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Stacked–Unstacked Equilibrium at the Nick Site of DNA
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Stability of duplex DNA with respect to separation of complementary
strands is crucial for DNA executing its major functions in the cell and it
also plays a central role in major biotechnology applications of DNA: DNA
sequencing, polymerase chain reaction, and DNA microarrays. Two types
of interaction are well known to contribute to DNA stability: stacking
between adjacent base-pairs and pairing between complementary bases.
However, their contribution into the duplex stability is yet to be
determined. Now we fill this fundamental gap in our knowledge of the
DNA double helix. We have prepared a series of 32, 300 bp-long DNA
fragments with solitary nicks in the same position differing only in base-
pairs flanking the nick. Electrophoretic mobility of these fragments in the
gel has been studied. Assuming the equilibrium between stacked and
unstacked conformations at the nick site, all 32 stacking free energy
parameters have been obtained. Only ten of them are essential and they
govern the stacking interactions between adjacent base-pairs in intact DNA
double helix. A full set of DNA stacking parameters has been determined
for the first time. From these data and from a well-known dependence of
DNAmelting temperature on G$C content, the contribution of base-pairing
into duplex stability has been estimated. The obtained energy parameters
of the DNA double helix are of paramount importance for understanding
sequence-dependent DNA flexibility and for numerous biotechnology
applications.
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Introduction

It has long been realized that two qualitatively
distinct modes of interactions contribute to the
stability of the DNA double helix: stacking between
adjacent base-pairs and pairing between comp-
lementary bases.1–4 Quantitative estimation of their
relative contributions to the overall duplex stability
has been attempted both experimentally5–8 and
theoretically.9–12 Two approaches have been
employed to evaluate the contribution of base
stacking to stabilization of the double helix; both
rely on thermal stability measurements of short
nucleic acid duplexes. One of them involves
extraction of the base stacking contribution by
examining the stabilizing effect brought about by
stacking of a single dangling (unpaired) terminal
lsevier Ltd. All rights reserve

; nt, nucleotide;
horesis.
ing author:
base flanking the double helix.13–15 The other
approach is based on the fact that stacking entails
pronounced mutual stabilization of DNA duplexes
formed due to tandem binding of short oligonu-
cleotides to DNA template.5–8 Direct stacking
interactions of the terminal bases of the oligonu-
cleotides have been implicated in differential
stabilizing effects observed for dinucleotide stacks
forming the nick interface. Free energy values of
coaxial stacking obtained from the data of this kind
range from K0.85 kcal/mol for TA dinucleotide
stack to K2.76 kcal/mol for GC stack.7 Although
stacking free energies determined in different
studies agree in the range, there are major dis-
crepancies in the values for individual stacks. For
example, the study on coaxial stacking contribution
to stabilization of gel-immobilized duplexes by in-
tandem hybridization of pentamers revealed the
adenine stacking with other bases to be significantly
stronger than stacking of other bases.6 Such
pronounced stabilizing stacking efficacy of adenine
does not correlate with the parameters of duplex
d.
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stability obtained in the nearest neighbor approxi-
mation.16–19 The reason for these discrepancies
remains unclear.

Here we apply a totally new approach to
determine stacking parameters for the DNA double
helix which relies on characterization of the
energetics of the DNA nick. Previous structural
studies concur that the introduction of a break in
one of the strands of the DNA double helix hardly
affects the B-type DNA conformation.20–24 In fact,
compared to DNA without lesions, distortions
accompanying the single-stranded break in the
DNA backbone are limited to the local geometry
of the bases immediately adjacent to the nick site.
Base stacking and hydrogen bonding between the
bases at the site of the nick are conserved keeping
the double helix in register. The introduction of a
nick however affects the DNA helix rigidity.25–28

During gel electrophoresis conducted under native
conditions, nicked DNA fragments display small
though detectable retardation with respect to the
molecules without lesions.28–30

A major hypothesis underlying the present study
is that nicked DNA exists in solution (and in gel) in
the form of equilibrium between the closed state
(the stacking between the two base-pairs flanking
the nick is preserved) and the open state (stacking
in the nick site is completely lost). Figure 1 shows
our basic model. The stacked conformation of the
nicked DNA is very close to the conformation of an
intact DNA duplex. The loss of stacking between
the base-pairs flanking the nick induces a kink in
DNA duplex, thus affecting its electrophoretic
migration. Fast equilibration between the two states
leads to a differential retardation of the nicked DNA
molecules during polyacrylamide gel electrophor-
esis (PAGE) depending on the identity of the nicked
dinucleotide.

