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Abstract: Dynamic interchange between DNA conformations, including metastable states, can be of
importance to biological function. In this study, we use a combination of spectroscopic and calorimetric
techniques to detect and characterize kinetically trapped, metastable states in strand exchange and strand
displacement reactions for bulge loop DNA conformations, here referred to as Ω-DNAs. We show that
such metastable, Ω-DNA bulge loop states can stably coexist below 50 °C, while rearranging irreversibly
at elevated temperatures to thermodynamically more stable states. Such dynamic interchange between
metastable and globally stable DNA conformational states can be of importance in biological regulatory
mechanisms.

Introduction

The biologically functional conformational space of DNA is
far more polymorphic than originally suggested by early fiber
diffraction images1-4 and X-ray crystallographic studies5-7 (and
references therein). Subsequently, it has been demonstrated that
DNA is able to adopt a multitude of local and global non-B
DNA conformations in a sequence- and environment-dependent
manner.8-13 Recently, we and others have suggested that
dynamic interchange between DNA conformations, including
those that are only metastable, may be of critical importance
for biological function and biotechnological applications.14-25

It also has been proposed that transiently populated DNA

conformations might serve as viable drug targets.21,26 In this
regard, a host of genetic diseases and chromosomal instabilities
have been traced to DNA domains with a propensity to adopt
alternative conformations in vitro. Models designed to rationalize
the mechanisms of such disease development frequently invoke
the formation of metastable DNA conformations as critical
intermediates in vivo.27-33 While numerous thermodynamically
stable, non-B-DNA structures have been studied in detail,
relatively little is known about the dynamic processes that lead
to the formation and disappearance of metastable conformations
of DNA. To address this deficiency, we have initiated a program
of study that uses a combination of spectroscopic and calori-
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metric techniques to characterize the energetic landscape of
DNA, particularly, DNA conformational switches between
metastable and thermodynamically more stable states. Such
transformations may be important in the modulation of biologi-
cal function.

Metastable, Slipped DNA Structures and Dynamic
Mutation

To probe the energetic landscape of one class of metastable
DNA conformations, we designed an oligonucleotide model
system based on slipped DNA structures. Such structures
frequently are invoked as critical metastable intermediates in
processes that lead to dynamic DNA mutations, including DNA
expansion/contractions and/or chromosomal instability.34-38

Dynamic DNA mutations often are traced to highly repetitive
DNA domains, such as triplet repeat DNAs, which frequently
are associated with the development of debilitating human
diseases.39,40Within highly repetitive DNA sequences, slipped
DNA structures are proposed to form transiently via out-of-
register base pair formation between distal parts of the repeat
sequence.19,41-46 Such slippage can result in the formation of
large single-stranded bulge loop structures. In such structures,
not all potential base pairs are formed. As a result, slipped DNA
structures in vivo represent metastable conformational states that
only form because they are trapped in local energy minima
separated from thermodynamically more stable states by sig-
nificant activation barriers. It is hypothesized that such tran-

siently formed, metastable structures are incorrectly recognized
and processed by the cellular replication and repair machinery,
causing dynamic mutation30,31,35,43,47(and references therein).
Insight into the forces that stabilize such metastable, slipped
DNA intermediates should enhance our understanding of the
forces that control development of dynamic DNA mutations.
Such insights more generally expand our understanding of the
conformational space available to DNA.

The Model System

We designed and synthesized two families of oligonucle-
otides, as shown in Table 1. These sequences can assemble into
stable, bulge loop (Ω) structures through interactions between
complementary domains within a 40mer [X(CAG)6Y or Y′-
(CTG)6X′] and a 22mer (Y′X′ or XY), as shown in Scheme 1,
panels A and B.

In this nomenclature, (see Table 1), the X′ and X domains,
as well as the Y′ and Y domains are complementary. These
complementary 11-base termini pair in the Watson-Crick sense,
leaving the central, underlined 18-base domain of the 40mer
strand looped out and unpaired, as shown in Scheme 1.

The 18-base bulge loop domains in both of these 40+ 22
constructs consist of (CNG)6 triplet repeat sequences. Such bulge
loop structures are suitable models for the metastable, transient,
slipped DNA intermediates. We refer to these constructs as
Omega DNA structures (Ω-DNA) because of their resemblance
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Scheme 1

DNA Metastability and Biological Regulation A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 16, 2007 5273



to the Greek letterΩ, when represented in two dimensions. We
distinguish between the twoΩ-DNAs according to the bases
in the loop domain, e.g., CAGΩ-DNA and CTG Ω-DNA,
respectively. We define these two 40+ 22 CNG Ω-DNA
complexes as complementary since the sequence of the long
strand (40mer) of oneΩ-DNA is complementary to the sequence
of the long strand (40mer) of the secondΩ-DNA, while the
sequences of the corresponding short strands (22mers) of each
Ω-DNA complex are complementary to each other. As a result,
the twoΩ constructs can undergo strand exchange to form two
Watson-Crick, fully paired duplexes, as shown in Scheme 2.
These two Watson and Crick duplexes represent the thermo-
dynamically more stable states relative to the two 40+ 22 bulge
loop constructs.

