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ABSTRACT We report a direct determination of the ther-
modynamic contribution that DNA single-stranded order makes
to DNA duplex formation. By using differential scanning cal-
orimetry (DSC) and temperature-dependent UV absorbance
spectroscopy, we have characterized thermodynamically the
thermally induced disruption of the 13-mer duplex
[d(CGCATGAGTACGO)J[d(GCGTACTCATGCG)] (hence-
forth called S;'S,) and its component single strands, [d(CGCAT-
GAGTACGQC)] (henceforth called S;) and [d(GCGTACTCAT-
GCG)] (henceforth called S,). These spectroscopic and calori-
metric measurements yield the following thermodynamic
profiles at 25°C: AG° = 20.0 kcal /mol, AH° = 117.0 kcal /mol,
and AS° = 325.4 cal-degree ™ :mol " for duplex melting of S,-S,;
AG° = 0.45 kcal/mol, AH®° = 29.1 kcal/mol, and AS° = 96.1
cal-degree"-mol " for single-strand melting of S;; AG° = 1.44
kcal/mol, AH° 27.2 kcal/mol, and AS° 86.4
cal-degree™'mol " for single-strand melting of S (1 cal = 4.184
J). These data reveal that the two single-stranded structures S;
and S, are only marginally stable at 25°C, despite exhibiting
rather substantial transition enthalpies. This behavior results
from enthalpy and entropy contributions of similar magnitudes
that compensate each other, thereby giving rise to relatively
small free energies of stabilization for the single strands at 25°C.
By contrast, the S,-S, duplex state is very stable at 25°C since the
favorable transition entropy associated with duplex disruption
(325.4 cal-degree-mol ") is more than compensated for by the
extremely large duplex transition enthalpy (117.0 kcal/mol).
We also measured directly an enthalpy change (AH°) of —56.4
kcal /mol for duplex formation at 25°C using isothermal batch-
mixing calorimetry. This duplex formation enthalpy of —56.4
kcal/mol at 25°C is very different in magnitude from the duplex
disruption enthalpy of 117.0 kcal/mol measured at 74°C by
DSC. Since the DSC measurement reveals the net transition heat
capacity change to be close to zero, we interpret this large
disparity between the enthalpies of duplex disruption and duplex
formation as reflecting differences in the single-stranded struc-
tures at 25°C (the initial states in the isothermal mixing exper-
iment) and the single-stranded structures at ~80°C (the final
states in the DSC experiment). In fact, the enthalpy for duplex
formation at 25°C (—56.4 kcal/mol) can be combined with the
sum of the integral enthalpies required to melt each single strand
from 25 to 80°C (23.6 kcal/mol for S, and 27.2 kcal /mel for S,)
to calculate a AH®° of —107.2 kcal/mol for the hypothetical
process of duplex formation from ‘‘random-coil’’ ‘‘unstacked”’
single strands at 25°C. The magnitude of this predicted AH®
value for duplex formation is in good agreement with the
corresponding parameter we measure directly by DSC for
duplex disruption (117.0 kcal /mol), thereby lending credence to
our interpretation and analysis of the data. Thus, our results
demonstrate that despite being only marginally stable at 25°C,
single strands can exhibit intramolecular interactions that en-
thalpically poise them for duplex formation. For the duplex
studied herein, prior to association at 25°C, the two comple-
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mentary single strands already possess >40% of the total
enthalpy (50.8/117) that ultimately stabilizes the final duplex
state. This feature of single-stranded structure near room tem-
perature can reduce significantly the enthalpic driving force one
might predict for duplex formation from nearest-neighbor data,
since such data generally are derived from measurements in
which the single strands are in their random-coil states. Con-
sequently, potential contributions from single-stranded struc-
ture must be recognized and accounted for when designing
hybridization experiments and when using isothermal titration
and/or batch mixing techniques to study the formation of
duplexes and higher-order DNA structures (e.g., triplexes,
tetraplexes, etc.) from their component single strands.