We use recently introduced nicking endonu-
cleases to site-specifically produce a single break
into only one of the two strands of a DNA fragment.
To facilitate quantification of otherwise small
retardation effects observed for singly nicked
DNA fragments, we conduct our PAGE in the
presence of urea. By using urea-enhanced PAGE
and by extrapolating the stacking free energy values
to zero urea concentration, we determine the free
energy difference for the stacked–unstacked equili-
brium at the site of the nick for all nicked
Figure 1. Schematic representation of the stacked-to-
unstacked conformational transition of the DNA frag-
ment at the nick site described by the energy difference,
DGST

KL.
dinucleotide stacks. As a result, we obtain all ten
stacking parameters for the DNA duplex. The two
remaining parameters, the free energy for A$T and
G$C base-pairing, are determined by adjusting the
calculated free energy of duplex DNAwith random
sequence to quantitatively reproduce the classical
Marmur–Doty dependence of the DNA melting
temperature on G$C content.31–33 Base stacking and
base-pairing free energy values make it possible to
calculate the overall contribution of individual
base-pairs into the stability of the DNA double
helix within the nearest neighbor approximation.
We compare the parameters obtained by us with the
nearest neighbor free energy parameters obtained
from DNA melting experiments.
Results

Electrophoretic mobility of DNA molecules with
single nicks and gaps

All 16 DNA molecules used in this study were
identical 300 bp-long fragments differing only in
two base-pairs flanking the nick site (the nicked
dinucleotide stack KL/L 0K 0) as depicted in Figure
2a. It has been shown before that nicked DNA
moves during polyacrylamide gel electrophoresis
only slightly slower than the same molecule with-
out a nick.28–30 Small retardation of nicked DNA
strongly suggests that the molecules predominantly
remain straight during PAGE, which indicates that
the base-pairs located at the nick interface predomi-
nantly retain stacking with one another.20–24,28,29 To
enhance the effects of the distortion associated with
the nick on the electrophoretic migration of DNA
fragments we conduct PAGE in the presence of
urea.30 By doing so we are able to clearly dis-
tinguish the nicked DNA molecules from the intact
fragments (Figure 2b). The mobility of nicked
molecules decreases noticeably with increasing
urea concentration while the mobility of intact
fragments remains virtually unaffected. A distinct
dependence of the electrophoretic mobility on the
identity of base-pairs flanking the nick is indicative
of significant interactions between the bases form-
ing the nicked stack (Figure 3a).

We hypothesize that these differential retardation
effects originate from the equilibrium between the
stacked (straight) and unstacked (kinked) confor-
mations of the DNA nick schematically shown in
Figure 1. In the stacked state at the nick site, the
DNA double helix remains in register and is very
close to the conformation of the DNA duplex
without the lesion. The loss of stacking between
the two base-pairs flanking the nick prises the
nicked stack open, resulting in a kink in the DNA
molecule bringing about additional flexibility to
DNA double helix.26–28

For each individual dinucleotide contact we
assign the free energy parameter DGST to describe
the equilibrium between stacked and unstacked
conformations at the nick site. The ratio of



Figure 2. PAGE of DNA fragments with single nicks
and gaps. (a) DNA inserts (shown here without the
EcoRI/HindIII adaptors) carry the recognition sites for
nicking endonucleases N.BstNBI (red), N.AlwI (blue),
and N.BbvCIA (green); the locations of the nicking sites
are shown by arrows with the same color scheme. For
notation see Materials and Methods. (b) The effect of the
sequence of the nicked stack on the PAGE migration of
DNA fragments. In the presence of urea, 300 bp-long
DNA fragments carrying a single nick (slower migrating
bands) are readily resolved from the intact fragments (the
faster migrating band). Concentration of urea is shown to
the left of each panel. The retardation effect depends on
the nicked dinucleotide stack; the corresponding plas-
mids are indicated at the top of the gel. Each pKL sample
is presented in pairs: the nick is positioned on the forward
(F) or reverse (R) strand of the dinucleotide KL. Also
shown are DNA fragments with 2 nt gaps positioned on
the forward (pG2F) and the reverse (pG2R) strand. A 50
bp DNAmolecular mass ladder is shown in the rightmost
lane.

Figure 3. Differential retardation of DNA molecules
carrying single nicks and gaps. (a) Relative electrophor-
etic mobility values of nicked DNA from pKL/F series
and DNA fragment with a 2 nt gap, pG2F, are plotted as a
function of urea concentration. (b) Relative mobility
values of DNA fragments with gaps measured in the
presence of 1.2 M and 7.0 M urea decrease with increasing
gap. The gaps are produced in the forward (circles) or
reverse (triangles) strand of the 300 bp-long fragment.
Error bars correspond to variations of electrophoretic
mobility measured in three experiments.
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occurrences of stacked (Nclosed) over unstacked
(Nopen) molecules must be governed by the Boltz-
mann distribution:

Nclosed

Nopen

Z exp K
DGST

RT

� �
(1)

where T is the absolute temperature, and R is the
universal gas constant.