We describe below the strand exchange behavior of these
two 40merΩ-DNA constructs when they are challenged with
each other (Scheme 2), as well as the strand displacement
reactions when they are challenged with either (1) a 40mer single
strand that is fully complementary to the 5′, 3′, and loop domains
of the Ω-DNA or (2) a competing 22mer single strand that is
complementary only to the 5′ and 3′ domains of theΩ
constructs. These strand displacement reactions are shown in
Scheme 3.

We present and discuss the thermodynamic data and the
associated energy landscapes and conformational dynamics of
these systems. We also underscore the potential biological
significance of such metastable, looped intermediates.

Materials and Methods

Materials. Oligonucleotides were synthesized by standard phos-
phoramidite chemistry using an Expedite DNA synthesizer, and were
purified by repeated DMT on/DMT off reverse-phase HPLC as
previously described.14 Purified oligonculeotides where dialyzed against
at least two changes of buffer containing NaCl, 10 mM cacodylic acid/
Na-cacodylate, and 1 mM Na2 EDTA to give a final concentration of
100 mM in Na+ cations using dispo dialyzers with MWCO 500 Da.
DNA extinction coefficients were determined by phosphate assay48,49

in denaturing conditions (90°C) and were found to be:εX(CAG)6Y(260nm,90°C)

) 368400 M-1 cm-1; εY′(CTG)6X′(260nm,90°C) ) 342900 M-1 cm-1;
εXY (260nm,90°C) ) 190400 M-1 cm-1; εY′X′ (260nm,90°C) ) 186200 M-1 cm-1.

UV Melting Studies.UV absorption versus temperature studies were
conducted using a Aviv DS14 UV/vis spectrophotometer (Aviv
Biomedical, Lakewood, NJ). Samples in 1 cm cells were heated from
0 °C to 99°C in steps of 0.5°C. At reaching the next set temperature,
samples were equilibrated for 1 min before recording the absorption at
260 nm with a 5 saveraging time, resulting in a nominal heating rate
of 0.1 °C/min. Oligonucleotide strand concentration was 1.5µM.

CD Melting Studies.CD spectra as a function of temperature were
recorded using an AVIV model 400 spectropolarimeter (Aviv Biomedi-
cal, Lakewood, NJ). Spectra were recorded in steps of 1 nm between
360 nm and 200 nm with an averaging time of 10 s using a 1 mmcell
between 0°C and 95°C in 5 °C intervals. After subtraction of the
relevant buffer scans, spectra were normalized for DNA concentration
as described50 and analyzed further. Oligonucleotide concentration was
10 µM in strand.

DSC Studies.DSC studies were conducted using a NanoDSCII
differential scanning calorimeter (Calorimetry Science Corporation,
Utah) with nominal cell volume 0.3 mL.51 Oligonculeotides, at a
concentration of 50µM in strand, were repeatedly scanned between
0 °C and 100°C with a constant heating rate of 1°C/min while
recording the excess power required to keep sample cell and reference
cells at the same temperature. After conversion to heat capacity units
and subtractions of buffer/buffer scans, the raw DSC traces were
normalized for DNA concentration and analyzed using Origin software
as previously described.51-55 The calorimetric enthalpy (∆Hcal) was
derived by integration of the excess heat capacity curve, and∆Cp was
derived from the difference in the linearly extrapolated pre- and post-
transition baselines atTm. ∆Swas derived by∆H/Tm, assuming “pseudo-
monomolecular” behavior in which propagation dominates initiation.
Although our constructs formally are bimolecular complexes, their
concentration-dependent denaturation is not well described by a
bimolecular process, as generally is the case for complexes of this size.56

The theoretical entropy correction for a strictly bimolecular reaction
of 21 cal mol-1 K-1 at Ct ) 50 µM falls within the uncertainties of
our entropy values, and is the same for all our constructs. As a result,
inclusion of such a molecularity contribution simply scales the
magnitudes, while not altering the relative differences in∆S and∆G
between our constructs.∆G at the reference temperature was calculated
using standard equations taking into account the nonzero heat capacity
changes,∆Cp. TheTm is defined as the temperature at the midpoint of
the integrated excess heat capacity curve for a given conformational
transition. At this temperature, for a process that exhibits pseudo-
monomolecular behavior, the sample is 50% denatured.

Results and Discussion

The Preformed, Metastable CNG Ω-DNA Complexes
Coexist at Room Temperature.We measured the CD spectra
and excess heat capacity curves of a 1:1 mixture of the two 40
+ 22 bulge loopΩ-complexes and compared them to those
expected for different numerical combinations of the experi-
mental curves of the component states. Our results reveal that
at room temperature the preformedΩ-DNA complexes stably
coexist in solution without interacting (left side of Scheme 2)
even though the competing 22mer and 40mer duplexes that
could form via strand exchange correspond to the thermody-
namically more stable states under our experimental conditions
(right side of Scheme 2).

