar enthalpic contributions may have some which is more likely to form a stable triplex, given the
biological significance because it may facilitate the formation environmental conditions of the cell nucleus.
of H-DNA with different sequences. Circular dichroism spec-
troscopy shows that all triplexes form right-handed “B”-like
helices. Melting experiments under a variety of solution
conditions show that sodium ions stabilize the “TAT triplexes”

Conclusion
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