DNA molecules with points of increased flexi-
bility and/or locations of static bending are known
to move slower in PAGE when compared to a
straight DNA molecule of the same length.34–37
Conformational exchange between the straight
(stacked) and kinked (unstacked) states gives rise
to a single band on the gel. The fact that the band
corresponding to the nicked DNA fragment is no
broader than the band corresponding to the intact
fragment indicates that the exchange is fast with
respect to the equilibration in the gel pores, like it
takes place in other cases of fast exchange between
different DNA conformations during PAGE.38–40

The relative mobility of DNA molecules in this
band, m, is a weighted average over the two
conformations adopted by the nicked fragment:

mZ
Nclosed

Nclosed CNopen

mclosed

C
Nopen

Nclosed CNopen
mopen (2)

where mclosed is the mobility of the DNA molecule
with the nick in the stacked conformation, which is
equal to the mobility of the intact DNA fragment;
mopen is the mobility of the DNA molecule in fully
open unstacked conformation which can be esti-
mated by studying the mobility of gapped DNA
molecules (see below). Regrouping equation (2), we
obtain:

Nclosed

Nopen
Z

mKmopen

mclosed Km
(3)



Figure 4. Free energy parameters of stacked–unstacked
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Equation (3) allows us to extract the ratio of
occupancies of stacked and unstacked confor-
mations of DNA at the site of the nick. According
to equation (1), this ratio fully determines the
stacking free energy difference between the two
states.

Also shown in Figure 2b are 300 bp DNA
fragments carrying a single gap in place of the
nick. DNA molecules with gaps move considerably
slower than any of the nicked fragments of the same
length.29 A single-stranded "linker" prevents the
two base-pairs flanking the gap from direct inter-
action forcing the molecule to be fully in the open
state. For a series of molecules with gaps ranging in
length from 7 nt to 2 nt, we found that their relative
mobility values significantly depend on the length
of the single-stranded linker (Figure 3b). Fragments
with shorter gaps move faster, reaching saturation
at about 3–4 nt. Note that this result is consistent
with previous observations, reporting similar elec-
trophoretic mobilities for DNA molecules with
multiple gaps of 2 nt, 3 nt, and 4 nt in length.29

The gel retardation effect for larger gaps has not
been reported before and requires further studies,
which are beyond the scope of the present paper.
The same dependence of the DNA fragment
mobility on the gap length is observed throughout
the whole range of urea concentrations we
employed (Figure 3b).

For short gaps, the mobility of fragments with a
gap positioned in the reverse strand (pGnR series) is
undistinguishable from the mobility of the frag-
ments with the same-size gap in the forward strand
(pGnF series). As expected, in contrast to the
mobility of nicked DNA fragments, mobility of a
fragment carrying a 2 nt gap exhibits virtually no
dependence on the urea concentration, apparently
due to the absence of the direct contact between the
two base-pairs flanking the gap (Figure 3a). The
independence of the gapped DNAmobility on urea
concentration as well as on the location of the gap at
one or the other strand strongly indicates against
any influence of the single-stranded stacking in the
single-stranded linker on the mobility of the
fragment.

We assume that the conformation of the mol-
ecules with a short single-stranded gap is very close
to the open state of the DNA nick. This assumption
entails the equivalence of the distributions of the
kink angles of the DNA molecules at the site of the
lesion in both cases. We will use the relative
mobilities of fragments with 2 nt gaps (pG2F and
pG2R constructs) to estimate the mopen value in
equation (3) for any given urea concentration.
equilibrium at the DNA nick. (a) Free energy parameters,
DGST, calculated from the electrophoretic mobility data as
a function of the concentration of urea (see the text). The
intercept with the ordinate gives DGST

KL, the free energy
difference for the stacked–unstacked conformational
transition in the absence of urea. (b) All 32 base-stacking
parameters for nicked DNA obtained here. For each
dinucleotide stack the DGST

KL values for the pKL/F series
(red) are compared to the DGST

KL values for the pKL/R
series (blue).
Determination of stacking parameters

We used equations (1) and (3) to calculate the free
energy difference between stacked and unstacked
conformations for every dinucleotide stack from
relative electrophoretic mobility of nicked DNA
fragments from the pKL series measured in the
presence of urea. Thus obtained DGST values
depend linearly on urea concentration (Figure 4a);
the intercept of the linear plot with the ordinate
gives the value of the free energy difference, DGST

KL,
of the stacked–unstacked transition at the nick site
in the absence of urea. This analysis was performed
for the two sets of nicked pKL/PvuII fragments: the
nick produced in the forward strand of the KL
dinucleotide stack, the pKL/F series, and the nick
produced in the reverse strand, the pKL/R series
(see schematics in Figure 4b). Our analysis yielded a
set of 32 parameters, which are plotted in Figure 4b.