(48) Plum, G. E. InCurrent Protocols in Nucleic Acid Chemistry; John Wiley
& Sons, Inc.: New York, 2000; pp 7.3.1-7.3.17.

(49) Snell, F. D.; Snell, C. T.Colorimetric Methods of Analysis, Including Some
Turbidimetric and Nephelometric Methods; R. E. Krieger Pub. Co.:
Huntington, N.Y., 1972.

(50) Cantor, C. R.; Schimmel, P. R.Techniques for the Study of Biological
Structure and Function; W. H. Freeman: San Francisco, 1980.

(51) Privalov, G.; Kavina, V.; Freire, E.; Privalov, P. L.Anal. Biochem.1995,
232, 79-85.

(52) Breslauer, K. J. InMethods in Molecular Biology; Agrawal, S., Ed.; Humana
Press: Totowa, NJ, 1994; Vol. 26, pp 347-372.

(53) Breslauer, K. J.Methods Enzymol.1995, 259, 221-242.
(54) Marky, L. A.; Breslauer, K. J.Biopolymers1987, 26, 1601-1620.
(55) Privalov, P. L.; Potekhin, S. A.Methods Enzymol.1986, 131, 4-51.
(56) Plum, G. E.; Grollman, A. P.; Johnson, F.; Breslauer, K. J.Biochemistry

1995, 34, 16148-16160.

Scheme 2

A R T I C L E S Völker et al.

5274 J. AM. CHEM. SOC. 9 VOL. 129, NO. 16, 2007



Thermally Induced Strand Exchange Occurs between the
Two CNG Ω-DNA Complexes. Upon heating above a thresh-
old temperature, the two CNGΩ-DNA complexes interact by
swapping strands to form the thermodynamically more stable
22mer and 40mer duplex states (see Scheme 2). Once this
exchange reaction takes place, the 40+ 22 bulge loopΩ-DNA
complexes cannot reform from the Watson-Crick 40mer and
22mer duplexes; in other words, the temperature-induced strand
exchange is irreversible. Thus, when combined at sufficiently
low temperatures, the two bulge loopΩ-DNA duplexes
represent a metastable system trapped within a local minimum.
Upon heating beyond the thermal induction of the strand
exchange, the newly formed 22mer and 40mer duplexes
independently melt to their respective single-stranded states.

Assignment of the States and Their Transformations. CD
Spectra. Prior to heating, the measured CD spectrum of the
1:1 mixture of the two 40+ 22 bulge loopΩ-DNA duplexes
is the sum of the CD spectra of the individualΩ-DNA
complexes. This spectrum differs significantly from that of the
sum of the CD spectra of the 40mer and the 22mer Watson-
Crick duplexes (Figure 1 panels I and II). Upon heating above
50 °C, however, a marked and irreversible change in the
measured CD spectrum occurs. Upon cooling, the CD spectrum
reflects the sum of the CD spectra of the two Watson-Crick,
fully helical duplexes, rather than the sum of the spectra of two
noninteractingΩ-DNAs (Figure 1, Panels I and III). These
observations are consistent with the irreversible strand exchange
process shown in Scheme 2.

DSC and UV Melting Profiles. The thermally induced
change in the CD spectrum correlates with an unusual exother-
mic (negative) peak in the corresponding excess heat capacity
curve (Figure 2, Panel II) and with an equally unusual thermally
induced hypochromic transition in the optical melting curve at
260 nm (Figure 3). The exothermic (negative) peak in the heat
capacity curve and the hypochromic transition in the optical
melting curve are observed only during the initial heating of
the 40 + 22 bulge loop Ω samples, being absent in all
subsequent heating and cooling scans, consistent with an
irreversible process.

An exothermic transition in the DSC profiles suggests
formation of a more ordered structure, such as would be
expected if the 40+ 22 Ω-DNA complexes converted to the
corresponding 22mer and 40mer duplexes via strand exchange.14

Similarly, the hypochromic change in Figure 3 likely reflects
the increase in the number of base pairs and extended stacking
interactions that result when the two 40+ 22 Ω-DNA
complexes rearrange via strand exchange to form the 22mer
duplex and 40mer duplex. In thermal scans subsequent to the
exothermic/hypochromic transition observed in the initial melt,
two conventional and reversible thermally induced endothermic/
hyperchromic melting transitions are observed in the excess heat
capacity and the optical melting curves of the 1:1 mixture of
40 + 22 Ω complexes. These transitions coincide exactly with
the excess heat capacity and optical melting curves indepen-
dently and directly measured for the isolated 22mer and 40mer
duplexes (Figure 2, Panels II and III, and Figure 3). Neither
the optical melting curve nor the calorimetric excess heat
capacity curve can be modeled by the sum of the isolated,
individual 40+ 22 Ω-DNA melting curves. In the aggregate,
these observations are consistent with thermally induced strand
exchange between the two bulge loopΩ-DNA constructs to
form irreversibly the 40mer and 22mer fully paired Watson-
Crick duplexes, as shown in Scheme 2.