The existence of ordered structure in oligo- and polynucle-
otide single strands has been known for some time and has
stimulated considerable research designed to elucidate the
detailed nature of the forces that give rise to such single-
stranded order, as well as the influence of this order on
duplex formation (refs. 1-8 and references cited in ref. 8).
Most early studies made use of optical techniques such as
ultraviolet (UV) and infrared spectroscopy, circular dichro-
ism (CD), and optical rotary dispersion. Other experimental
approaches such as NMR, intrinsic viscosity, and sedimen-
tation coefficients also were used, albeit to a lesser extent. In
most, but not all, of these studies, the authors interpret their
data to be consistent with the existence of some ordered
single-stranded structure. Temperature-dependent studies of
various equilibrium properties showed the single-stranded
structures to ‘‘melt’’ over rather broad temperature ranges
compared with higher-order nucleic acid structures (e.g.,
duplexes, triplexes, etc.). Thermodynamic data were derived
indirectly from the temperature-dependent properties by
assuming a model for these melting processes (4, 9-13).
However, because of the approximations associated with
such van’t Hoff analyses, as well as difficulties in defining the
extent of order in the initial and final states of such broad
transitions, the literature contains a rather large range of
values for the thermodynamic changes associated with the
melting of single-stranded nucleic acid structures (13, 14).
This observation is of some concern since, in addition to their
intrinsic value as measures of a fundamental biopolymer
property, such thermodynamic data are required for a num-
ber of important applications [e.g., assessing the validity of
various helix-to-coil models by fitting calculated with ob-
served melting curves (9), resolving and interpreting mul-
tiphasic transition curves, assigning thermodynamic ‘‘base-
lines” for final ‘‘melted’’ duplex states (12), defining the
initial and/or final states in drug binding studies, and pre-
dicting the stability and the melting behavior of sequence-
specific secondary structures (15)]. Independent of the spe-
cific application of interest, the need for sequence- and
solution-dependent thermodynamic data on single-stranded
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nucleic acid structure(s) has been recognized for some time.
Unfortunately, save for a few notable exceptions primarily
involving homosequences [particularly oligo(A) and poly(A)
sequences], the requisite thermodynamic data have yet to be
compiled. As noted above, this deficiency, in part, reflects
the difficulties inherent in quantitatively analyzing equilib-
rium data associated with structures that exhibit very broad
thermal transitions.

Recently, however, interest in single-stranded oligonucle-
otides has been reborn. This rebirth, in part, reflects an
explosion of interest in the formation of higher-order DNA
structures (e.g., duplexes, triplexes, tetraplexes, etc.) from
intra- and intermolecular associations of single strands (16—
21), as well as the use of single-stranded oligonucleotides as
probes in hybridization strategies designed to form selec-
tively DNA duplex and triplex structures (22, 23). This
renewed interest has been fueled by the recognition that
hybridizing single strands can be used as selective delivery
systems for DN A-cleaving agents, as enhancers of restriction
enzyme specificity, as modulators of gene expression, and as
indicator probes for the presence of specific single- and
double-stranded DNA domains (24-29). Clearly, these uses
of single-stranded oligonucleotides have substantial diagnos-
tic and/or therapeutic potentials. However, the design and
effective use of selective single-stranded DNA probes and/or
delivery systems demands knowledge of the relative affinities
that the single strands exhibit under the hybridization con-
ditions for the target DNA domain(s), be they single- or
double-stranded (30). Such assessments require sequence
and solution-dependent thermodynamic data on the contri-
bution(s) that the initial unhybridized single-stranded oligo-
nucleotides make to duplex, triplex, and even tetraplex
formation (12, 15, 21, 30). The experiments described in this
report provide the requisite data for one system and demon-
strate that the initial state of a single-stranded sequence can
make a profound contribution to the formation of a final
hybridized complex.