To validate our PAGE-based approach for deter-
mining DNA stacking free energies and to assess
the accuracy of this determination we need to
address the question of how the conditions of PAGE
affect the stacked–unstacked equilibrium of the
nicked molecule with respect to the same molecule
in the free solution. Specifically, such factors include
the presence of the gel matrix and the force applied
to the molecule during reptation through the gel.
The most direct test of such effects of the gel matrix
involves the determination of stacking parameters
using nicked DNA fragments of different length.
For this purpose, we measured apparent DGST

KL
values for TA and GA contacts using 62, 95, 144 and
197 bp-long molecules with centrally located nicks
or gaps. Figure 5a shows that there is a very close
agreement between the stacking parameters
obtained for all fragments we studied; the scatter
of the DGST

KL values is within 0.1 kcal/mol.



Figure 5. Effect of the PAGE conditions on the apparent
stacking parameters. Apparent DGST

KL values were
obtained for TA (circles) and GA (triangles) dinucleotide
stacks with nicks located in the forward (filled symbols)
or reverse (open symbols) strands. The length of DNA
fragments carrying nicks or gaps (a) and the total
concentration of the polyacrylamide gel (b) were varied.
Apparent DGST values measured in the presence of 3.5 M
urea at different values of electric field applied to the gel
are plotted in c.
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Another way to assess the effect of the gel matrix
involves measuring the apparent stacking free
energies using polyacrylamide gels with different
pore sizes, which can be achieved by varying the
total gel concentration. Apparent DGST values
obtained for TA and GA dinucleotide stacks using
300 bp-long molecules decrease only slightly when
the gel concentration increases from 5.3% to 9.3%
(Figure 5b). Further increase in the gel concen-
tration leads to a significant decrease of apparent
DGST values (data not shown). Thus, under stan-
dard conditions we chose (see Materials and
Methods), which correspond to 8% polyacrylamide
gels, the gels are dilute enough to avoid effects of
the gel matrix on the measured DGST values. Figure
5c shows comparison of apparent stacking par-
ameters for TA and GA contacts obtained in PAGE
conducted at three different values of electric field.
No change in DGST values upon a five-time
reduction in the applied field is observed. Overall,
the data in Figure 5 strongly indicate that our
standard conditions make it possible to determine
the true values of stacking parameters in the nick
site unperturbed by our specific experiment design.
The data also allow estimating the experimental
error of individual stacking parameters determined
by PAGE, of DNA molecules with nicked dinucleo-
tide stacks not to exceed 0.1 kcal/mol.
The parameter values are scattered from

K0.05 kcal/mol for the TA stack to K2.4 kcal/mol
for the GC stack. This range is generally consistent
with parameter values for coaxial stacking reported
before.5–8 In fact, similarly to results obtained in
melting studies,8 we find that GC is the most stable
contact, TA is the least stable contact and a tendency
towards more efficient stacking for mixed dinucleo-
tides in order TG!AG!GA!GT is observed.
Unlike the coaxial stacking parameters obtained

from melting experiments,8 our DGST
KL values are

very close for nicks produced in the forward and in
the reverse strand of the given dinucleotide stack
(Figure 4b). This is a crucial test of the validity of
our two-state stacked–unstacked model of the
nicked DNA duplex. Indeed, we assign a single
free energy parameter to describe the equilibrium
between open and closed states of a given dinucleo-
tide stack KL/L 0K 0. Therefore, the stacking par-
ameters measured for the pKL/F series with the
nick in the forward strand (between K and L),
should be identical with the energy measured for
the pKL/R series with the nick in the reverse strand
(between L 0 and K 0). Figure 4b shows that stacking
free energy values obtained for the two series agree
very well. Indeed, there is no systematic difference
between two sets of data. For a half of the stacks the
values coincide within error bars. The differences in
the other half of stacks mostly do not exceed
0.5 kcal/mol. In this respect our data are self-
consistent in contrast to the most comprehensive
data set on coaxial stacking obtained from melting
experiments by Pyshnyi et al.8 (see Discussion).
Due to the existence of a dyad axis of symmetry

in B-DNA perpendicular to the helix axis there are
six pairs of equivalent stacks in intact DNA:
AA/TT; GG/CC; GT/AC; GA/TC; TG/CA and
AG/CT. Obviously, a nick in one of the two strands
violates the dyad symmetry. However, if our model
is correct, we expect the stacking parameters
obtained for symmetrical stacks to be close. In
fact, in our experiments we determine four equiv-
alent DGST