In summary, at low temperature the two metastableΩ-DNA
complexes stably coexist and do not interact. Once the sample
is heated above the temperature of the exothermic reaction,
strand exchange takes place, and the two helical duplexes form.
The exothermic transition reflects the rearrangement/strand
exchange between the two coexisting metastable states. Such
an exothermic process only can be observed if a significant
activation energy barrier has been overcome, which occurs upon
heating. Once this activation barrier has been surmounted, the
exchange process proceeds spontaneously to form the thermo-
dynamically more stable, fully paired Watson-Crick duplexes.

The DSC and optical melting curves reveal that this irrevers-
ible strand exchange starts at temperatures below the melting
transition of the individualΩ-DNAs. This observation makes
it unlikely that the strand-swapping reaction proceeds via the

Scheme 3
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denatured state. We therefore conclude that theΩ-DNA-to-
duplex transition represents an order-order reaction between
metastable states containing unpaired bases in their loops and
stable states with all bases fully paired and stacked. We suggest
that the strand exchange reaction initiates through interactions
of the complementary loop bases, although other possible
pathways exist. Indirect support for a role for loop/loop
interactions (kissing loops)57,58comes from the observation that
the strand-swapping reaction happens at lower temperatures
when theΩ-DNA concentrations are increased, despite the fact
that the isolated bimolecularΩ-DNA bulge loop constructs are
individually thermally stabilized by increased DNA concentra-
tions.54

Thermodynamic Characterization of the States.Table 2
lists the thermodynamic data we have measured for the
conformational transitions along the path from coexisting bulge
loop Ω-DNA constructs to the formation of the 22mer and
40mer duplexes, and ultimately to the final single-stranded
states. The Supporting Information contains a flowchart that
summarizes the relevant thermodynamic data from Table 2 for
the strand exchange transformations.

The thermally induced exothermic transition leading to the
synchronous formation of the 22mer and 40mer duplexes from
the coexistingΩ-DNA constructs is important to our under-
standing of these metastable intermediates. This reaction is
irreversible, only being observed in the first heating curve. For
this reason, neither entropy nor free energy can rigorously be
determined from the DSC curves, and the temperature at the
heat capacity minimum does not have the conventional meaning
of aTm. Nevertheless, our experimental spectral and excess heat
capacity curves are correctly described by summation of the
relevant experimental data for the isolatedΩ-DNA constructs
at all temperatures below the onset of the exchange reaction,
despite significant differences in experimental time scales (DSC
heating at 1°C/min, UV heating at 0.1°C/min, CD at 1
spectrum/30 min). Preliminary kinetic experiments (not shown)

(57) Marino, J. P.; Gregorian, R. S., Jr.; Csankovszki, G.; Crothers, D. M.Science
1995, 268, 1448-1454.

(58) Theilleux-Delalande, V.; Girard, F.; Huynh-Dinh, T.; Lancelot, G.; Paoletti,
J. Eur. J. Biochem.2000, 267, 2711-2719.

Figure 1. CD curves of the exchange reaction. (Panel I) Experimentally
measured CD spectra of a 1:1 mixture of CAGΩ-DNA and CTGΩ-DNA
at 0°C, both prior to heating (blue) and after heating and cooling (magenta).
(Panel II) Comparison of the measured CD spectrum (blue, solid) prior to
heating with the CD spectra calculated for a 1:1 mixture of the CAGΩ-DNA
and CTGΩ-DNAs (black stippled line), and calculated for the 1:1 mixture
of the 22mer duplex and the 40mer duplex (red stippled line). (Panel III)
Comparison of the corresponding experimental CD spectrum after heating
(magenta) to the calculated spectra as noted for Panel II. Also shown as
internal controls in Panels I, II, and III are the calculated (stippled red and
black lines) and measured (solid blue and magenta lines) CD spectra at
95 °C. Calculated spectra are derived by summation of experimentally
measured spectra of the isolated individual components.

Figure 2. DSC curves of the exchange reaction: (Panel I) Measured excess
heat capacity curves of the CTGΩ-DNA (blue) and CAG Ω-DNAs
(magenta) in isolation. Also shown is the calculated excess heat capacity
curve (red stippled line) that would be expected for a noninteracting 1:1
mixture of the twoΩ-DNAs derived by summation of the experimental
data. (Panel II) Measured excess heat capacity curves of a 1:1 mixture of
CTG Ω-DNA and CAGΩ-DNA upon first heating (blue, solid line). Also
shown are the calculated excess heat capacity curves expected for a 1:1
mixture of non-interacting CTGΩ-DNA and CAGΩ-DNA (red, stippled
line), and the calculated excess heat capacity curve of a 1:1 mixture of the
22mer and the 40mer duplex (black, stippled curve). Note the exothermic
reaction at 50°C indicative of strand exchange reaction. (Panel III) Excess
heat capacity curve of the 1:1 mixture of CTGΩ-DNA and CAGΩ-DNA
upon all subsequent heating/cooling scans (blue, solid). For comparison,
also shown are the measured excess heat capacity curves of the 22mer
duplex (cyan) and the 40mer duplex (magenta), as well as the summed
excess heat capacity curves for the 1:1 mixture of the 22mer and 40mer
duplex (black, stippled). Note the absence of an exothermic reaction after
the first heating scan. To facilitate comparisons the excess apparent heat
capacity for all curves is set equal at 95°C.
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demonstrate that the exchange reaction only proceeds to a
significant extent at elevated temperatures. Consequently, the
integrated excess heat capacity curve accurately reflects the heat
liberated during the conversion from the two coexisting,
noninteractingΩ-DNA complexes to the two Watson-Crick
duplexes. As a result we can extract meaningful enthalpy values
for this transformation from the measured excess heat capacity
curves.