MATERIALS AND METHODS

Oligodeoxyribonucleotide Synthesis and Purification. Oli-
godeoxyribonucleotides were synthesized using standard
solid-phase cyanoethyl phosphoamidite methods (31). Puri-
fication of the oligomers was accomplished by HPLC using
established protocols (32). HPLC analysis of the nuclease
degradation products of the oligomers revealed that each
sequence exhibited the expected ratios of nucleotides.

Solution Preparation. All solutions were prepared using a
buffer consisting of 10 mM sodium phosphate, 1 mM EDTA,
and 1.0 M NaCl, adjusted to pH 7. Oligonucleotide concen-
trations were determined spectrophotometrically by measur-
ing the absorbance at 260 nm and using the following single-
stranded extinction coefficients (¢) at 25°C: ¢ = 1.12 x 10°
M~lcm™ for S; [d(CGCATGAGTACGC)] and ¢ = 1.16 x
10° M~Lcm~! for S; [d(GCGTACTCATGCG)]. Each ¢ value
was determined directly by phosphate analysis (33).

UV Absorption Spectrophotometry. Absorbance versus
temperature ‘‘melting’’ profiles of the 13-mer duplex (S;°S,)
and the two component single strands (S; and S;) were
measured using a Perkin—Elmer model 575 programmable
spectrophotometer equipped with a thermoelectrically con-
trolled cell holder and interfaced to a Tektronix model 4051
computer. Samples were heated and reheated at a rate of
0.1°C/min while the temperature and the absorbance at 260
nm were recorded every 30 sec. For each sample, multiple
scans produced superimposable melting profiles. Melting
temperatures (7T,,) were obtained from these curves using
well-established procedures (34). Specifically, for each tran-
sition, the shape of the absorbance versus temperature profile
was analyzed using extrapolated baselines and a two-state
model to calculate a van’t Hoff transition enthalpy (AH,y)
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using the relationship AH,y = (2n + 2)RTm2(8a/8T)Tm, where
a is the fraction of strands in the initial state and n is the
transition molecularity. For S; only, the entropy change was
calculated using the relationship AS° = AH,y/Tm. The
details of these calculations have been described (35, 36).

CD Spectroscopy. CD spectra were measured using an Aviv
model 60DS spectropolarimeter (Aviv Associates, Lake-
wood, NJ). This instrument is fully computerized, exhibits
enhanced sensitivity relative to the original Cary 60 model,
and is equipped with a programmable thermoelectrically
controlled cell holder. :

Differential Scanning Calorimetry (DSC). Calorimetric ex-
cess heat capacity (ACy) versus temperature (T) profiles were
measured for the duplex and the two component single strands
using a Microcal-2 differential scanning calorimeter (Microcal,
Northhampton, MA). Calorimetric transition enthalpies (AH®)
were obtained by integrating the area under the corresponding
heat capacity versus temperature profile, since AH® =
JAC,dT. Transition entropies (AS°) were determined by mea-
suring the area under the derived AC,,/T versus T, since AS®
= [(AC,/T)dT. The corresponding values of AG° were calcu-
lated at 25°C using the standard thermodynamic relationship
AG° = AH° — TAS°. Significantly, these calorimetrically
derived thermodynamic data are model-independent. This
feature contrasts with the model-dependent van’t Hoff tran-
sition enthalpies, which were extracted from the optical data
by assuming a two-state melting process. We also derived
van’t Hoff transition enthalpies from each calorimetric heat
capacity curve by analyzing the transition width at the half
height (36).

Isothermal Batch Mixing Calorimetry. The batch calorim-
eter used in this study has been described in detail (37-40).
We determined the duplex formation enthalpy at 25°C by
mixing in the calorimeter solutions of the two single strands
at equal concentrations. The enthalpy for duplex formation is

‘obtained by integrating the area under the resulting heat burst

curve and dividing this heat by the number of moles of duplex
formed.