KL parameters for each symmetrical dinu-
cleotide stack. For example, results for pGG/F and
pCC/R fragments (with nicks between two Gs) and
pGG/R and pCC/F fragments (with nicks between
two Cs) yield identical DGST

KL values (Figure 4b). For
the rest five pairs of symmetrical dinucleotide
stacks (all pairs are underlined in Figure 4b) the
free energy parameters are in fact very close. By
averaging corresponding DGST

KL values obtained for
a given stack (there are four such parameters for
symmetrical stacks and two for asymmetrical
stacks) we arrive at a set of ten parameters, which
fully describe stacking interactions in the nicked
DNA duplex (Table 1).
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Discussion

We assume that there is an equilibrium between
straight and kinked conformations in a nicked DNA
molecule and this equilibrium is governed by the
stacking–unstacking free energy difference DGST

KL of
neighboring base-pairs flanking the nick. We have
subjected this basic assumption to very strict tests.
First, if our assumption were true, the stacking
parameters would be the same independently of
which strand of the dinucleotide stack is nicked.
The data in Figure 4b show that this is indeed the
case for a half of the stacks and differences for the
other half are not systematic and not large. At least
this is the case for sequences studied here when a
nicked stack is flanked by G$C base-pairs. Secondly,
due to a dyad symmetry axis in duplex DNA
perpendicular to the helix axis, 12 out of 16 stacking
parameters must form six pairs of equal values.
Figure 4b shows that this condition is fulfilled with
the same accuracy of 0.5 kcal/mol or better, as the
first condition. As a result, we have arrived at a set
of ten stacking parameters of DNA presented in
Table 1. It is important to note that close DGST

KL
values obtained for pKL/F and pKL/R series (i.e.
the nicked dinucleotide is flanked by two Gs and
two Cs, respectively) also reflect the fact that the
next-to-nearest neighbors do not significantly affect
the energetics of the stacking at the nick site. Further
assessment of the contribution of the local sequence
on the structure and stability of the nick site
deserves separate studies which will be reported
elsewhere. Our PAGE experiments have been
carried out at 37 8C, resulting in DGST

KL values
corresponding to this temperature. Our PAGE-
based approach makes it possible to conduct
isothermal measurements of stacking parameters
at temperatures typically ranging from 10 8C to
50 8C. The temperature dependence of stacking
parameters will be addressed in our further studies.

Note that unlike our DGST
KL values, which are close

for pKL/F and pKL/R series supporting the
validity of our basic model, parameters of coaxial
stacking of Pyshniy et al. obtained in melting
experiments7,8 fail this test. These authors made
complexes between DNA hairpins carrying a
single-stranded overhang and a short oligonucleo-
tide fully complementary to the overhang. The
nicked dinucleotide stack obtained this way was
flanked by two G$C base-pairs similarly to our
pKL/F and pKL/R series. Pyshniy et al. determined
Table 1. Stacking free energy parameters, DGST
KL

KL A T

A K1.11 K1.3
T K0.19 K1.1
G K1.43 K1.8
C K0.55 K1.0

The values of DGST
KL in kcal/mol are listed for 16 50KL dinucleotide sta

of two values obtained in (i) pKL/F and pKL/R series and, if applicab
are underlined in Figure 4b). Estimated errors correspond to error ba
stacking parameters by studying differential stabil-
ization of this short duplex by interaction with the
duplex interface of the hairpin in melting exper-
iments. Comparison of parameters obtained for
pKL/F and pKL/R series reveals the systematic
shift of DGST

KL values by 0.7 kcal/mol.8 Thus, in
contrast to our data, the data of Pyshniy et al. do not
satisfy the first of the two above criteria. The origin
of the systematic shift between the two sets of
stacking parameters obtained in melting exper-
iments is unclear and is attributed to the cumulative
contribution of what the authors dub structural
factors.8 Note again that in our case we obtain a
very good agreement between the data for pKL/F
and pKL/R series.

Stacking parameters in Table 1 are of a great
importance by themselves as a measure of stability
of the stacked conformation at the nick site. We,
however, move further assuming that these stack-
ing parameters are very close to the stacking free
energy contribution into the intact DNA duplex
stability with respect to strand separation. The total
free energy of melting of a long DNA molecule
(neglecting the end effects) per one base-pair can be
presented as:16

DGKL ZDGST
KL C

1

2
DGBP

K C
1

2
DGBP

L (4)

where the DGBP terms are the free energy contri-
bution due to hydrogen bonding between comp-
lementary bases. There are two DGBP parameters,
DGBP

A and DGBP
G for A$Tand G$C pairs, respectively.