The observation that the exchange reaction is exothermic can
be understood in terms of the difference in the nature of the
two Ω-DNA constructs relative to the two resulting duplexes.
The two duplexes together consist of more Watson-Crick base
pairs than the initial twoΩ-DNA constructs, whose 18-base
bulge loops only become fully base paired and stacked within
the center of the 40mer duplex upon strand exchange. The DSC-
measured enthalpy required to denature the two newly formed
duplexes (Table 2) coincides impressively with the sum of
enthalpies measured independently for the 22mer and 40mer
duplexes. The enthalpies of denaturation for each of the two
Ω-DNA constructs in isolation also have been measured, and
are listed in Table 2. These independently measured enthalpy
values allow us to calculate (from the heat capacity adjusted
differences in enthalpy for the two duplexes and the two isolated

Ω-DNAs) a “theoretical” value for the heat released when
forming the two duplexes from the twoΩ-DNA constructs.
Comparison of the calculated value to the measured exothermic
enthalpy reveals the experimental exchange enthalpy to be
significantly smaller than predicted, even when taking heat
capacity changes into account.59-61 We propose that this
disparity between calculated and measured exchange enthalpy
reflects the fact that the loop bases are not disordered at the
exchange temperature, as is assumed in the calculation of the
“theoretical” value. Consequently, part of the enthalpy required
for duplex formation fromΩ-DNA bulge loop structures already
is stored in the order existing in theΩ-DNA constructs at lower
temperatures. Support for this interpretation comes from ob-
servations that the heat of formation of simple oligonucleotide
duplexes at low temperatures, as measured by ITC, does not
correspond to the denaturation enthalpy detected by DSC due
to considerable single-stranded order at low temperature that
poises these singled-stranded structures for duplex formation.62

(59) Chalikian, T. V.; Völker, J.; Plum, G. E.; Breslauer, K. J.Proc. Natl. Acad.
Sci. U.S.A.1999, 96, 7853-7858.

(60) Rouzina, I.; Bloomfield, V. A.Biophys. J1999, 77, 3252-3255.
(61) Rouzina, I.; Bloomfield, V. A.Biophys. J.1999, 77, 3242-3251.
(62) Vesnaver, G.; Breslauer, K. J.Proc. Natl. Acad. Sci. U.S.A.1991, 88, 3569-

3573.

Figure 3. UV melting curves. Comparison of the expected melting curves with the measured temperature-dependent UV melting curves for a 1:1 mixture
of CAG Ω-DNA and CTGΩ-DNA. Note the irreversible hypochromic change in the first heating curve (red) compared to the second heating curve (blue).
The stippled lines correspond to the expected melting curves for two noninteractingΩ-DNAs (green), and noninteracting 22mer and 40mer duplexes (black).

Table 2. Thermodynamic Data of Ω-DNAs

name Tm (°C) ∆Hcal (kcal/mol)a ∆Scal (cal/mol/K) ∆Cpcal (cal/mol/K)b ∆Gcal
(25 °C) (kcal/mol)c

X(CAG)6Y‚Y′X′ 62.3( 0.25 174.5( 1.73 520.2( 5.63 1083( 115.9 17.0( 0.3
Y′(CTG)6X′‚XY 61.4 ( 0.30 177.7( 2.66 531.3( 8.11 819( 157.7 17.6( 0.5
XY ·Y′X′ 78.4( 0.16 160.7( 2.02 457.1( 5.62 442( 88.5 22.5( 0.3
Y′(CTG)6X′‚X(CAG)6Y 87.2( 0.15 335.1( 3.35 930.1( 9.7 1132( 173.5 51.3( 1.0
X(CAG)6Y‚Y′X′ and

Y′(CTG)6X′‚XY
51.02( 0.3 -73.5( 5.0 (exchange) ND ND ND

87.35( 0.3 505.7( 25.3 (duplex) 1402.7( 70.1 (duplex) ND 87.5( 1.8 (duplex)
87.35( 0.3 430.2( 30.0 (total) 1193.3( 60.0 (total) ND 74.4( 1.5 (total)

a 1 cal) 4.184 J.b Because of the shape of the heat capacity curve due to the exothermic transition,∆Cp cannot be reliably determined for the exchange
reaction c The∆H, ∆S, and∆G values correspond to the mean and standard deviation of at least five independent measurements. The reported uncertainties
for ∆G likely underestimate the real errors because of statistical linkage between the enthalpy, entropy, and∆Cp values derived from the same data set.
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Further support for this interpretation comes from our measured
excess heat capacity curves and CD spectra on the two 40mer
single strands [X(CAG)6Y and Y′(CTG)6X′] which reflect the
presence of complex secondary structural elements, consistent
with previous reports on single-strand oligonucleotides contain-
ing triplet repeat sequences.63-68