RESULTS

UV Spectroscopy. Fig. 1, curve a, shows the 260-nm UV
melting curve we have measured for the thermally induced
disruption of the 13-mer duplex studied herein. Analysis of
the shape of this curve yields a van’t Hoff transition enthalpy
0f 92.2 kcal/mol of duplex (1 cal = 4.184 J), a value consistent
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Fig. 1. UV melting curves measured at 260 nm. The 13-mer
duplex S,-S; at a strand concentration of 7.69 uM (curve a). The S,
single strand at a strand concentration of 9.01 uM (curve b). The S,
single strand at a strand concentration of 9.06 uM (curve c). Curve
c is displaced by +0.05 absorbance units for ease of display.
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with that obtained from the concentration dependence of the
duplex T, (data not shown). Fig. 1, curves b and c, shows the
corresponding UV melting curves for the component single
strands. Analysis of the shapes of these curves yields van’t
Hoff transition enthalpies of 29.1 and 26.2 kcal/mol of single
strand for S; andS,, respectively. These UV-derived van’t
Hoff transition enthalpies (AH YY) are listed in Table 1 along
with the corresponding melting temperatures, Tp,. In contrast
to the 13-mer duplex, the T, values for the single-strand
transitions do not depend on strand concentration over a
concentration range of 9.06 X 1076to 5.72 X 10~* M in single
strand. The fact that the T, values for S, and S, are invariant
upon a concentration change in excess of 100-fold is consis-
tent with these transitions being monomolecular.

CD Spectroscopy. We have measured CD spectra as a
function of temperature for the S; and S, single strands. At
25°C, the temperature of the initial and final states in the
isothermal batch mixing calorimetric measurement, both
single strands exhibit CD spectra characteristic of ordered
structure. At =80°C, the temperature of the final state(s) in
the DSC measurement, the CD spectra for S; and S, exhibit
altered shapes and reduced intensities characteristic of final
states in which the ordered structure present at 25°C has been
thermally disrupted (1, 3, 41). These observations are con-
sistent with the corresponding UV melting curves of the
single strands (see Fig. 1). Furthermore, the CD profiles of S;
and S, do not change with strand concentration, thereby
suggesting that the ordered structure within each single
strand is formed monomolecularly. Based on these observa-
tions, we interpret the shapes and temperature dependences
of the CD profiles as reflecting intramolecular single-strand
base-stacking interactions. This interpretation is consistent
with previous CD studies of single-stranded structures (refs.
1, 3, and 41 and references cited in ref. 41).

DSC Curves. Fig. 2 shows the calorimetric heat capacity
curves for the 13-mer duplex (curve a) and for S,, one of its
component single strands (curve b). Sufficient amounts of S;
were not available to conduct a DSC measurement on its
thermally induced melting.

For each transition, a calorimetric transition enthalpy
(AHPSC) was obtained directly from the area under the
experimental AC, versus T curve. These data are listed in
Table 2. The corresponding calorimetrically derived van’t
Hoff transition enthalpies (A HS3) also were determined from
the experimental heat capacity curves by analyzing the
transition widths (36). These van’t Hoff transition enthalpies
are listed in Table 1. Note that for each transition, the excess
heat capacity of the final state is about equal to that of the
initial state (e.g., the pre- and post-transition baselines have
nearly the same heat capacity values). This observation
indicates that the melting of the duplex and the S, single
strand is accompanied by little, if any, net change in heat

capacity.