It must be emphasized that the melting free
energy in equation (4) is an ionic-strength-depen-
dent quantity. Our data for stacking parameters
correspond to salt conditions typically used in
electrophoretic experiments. In our further analysis
we will assume that out of three types of terms in
the right-hand side of equation (4), the DGST

KL values
are salt-independent whereasDGBP

A and DGBP
G values

are fully responsible for the salt effects. Therefore,
adjusting only two parameters, DGBP

A and DGBP
G , for

the DNA melting data collected under specific salt
conditions, we obtain the DGKL values correspond-
ing to these conditions.

Realistic DNA melting parameters must satisfy a
classical Marmur–Doty dependence of DNA melt-
ing temperature on the G$C-content (xGC).

31–33 Our
adjustment of DGBP

A and DGBP
G parameters is based

on the condition that heteropolymeric DNA mol-
ecules with random sequence must yield the same
G C

4 K1.06 K1.81
1 K0.55 K1.43
1 K1.44 K2.17
6 K0.91 K1.44

cks. Stacking parameters are calculated as an arithmetical average
le, (ii) for the pair of dinucleotides with dyad symmetry (all pairs
rs in Figure 6b.
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Tm(xGC) dependence as one yielded by stability
parameters obtained from melting experiments.
The corresponding dependence is described by
equations (6) and (8) (see Materials and Methods).
For our calculations of the Tm(xGC) dependence we
have chosen a set of unified nearest neighbor
stability parameters corresponding to standard
conditions of 1 M NaC.17 Figure 6a shows two
calculated Tm(xGC) plots, which essentially coincide if
the values of DGBP

A Z0:07 kcal=mol and dDGBPZ
DGBP

G KDGBP
A ZK0:60 kcal=mol are assumed. We

obtain similar values of adjustable parameters upon
fitting the Tm(xGC) value calculated from stability
parameters reported indumbbellmelting experiments
Figure 6. Stability of a DNA polymer. (a) The
dependence of melting temperature of a random DNA
polymer on the G$C content calculated using
equations (6) and (8) for the DNA melting parameters17

(black) and for the DGST
KL values from Table 1 using DGBP

A
and DGBP

G as adjustable parameters (red). The red
line corresponds to DGBP

A Z0:07 kcal=mol and
dDGBPZDGBP

G KDGBP
A ZK0:60 kcal=mol. (b) Comparison

of the stability parameters of DNA duplex per bp for all
ten unique dinucleotides obtained from melting exper-
iments17 (black) and from stacking parameters deter-
mined in this work (red). Error bars reflect the scatter of
individual DGST

KL values (Figure 4b) around themean value
calculated for each unique dinucleotide stack (Table 1).
(c) Comparison of eight invariants (adopted from Ref. 16)
calculated from the stability parameters of DNA melting,
DGKL values, reported by Vologodskii et al.16 (gray circles),
Doktyoz et al.18 (triangles), Santalucia et al.19 (squares),
Santalucia117 (diamonds), and here (red circles).
carried out in 115 mM NaC18 (DGBP
A Z0:09 kcal=mol

and dDGBPZK0:46 kcal=mol) and polymer melting
studies conducted in 195 mM NaC16

(DGBP
A Z0:10 kcal=mol and dDGBPZK0:42 kcal=mol).

Using equation (4) for the free energy of melting
of one base-pair in DNA and assuming that the
stacking parameters in Table 1 correspond to the
stacking contribution into the melting parameters,
we determine, for the first time, base-stacking and
base-pairing contributions into the DNA melting
parameters. Our set of melting parameters is given
in Table 2. Figure 6b compares our DGKL values
based on equation (4) and Table 1 with DGKL values
determined from DNA melting experiments.16 This
comparison reveals appreciable difference between
black points and red points for all contacts with the
exception of GG, GA, AG, and AA.
Nearest-neighbor approximation of DNA stab-

ility allows for the sequence effects, i.e. differential
contribution of stacking of individual DNA doub-
lets. For an infinitely long DNA polymer, any
physical property associated with the nearest-
neighbor interactions is fully described by a set of
eight invariants, which are linear combinations of
the ten parameters for doublets.1,16,41 Thus, to verify
the validity of our nearest-neighbor stability par-
ameters, it is meaningful to evaluate a set of
independent linear combinations (invariants) cal-
culated using our DGKL values with those calcu-
lated from free energies obtained in melting
experiments.16–19 The comparison of eight invar-
iants (adopted from Vologodskii et al.16) presented
in Figure 6c reveals a remarkable agreement
between these sets of data, upholding the validity
of our nearest-neighbor stability parameters. Note,
that the differences in stability parameters for
individual doublets obviously seen in Figure 6b
cancel each other when eight invariants are calcu-
lated. This agreement also strongly supports our
claim that our stacking parameters listed in Table 1
obtained for nicked DNA are actually very close to
the stacking parameters for the intact double helix
and that our estimate of the dDGBP value is quite
reliable.
It is imperative to note that, unlike melting