Strand Displacement in anΩ-DNA Complex by a Comple-
mentary Single Strand.We also have investigated the interac-
tion of each of the twoΩ- DNA complexes with single strands
complementary to either the long (40mer) or the short (22mer)
strand involved in the bulge loop structure. As outlined in
Scheme 3, a total of four different single-strand/Ω-DNA
combinations are possible. Using a combination of CD spec-
troscopy and differential scanning calorimetry, we have dissected
and analyzed how all four possible single strands impact the
stability of their respectiveΩ-DNA partners. We illustrate this
experimental approach for the data collected when a 1:1 mixture
of the CAG Ω-DNA bulge loop construct is challenged with
the Y′(CTG)6X′ single strand (Figures 4 and 5). Comparable
results are obtained for the corresponding other three reactions,
and are presented in the Supporting Information. The resulting
thermodynamic data for all four strand displacement reactions
are listed in Table 3. The Supporting Information contains a
flowchart that summarizes the relevant thermodynamic data
from Table 3 for all the strand displacement transformations.

Thermally Induced, Irreversible Strand Displacement.Our
results reveal that addition of either the complementary 22mer
single strand or the complementary 40mer single strand to the
respective preformedΩ-DNA bulge loop duplex results in the
irreversible displacement of one of the strandsonly after the
solution is heated above a specific “displacement” temperature.
The strand displacement reaction irreversibly results in formation
of the thermodynamically more stable, fully paired duplex state
plus a released single strand. Below the strand invasion/
displacement temperature, the single strand and the correspond-
ing Ω-DNA construct stably coexist.

Spectroscopic and Calorimetric Evidence in Support of
Strand Displacement. CD Spectra. Evidence for strand
displacement comes from the CD spectra of the 1:1 mixture of
the CAG Ω-DNA duplex and the Y′(CTG)6X′ single strand.
Upon heating and cooling, the CD spectrum undergoes a
significant change from a spectrum that initially is well described
by the sum of the CD spectra of the isolated CAGΩ-DNA
duplex and the isolated Y′(CTG)6X′ single strand. After heating,
the CD spectrum only can be modeled by the sum of the CD
spectra corresponding to the 40mer Watson-Crick fully paired
duplex and the 22mer Y′X′ single strand, the two products of
strand displacement(Figure 4, Panels II and III).

DSC and Optical Melting Profiles. The thermally induced
change in the CD spectrum is accompanied by an exothermic
transition in the excess heat capacity curve, consistent with the
formation of a more ordered structure(Figure 5, Panel II), as
well as a corresponding hypochromic shift in optical melting

curves (not shown). The optical changes coupled with the
exothermic transition in the DSC curves are seen when either
Ω-DNA complex is mixed with its corresponding complemen-
tary 40mer single strand. By contrast, when eitherΩ-DNA is
combined with its corresponding complementary 22mer single
strand, changes in the CD spectrum are more subtle, and the
excess heat capacity curves only show a small positive (endo-
thermic) peak at intermediate temperatures. Nevertheless,
comparisons of the melting transition at high temperature with
those expected for either theΩ-DNA or the 22mer confirm that
the exchange reaction, in fact, has occurred, despite the relative
absence of the optical and calorimetric signatures noted for the
strand displacement process involving the 40mer.

To summarize, the strand displacement reaction for the 40
+ 22 Ω-DNA plus complementary 40mer is exothermic and
irreversible, whereas the strand displacement reaction for the
22mers is endothermic and irreversible. We propose that the
endothermic excess enthalpy for the 40+ 22 Ω-DNA plus
22mer strand displacement derives from contributions of the
unfolding of some secondary structure in the loop domain of
theΩ-DNA which, upon cooling, is recovered through folding
of the displaced single strand 40mer, as discussed below. The
differences in the CD spectra, as well as the excess heat capacity

(63) Amrane, S.; Sacca, B.; Mills, M.; Chauhan, M.; Klump, H. H.; Mergny,
J.-L. Nucleic Acids Res.2005, 33, 4065-4077.

(64) Gacy, A. M.; Goellner, G.; Juranic, N.; Macura, S.; McMurray, C. T.Cell
1995, 81, 533-540.

(65) Gacy, A. M.; McMurray, C. T.Biochemistry1998, 37, 9426-9434.
(66) Paiva, A. M.; Sheardy, R. D.Biochemistry2004, 43, 14218-14227.
(67) Petruska, J.; Arnheim, N.; Goodman, M. F.Nucleic Acids Res.1996, 24,

1992-1998.
(68) Petruska, J.; Hartenstine, M. J.; Goodman, M. F.J. Biol. Chem.1998, 273,

5204-5210.