Table 1. van’t Hoff transition enthalpies (A H,y) and melting
temperatures (7,,) associated with the melting of the 13-mer
duplex S;-S; and its component single strands

AHY, AHSH,
DNA T, °C kcal/mol kcal/mol
S1'S, 74.0* 92.2 104.1
S 29.6 29.1 —
S 45.5 26.2 24.9

AHYY was derived from the shapes of the UV melting curves (see
ref. 36 for details). AHSH was derived from the shapes of the
calorimetric heat capacity curves (see ref. 36 for details).
*Corresponds to a strand concentration of 0.435 mM. At the 7.69 uM

strand concentration used in the duplex optical melting study, Ty,
equals 63.8°C.
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FiG. 2. Calorimetric excess heat capacity (ACp) versus temper-
ature (T) curves for the 13-mer duplex S;°S; at a strand concentration
of 0.435 mM (curve a) and for the S, single strand at a strand
concentration of 0.572 mM (curve b).

Isothermal Batch Mixing Calorimetry. We have measured
the calorimetric heat burst curve that results upon the equi-
molar mixing of S; and S, at 25°C to form the 13-mer duplex.
From the area under the heat-burst curve and the known
strand concentrations, we calculated AHY2{P, the calorimet-
ric enthalpy for duplex formation at 25°C. This value is listed
in Table 2.

Complete Thermodynamic Profiles. AG° and AS° can be
calculated from the calorimetric and optical measurements.
The resulting complete thermodynamic profiles are listed in

Table 3.

DISCUSSION

Inspection of the calorimetrically measured enthalpy data
listed in Table 2 reveals a large disparity between A H22°h, the
enthalgy for duplex formation (—56.4 kcal/mol) at 25°C, and
AHPSC, the enthalpy for duplex disruption (117 kcal/mol) at
74°C, the duplex melting temperature. Since as noted above,
the net heat capacity change for duplex disruption is close to
zero (see Fig. 2), we cannot rationalize the enthalpy differ-
ence between duplex formation at 25°C and duplex disruption
at 74°C in terms of a heat capacity effect. Instead, we focus
our attention on potential differences in the single-stranded
states at 25°C and =80°C, the initial and final temperatures of
the batch and DSC experiments, respectively.

To assist us in assessing the origin of the disparity we
observe in the magnitudes of the enthalpies for duplex
formation and disruption, we have constructed the thermo-
dynamic cycle shown below:

Duplex (5°C) —> S1 (80°C) + S; (80°C)
1

iAHz TAH.

Duplex 25°C) 225 s, (25°C) + S, 25°C)

Table 2. Calorimetrically measured enthalpies for the melting
(AHDSC) and the formation (AH23") of the 13-mer duplex
S;-S; and its component single strands, S; and S,

AHZIC, AHh,
Process Tm,°C kcal/mol kcal/mol
Duplex formation 25.0 — —-56.4
Duplex melting 74.0 117.0 —
S, melting 45.5 27.2 —_
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Table 3. Complete thermodynamic profiles for the melting of the 13-mer duplex S;-S; and its

component single strands, S; and S,

AG® (25°C), AH°, AS°, TAS®,
Process T, °C kcal/mol kcal/mol cal-degree ~1:mol ! kcal/mol
Duplex melting 74.0* 20.0 117.0 325.4 97.0
S; melting 29.6 0.45 29.1 96.1 28.6
S, melting 45.5 1.44 27.2 86.4 25.8

Data for S; melting was derived from the UV melting curve. All other data were derived from
calorimetric measurements. The AH® and AS° data listed do not predict the measured T, values due
to the random experimental error inherent in all such independent determinations of these parameters.
*Corresponds to a strand concentration of 0.435 mM.