experiments, our quantitative analysis of hetero-
geneous stacking interactions in DNA involves a
direct characterization of the stacked–unstacked
equilibrium for each DNA doublet measured
separately and independently. In this sense our
approach is model-free, with no a priori constraints
imposed on the stability parameters. This is
different from the most accurate stability data
extracted from the polymer melting where only
eight independent parameters can be deter-
mined.16,42,43 For example, Vologodskii et al.16

complete the set of ten nearest-neighbor free energy
parameters by arbitrarily assuming DGATZDGTA

and DGGCZDGCG (an assumption, which proved to
be wrong, see Table 2). The entire set of ten free
energy parameters have been obtained by thermal
denaturation of short DNA duplexes.19 This
approach, however, lacks the accuracy of polymer



Table 2. Standard melting free energy parameters, DGKL

KL A T G C

A K1.04 K1.27 K1.29 K2.04
T K0.12 K1.04 K0.78 K1.66
G K1.66 K2.04 K1.97 K2.70
C K0.78 K1.29 K1.44 K1.97

The values of DGKL in kcal/mol for 16 50KL dinucleotide stacks are calculated from DGST
KL (Table 1) using equation (8) with DGBP

A Z
0:07 kcal=mol and dDGBPZK0.60 kcal/mol (see error bars in Figure 6b for estimated errors).

782 Stacked–Unstacked Equilibrium in Nicked DNA
melting due to a large width of the melting
transitions typical for short duplexes. Additionally,
in melting experiments, the measurable quantity,
i.e. stability of duplex with respect to strand
separation, includes the contributions from all
contacts in the given DNA duplex. This cumulative
quantity collected for different sequences is then
processed to extract the nearest neighbor energy
parameters. In our approach, each energy par-
ameter is measured separately and independently
in a strictly defined sequence environment.

We believe that our set of stability parameters in
Figure 6b (red points) and in Table 2 presents a
substantial revision of sets of stability parameters
compiled on the basis of melting data.16–19 Indeed,
comparing our data with the existing sets reveals
that the stability parameter for the TA contact is
significantly overestimated in the existing set. In
fact, we find that both base stacking and base-
pairing contributions of TA virtually are close to
zero. This finding may be of a great importance
because it supports an assumption often expressed
in literature that the TATA box, which is a
conserved sequence element in promoters, has
anomalously low stability with respect to opening
and, as a result, facilitating initiation of the
transcription bubble formation.44–46

It is hard to underestimate the importance of a
reliable unbiased set of the DNA base stacking and
base-pairing parameters for a number of biotech-
nology applications. Coaxial stacking at the inter-
face of two adjacent DNA helices contributes to
stabilization of duplexes formed by in tandem
binding of oligonucleotides to complementary
single-stranded DNA probe.6–8 Thus achieved
stabilization of short duplexes has been exercised
to improve the efficiency of short primer hybridiz-
ation for standard sequencing protocols47 and
within the format of sequencing by hybridization
approach.48 Another biotechnology approach rely-
ing on the efficient stacking interaction at the helical
interface at the nick site is associated with the
formation of padlock and earring probes via ligation
of a nick formed by two termini of artificial
oligonucleotide hybridized to single-stranded or
locally opened duplex DNA.49–51

In conclusion, we have determined a complete set
of free energy parameters governing the stacked–
unstacked equilibrium at the site of the DNA nick.
We have also derived the base stacking (Table 1) and
base-pairing (DGHP

A z0:1 kcal=mol and dDGHPz
K(0.4 to 0.6) kcal/mol) contributions to the stability
of B-DNA. We have presented a revised set of DNA
melting parameters (Table 2) calculated from totally
different data than a traditional set.16–19 As it
has been long anticipated, the double helix is stabil-
ized by stacking interactions rather than base-
pairing.4,15,52,53 This result is not surprising since
the loss of hydrogen bonding between base-pairs
may be easily compensated by hydrogen bonding
of separated bases with water molecules. As it has
been long anticipated, the double helix is stabilized
by stacking interactions.4,15,52,53 Our conclusions
about the relative contribution of base-pairing and
base stacking are qualitatively in accord with
theoretical predictions.10,12
Materials and Methods