Figure 4. CD curves Y′(CTG)6X′ 40mer and CAGΩ-DNA. (Panel I)
Experimentally measured CD spectra of a 1:1 mixture of CAGΩ-DNA
and the Y′(CTG)6X′ 40mer strand at 0°C prior to heating (blue, solid) and
after heating to 95°C and cooling (magenta, solid). Also shown as internal
controls, are the CD spectra at 95°C (solid, blue and magenta). (Panel II)
Comparison of the measured spectrum (blue solid) prior to heating to the
CD spectra calculated for a 1:1 mixture of the CAGΩ-DNA and
Y′(CTG)6X′ 40mer strand (black stippled line) and for the 1:1 mixture of
the 40 mer duplex and Y′X′ 22mer (red stippled line). (Panel III)
Comparison of the corresponding experimental CD spectrum after heating
(magenta, solid) to the calculated spectra, as in (Panel II). Also shown as
internal controls in Panels II and III are the calculated (red and black stippled
line) and measured (blue and magenta solid) CD spectra at 95°C. Calculated
spectra are derived by summation of experimentally measured spectra of
the isolated individual components. The corresponding CD spectra for the
other strand displacement reactions are shown in the Supporting Information.
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curves, reflect the net change in the number of base pairs
associated with a given strand displacement reaction. Note that
the change fromΩ-DNA complex to 22mer duplex results in
no net change in the total number of base pairs, whereas the
change fromΩ-DNA complex to 40mer duplex increases the
total number of base pairs by 18.

The strand displacement in theΩ-DNA complex by the
corresponding 22mer single strand occurs near 50°C for both
sets of Ω-DNA complexes, whereas strand displacement
betweenΩ-DNA and the complementary 40mer single strand
occurs at significantly lower temperature (about 40°C). Both
Ω-DNA complexes, on their own, begin to melt near 50°C.
These observations suggest thatΩ-DNA structure needs to be
partially disrupted before the added 22mer can successfully
displace the 40mer strand from theΩ-DNA secondary structure.
By contrast, the 40mer requires no partial disruption of the
Ω-DNA structure to initiate displacement of the 22mer and to
form the duplex.

Single-Stranded Order Modulates the Energetics of Strand
Displacement. Inspection of the excess heat capacity curves
reveals that the single-stranded secondary structure of the
incoming 40mer needs to denature partially before the strand
displacement reaction initiates. These results are consistent with
the assumption that the partially unfolded 40mer initiates strand
displacement through loop/single strand interactions. The ob-
servation that the long, 40mer single strand has to be partially
unfolded prior to interacting with its complementaryΩ-DNA
whereas the short, 22mer single strand requires partial disruption
of theΩ-DNA prior to interacting with it is of relevance to the
pathway of strand exchange between the complementary
Ω-DNA complexes discussed above.

Conceptually, one can rationalize the exothermic transition
observed when a 40mer single strand interacts with anΩ-DNA
construct in terms of the formation of an additional 18 base
pairs in the center of the newly formed 40mer helix. By contrast,
the displacement reaction between the short 22mer and the
Ω-DNA does not result in a net change in the total number of
base pairs. In addition to disrupting theΩ-DNA structure and
forming a new duplex, the strand displacement reaction removes
one single strand to form the duplex and liberates a second single
strand from theΩ-DNA. Inspection of the excess heat capacity
curves measured for each of the single strands reveals that most
of the single strands undergo a melting transition in the
temperature range where the strand displacement reaction takes
place. Formation of the newly formed duplex from theΩ-DNA
is therefore associated with disruption of the residual secondary
structure of the incoming single strand and formation of partial
new secondary structure in the leaving strand. This interpretation
is supported by the close agreement between the summed excess
heat capacity curves for the incoming single strand plusΩ-DNA
construct prior to the onset of the displacement reaction, as well
as the close agreement of the summed heat capacity curves of
the newly released single strand plus duplex after completion
of the displacement reaction (Figure 5, Panel II).

In the case of the CAGΩ-DNA construct plus 22mer single
strand, the DSC curves reveal that the incoming 22mer single
strand exhibits no secondary structure and the leaving 40mer
strand is mostly denatured at the displacement temperature (T
) 51 °C). Consequently, for this displacement reaction, we find
that the heat of denaturation of the CAGΩ-DNA subtracted
from the heat of denaturation of the 22mer duplex (taking∆Cp

into account)59-61 correctly predicts the measured endothermic
heat for the displacement reaction (∆∆H ) 12 kcal/mol). For
the other reactions, however, we find that the calculated
displacement heat exceeds the measured heat. This observation
is consistent with such additive calculations not always correctly
accounting for the contributions of the single strands. In fact,
the enthalpies determined for the melting of the isolated single
strands may not exclusively reflect the melting of secondary
structure in the same single strands in the context of theΩ-DNA
during the displacement reaction. In other words, this observa-
tion informs our interpretation of the molecular origins of the
exchange enthalpy for theΩ-DNA /Ω-DNA exchange reaction
discussed above.