AH, corresponds to AH2SC, the transition enthalpy we
measure directly using DSC, and is equal to +117 kcal/mol
of duplex. AH; corresponds to —AHYh, the negative of the
duplex formation enthalpy we measure directly using batch
calorimetry, and is equal to +56.4 kcal/mol of duplex. AH,
is equal to zero since our DSC profile reveals no enthalpy
change in heating the duplex from 5 to 25°C. AH, is the sum
of the integral enthalpy changes associated with the heating
of each single strand from 25 to 80°C. For S,, we have
measured this value directly using DSC (Fig. 2) and indirectly
using UV melting (Fig. 1). These values, AH2SC (S,) and
AHYY (S,), are listed in Tables 1 and 2. Note that both
methods yield very similar transition enthalpies. Inspection
of the heat capacity curve for S, (Fig. 2) reveals that the
transition is just beginning to occur at 25°C. Consequently,
for the integral melting of S, from 25 to 80°C, we assign the
total enthalpy change of 27.2 kcal/mol [AHD23C (S,)] that we
measure directly by DSC. For S;, we determined a total
transition enthalpy of —29.1 kcal/mol from the UV melting
curve shown in Fig. 1 [see AHY (S)) in Table 1]. As noted
above, we did not possess sufficient quantities of S; to
conduct the corresponding DSC measurement. However, the
excellent agreement between the DSC and UV transition
enthalpies for S, gives us confidence in assigning the van’t
Hoff value of 29.1 kcal/mol to the overall melting of S;. The
corresponding integral transition enthalpy relevant to the
thermodynamic cycle can be approximated from the UV
melting curve by correcting the total transition enthalpy for
that fraction which already has occurred by 25°C. This
treatment yields an integral transition enthalpy of 23.6 kcal/
mol for the melting of S; from 25 to 80°C. Thus, the overall
value' of AH, is 50.8 kcal/mol, the sum of the integral
transition enthalpies for S; (23.6 kcal/mol) and S, (27.2
kcal/mol).

Based on the thermodynamic cycle shown above, AH;, =
AH, + AH; + AH,. Thus, we can calculate a predicted value
for AH; (= AHESC) by adding the values for AH,, AH; (=
—AHY*M, and AH,. Using the experimental values (in
kcal/mol), we obtain: AH; = 0 + [—(—56.4)] + [(23.6 + 27.2)]
= 107.2 kcal/mol. This predicted value of 107.2 kcal/mol for
AH;, should be compared with the corresponding experimen-
tal value of 117.0 kcal/mol that we measure directly using
DSC. This agreement is good and lends support to our
analysis and interpretation of the data as described above.

In summary, the substantial difference in the magnitudes of
the enthalpy changes that we measure for duplex formation
by batch calorimetry (—56.4 kcal/mol) and duplex disruption
by DSC (+117 kcal/mol) can be rationalized in terms of
differences in the enthalpy states of the single strands at 25°C
and 80°C. This dramatic effect suggests that near room
temperature, single strands can possess order that enthalpi-
cally (albeit not necessarily structurally) prepare them for
duplex formation. In fact, prior to association at 25°C, the
two complementary single strands studied here already pos-
sess >40% (50.8/117) of the total enthalpy that ultimately
stabilizes the final duplex state. This feature of single-
stranded structure near room temperature could significantly

reduce the total enthalpic driving force that one might predict
for duplex formation from simple nearest-neighbor data
(which generally are derived from measuremerits in which the
single strands are in their random-coil states). Consequently,
potential contributions from single-stranded structure must
be recognized and accounted for when designing hybridiza-
tion experiments and when using titration and/or batch
mixing techniques to study the formation of duplexes and
higher-order structures (e.g., triplexes, tetraplexes, etc.)
from their component single strands.

Complete Thermodynamic Profiles. Complete thermody-
namic profiles for the melting of both the duplex and the
single-stranded states are listed in Table 3. Inspection of the
data for the single strands reveals that, despite rather sub-
stantial transition enthalpies AHY%Y (S;) = 29.1 kcal/mol,
AHDPSC (S,) = 27.2 kcal/mol], the single-stranded structures
are only marginally stable at 25°C [AG (S;) = 0.45 kcal/mol;
AG (S;) = 1.44 kcal/mol]. This feature results from large
enthalpy-entropy compensations that yield small free ener-
gies of stabilization. By contrast, the duplex state is dramat-
ically stable at 25°C (AG° = 20.0 kcal/mol), since the greater
transition enthalpy of the duplex (AH° = 117.0 kcal/mol)
more than compensates for the favorable entropy of duplex
disruption (AS° = 325.4 cal-degree mol~'). Thus, even
though the two single strands exhibit a total transition en-
thalpy in excess of 40% of the duplex transition enthalpy
(50.8/117), the extrapolated free energies for the two single
strands at 25°C amount to only about 10% (1.89/20.0) of the
total free energy of the duplex at 25°C.