DNA

DNA constructs used in our study are pUC19 deriva-
tives with inserts cloned in the EcoRI/HindIII site of the
polylinker (Figure 2a). Recombinant plasmids were
introduced into DamK, DcmK strain of Escherichia coli
(Invitrogen). The plasmids were digested with PvuII
yielding two fragments; the smaller, 300 bp-long fragment
carried the insert. Single-stranded breaks (nicks) were
introduced enzymatically by N.Bst.NBI, N.AlwI or
N.BbvCIA nicking endonucleases (all restriction and
nicking endonucleases have been purchased from New
England Biolabs, Beverly, MA).
The recombinant plasmid with an insert carrying a

single nicking site within the KL/L 0K 0 (where K and K 0

are complementary bases) dinucleotide stack is referred
to as pKL. Digestion of pKL with N.BstNBI or N.AlwI
resulted in a single nick positioned on the forward
(pKL/F) or reverse (pKL/R) strand of the KL/L 0K 0 stack,
respectively. The nick was located 104 bp apart from a
terminus of the 300 bp PvuII/PvuII fragment. DNA
fragments with single-stranded gaps were obtained by
introducing two nicks n nt apart, to the forward (pGnF
series) or reverse (pGnR series) strand by sequential
digestion with corresponding nicking enzymes as indi-
cated in Figure 2a.
Alternatively, these recombinant plasmidswere used as

templates to obtain DNA fragments of different lengths
by PCR with DNA Taq Polymerase (Promega, Madison
WI) and primers designed so that the nick site (and the
gap site) is located in the center of the molecule.

Detection of single nicks or gaps

Nicked/gapped DNA fragments were subjected to
polyacrylamide gel electrophoresis (PAGE), concurrently
with the corresponding intact fragments. Unless stated
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otherwise, PAGE conditions were as follow: 8% (w/v)
polyacrylamide gel (acrylamide to bis-acrylamide, 29:1,
w/w) in 1!TBE (90 mM Tris (pH 8.0), 90 mM boric acid,
1 mM EDTA) with addition of urea (1.2–7 M) run at 37 8C
at 18.5 V/cm. DNA band patterns were visualized by
ethidium bromide staining and detected by the CCD
camera with IS-1000 digital imaging software (Alpha
Innotech, San Leandro, CA). Distances migrated by the
DNA fragments were measured from the origin to the
maximum of the peak profile using the imaging software.
The relative mobility of the nicked/gapped fragment, m,
was calculated as a ratio of the distance migrated by the
nicked/gapped DNA fragment to the distance migrated
by the intact fragment.
Calculation of Marmur–Doty plot for DNA with a
random sequence

Let us consider an infinitely long DNA polymer with
random sequence, with the G$C content of xGC. The
occurrence of G or C is given by (xGC/2), the occurrence of
A or T is (1KxGC)/2. Occurrences of specific dinuleotides
are calculated as follows: (xGC/2)(xGC/2) for dinucleo-
tides containing G and C, ((1KxGC)/2)((1-xGC)/2) for
dinucleotides containing A and T, and (xGC/2)((1-xGC)/2)
for mixed dinucleotides containing A or Tand G or C. The
DNA polymer stability, DG, is expressed in terms of free
energies of dinucleotide stacks, DGKL:

DG ¼
xGC

2

� �2 X
GG;CC
GC;CG

DGKL þ
1KxGC

2

� �2 X
AA;TT
AT;TA

DGKL

þ
xGC

2

� � 1KxGC

2

� � X
GA;AG
CT;TC
GT;TG
CA;AC

DGKL (5)

Regrouping equation (1), we obtain:

DG ¼
xGC

2

� �2 X
GG;CC
GC;CG

DGKL þ
X
AA;TT
AT;TA

DGKL K
X
GA;AG
CT;TC
GT;TG
CA;AC

DGKL

2
6664

3
7775

þ
xGC

2

� � 1

2

X
GA;AG
CT;TC
GT;TG
CA;AC

DGKL K
X
AA;TT
AT;TA

DGKL

2
6664

3
7775

þ
1

4

X
AA;TT
AT;TA

DGKL (6)

Using thermodynamic parameters of the nearest neighbor
approximation, DG8NN

17 we calculate the standard free
energy for the DNA molecule as a function of the G$C
content. The DG8 value may be expressed as:

DG8ZDS8ðTm KTÞ (7)

where T is a standard temperature which is 310 K and
Tm is a melting temperature of the polymer. Assuming
that both DS8 and Tm are independent of temperature
and DS8ZK25 cal/mol K, thermal stability of a DNA
molecule in terms of the melting temperature is given
by:

Tm ZTC
DG8

DS8
(8)
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