Biological Implications. We have demonstrated that meta-
stable DNA secondary structures can stably coexist in solution
below a critical temperature, trapped in kinetically protected
states. In other words, energy landscapes for nucleic acid folding

Figure 5. DSC curves Y′(CTG)6X′ 40mer and CAGΩ-DNA. (Panel I)
Measured excess heat capacity curves of the CAGΩ-DNAs (blue, solid)
in isolation. (Panel II) Measured excess heat capacity curve of a 1:1 mixture
of the Y′(CTG)6X′ 40mer and CAGΩ-DNA upon first heating (blue, solid
line). Also shown are the calculated excess heat capacity curves of a 1:1
mixture of the Y′(CTG)6X′ 40mer and CAGΩ-DNA (red, stippled line) as
well as the calculated excess heat capacity curve of a 1:1 mixture of the
Y′(CTG)6X′ 40mer single strand and the 40mer duplex (black, stippled line).
Note the exothermic reaction near 40°C, indicative of the strand
displacement reaction. (Panel III) Excess heat capacity curve of the 1:1
mixture of the CTG 40mer single strand and CAGΩ-DNA (blue solid)
upon all subsequent heating events. For comparison, the calculated excess
heat capacity curves of the Y′X′ 22mer single strand and the 40mer duplex
are shown (black stippled). Note the absence of an exothermic reaction in
all scans after the first heating scan. To facilitate comparison, the excess
apparent heat capacity for all curves is set equal at 95°C. The corresponding
DSC curves for the other strand displacement reactions are shown in the
Supporting Information.
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pathways may contain local minima, with significant activation
barriers between metastable states and the global energy
minimum.69-71 This recognition supports models of DNA
function that require transient population of thermodynamically
unfavorable states as part of the overall process, such as those
invoked to explain DNA expansion/contraction and/or chromo-
some instability.15,16,31,34,35,37,38,47,72,73DNA strand separation
during transcription and translation, and/or the formation of
single-strand domains during DNA repair in highly repetitive
sequences can lead to the transient formation of metastable bulge
loops/slipped DNA states in vivo, that share similarities to the
model systems reported here. In fact, the influences of negative
supercoiling, more extended duplex domains (e.g., the absence
of free ends), and protein binding may further stabilize such
metastable intermediates in vivo. Our results suggest that, once
formed, metastable, bulge loop DNA structures can persist,
perhaps ultimately contributing to DNA expansion/deletions,
thereby supporting in vivo models that invoke important
biological roles for local minima within DNA energy landscapes.
Conclusion

We have described the strand exchange behavior of two
40mer bulge loopΩ-DNA constructs when challenged with each

other, as well as their strand displacement reactions when
challenged with either a fully complementary 40mer sequence,
or a partially complementary 22mer single strand. Our data
reveal that metastable, bulge loop states can be highly populated
at physiological temperatures, consistent with such conforma-
tional forms being biologically relevant in vivo, as has been
proposed in a range of disease and/or mutation-inducing
mechanisms. In short, our results reveal the nucleic acid energy
landscape available to biological processes to be more complex
than conventionally assumed on the basis of traditional inves-
tigations of helix-to-coil transitions. Such studies enhance our
understanding of the formation and relative stability of transient
nucleic acid intermediates of potential biological significance.
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Table 3. Thermodynamic Data for Single Strand Displacement

name reaction Tm (°C) ∆Hcal (kcal/mol) ∆Scal (cal/mol/K) ∆Cpcal (cal/mol/K)a

Exchange Long Strand
X(CAG)6Y·Y′X′ + Y′(CTG)6X′ Ω CAG 62.1 174.9( 8.7 521.7( 26.0 1190( 238

exchange 39.2 -26.5( 2.6 N/D N/D
87.1 332.1( 16.6 921.9( 46.1 N/D

rescan 87.1 337.2( 16.9 936.0( 46.8 960( 192

Y′(CTG)6X′‚XY + X(CAG)6Y Ω CTG 61.4 180.7( 9.0 540.1( 27.0 746( 149
exchange 39.9 -39.5( 3.9 N/D N/D

87.2 331.4( 16.6 919.7( 46.0 N/D
rescan 87.1 335.4( 16.8 929.9( 46.5 1130( 226

Exchange Short Strand
X(CAG)6Y‚Y′X′ + XY Ω CAG 62.3 176.0( 8.8 524.6( 26.2 1100( 220

exchange 51.0 12.1( 1.3 N/D N/D
78.3 160.0( 8.0 455.2( 22.8 N/D

rescan 78.4 163.1( 8.1 463.9( 23.2 N/D

Y′(CTG)6X′‚XY + Y′X′ Ω CTG 61.1 177.1( 8.8 529.8( 26.5 1000( 200
exchange 47.6 58.3( 5.8 N/D N/D

78.3 160.0( 8.0 455.2( 22.8 N/D
rescan 78.4 158.1( 7.9 449.7( 22.5 N/D

a Because of the shape of the heat capacity curve due to the single-stranded (added or exchanged) contributions,∆Cp cannot be reliably determined for
all displacement reactions.
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