Nature of the Transitions. Inspection of the data in Tables
1 and 2 reveals that for the melting of both the 13-mer duplex
and S, the directly measured calarimetric transition enthalpy
(AHDSC) and the corresponding calorimetrically derived
van't Hoff transition enthalpy (A H<%) are similar, exhibiting
ratios of about 1.1. The fact that these ratios have values
close to unity indicates that the melting of both the 13-mer
duplex and the S, single strand occur in a nearly two-state
manner (36, 42, 43). This observation justifies our use of a
two-state model for the van’t Hoff analyses of our optical and
calorimetric data melting data. In the absence of DSC data for
S;, we have assumed that it exhibits similar two-state melting
behavior.

Single-Stranded Nearest-Neighbor Interactions. By analogy
with analyses of duplex structures, it is of interest to consider
the single-stranded structures studied herein in terms of
nearest-neighbor interactions. For the 13-mer single-strands
S:1 and S,, this analysis simply requires one to divide each of
the thermodynamic parameters listed in Table 3 by 12, the
number of pair-wise neighbor interactions. This exercise,
which assumes a linear array of bases for the initial ordered
state, yields the following average single-stranded nearest-
neighbor interactions: Ag° = 0.04 kcal/mol; Ah° = 2.4
kcal/mol; As° = 8.0 cal-degree ":mol ! for S;; and Ag® = 0.12
kcal/mol; Ah° = 2.27 kcal/mol; As® = 7.20
cal-degree ~:mol ™! for S,. (The lower-case letters are used to
indicate that the thermodynamic values correspond to aver-
age pair-wise interactions.) Significantly, these enthalpy val-
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ues compare favorably with those previously measured cal-
orimetrically over a similar temperature interval for single-
stranded nucleic acid structures composed entirely of either
adenine or cytosine residues (6, 14, 44-47), although the
exact interpretation of the nature of the overall single-strand
transition varies from study to study. In connection with the
analysis employed here, we recognize the formal possibility
that the initial single-stranded states may form hairpins.
However, based on the primary sequences, the CD spectra
(and their temperature dependences), and NMR data on the
single strands (R. Jin and K.J.B., unpublished results), we
consider hairpin formation by the initial single-stranded state
to be unlikely. More significantly, our thermodynamic anal-
ysis of the single-stranded melting events requires only that
the structures formed by the initial states be monomolecular,
arequirement consistent with the concentration-independent
nature of the transitions. Even for systems in which hairpins
exist in solution, their formation would not alter the conclu-
sion that single-stranded DNA structure (whether a linear
array of bases, a hairpin, or any other intramolecular struc-
ture) can contribute significantly to the thermodynamics of
duplex formation.

Concluding Remarks. We have demonstrated that at 25°C
single-stranded DNA sequences can possess considerable
order that can significantly influence the thermodynamic
driving forces associated with duplex formation. This feature
must be recognized and accounted for when designing single-
strand probes for selective hybridization experiments and
when interpreting data associated with the formation of
higher-order DNA structures (e.g., duplexes, triplexes, tet-
raplexes, etc.) from inter- and/or intramolecular associations
of single strands.

K.J.B. dedicates this paper to Sherrie Schwab for demonstrating
to him the significant contribution that a single strand can make to the
stability of a duplex. This work was supported by National Institutes
of Health Grants GM23509 and GM34469 and by a grant from the
Busch Memorial Research Fund.
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