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Length and Statistical Weight of Bubbles in DNA Melting
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We present measurements of the length of the bubble versus temperature in the melting transition of
DNA oligomers. The sequences are clamped at the ends of GC pairs (strong binding), and have AT rich
(weaker binding) middle regions of variable length B relative to the molecule size. We use a quenching
technique to trap intermediate states. We find that the average relative bubble size h‘i grows from zero
for increasing temperature, but reaches a plateau at a length of order B, producing a discontinuous
transition with finite bubble size. The statistical weight of the bubble states decreases as B is reduced,
the transition becoming more cooperative.
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long DNA, it was found that the derivative of the melting
curve exhibits a series of peaks, corresponding to differ-
ent regions of the molecule melting at different tempera-
tures [19,20]. However, melting curves for oligomers

tive size of the AT rich region B; (ii) opening of the
bubble is not continuous, at least for the smaller B; this
suggests a nucleation threshold or minimum length for a
stable bubble (the average bubble length h‘i is however
The temperature driven melting of the DNA double
helix into separate strands is a relatively simple confor-
mational transition, yet a quantitative understanding, in
particular, of the properties of intermediate states, re-
mains challenging. The basic physics of DNA melting is
the competition between the energy of the bound states
and the entropy of the dissociated states. A typical par-
tially melted conformation will consist of single-stranded
regions (‘‘bubbles’’) bounded by double-stranded (ds) seg-
ments [1–5]. Complications arise because, for instance, a
bubble introduces a flexible joint in the stiff duplex (ds)
structure, allowing neighboring ds segments to interact
with the bubble and with each other. These ‘‘excluded
volume’’ interactions may in fact control the order of the
transition for large systems [4,6–8].

Sequence specificity is an additional interesting ques-
tion. In the DNA double helix, the two strands are held
together by hydrogen bonds between complementary
bases: two bonds for the AT pair and three bonds for
the GC pair, which is therefore stronger. Locally, the
sequence affects the stability and the structure of the
double helix [9]. Globally, sequence heterogeneity may
affect the order of the transition in the thermodynamic
limit [10].

Experimentally, the transition has been characterized
by spectroscopic methods such as UVabsorption, circular
dichroism spectroscopy, and fluorescence [11–14], by
calorimetry [15,16] and electrophoretic mobility assays
[17,18]. There is a large accumulated knowledge of the
physical chemistry aspects, such as base pairing and
stacking enthalpies [11,15,16]. In the case of oligomers,
the above methods also revealed sequence-dependent
structural transitions below the melting temperature
(‘‘premelting’’) [14,16]; for several thousand base pairs
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always appear smooth because of finite size effects.
Sequence-dependent steps and plateaus in the mechani-
cally induced unzipping of single, kb long DNA mole-
cules have been observed experimentally [21,22] and
addressed theoretically [23].

Theoretical investigations of the transition are based
on Ising-type models to describe paired and unpaired
bases [1–5] or models which introduce a potential energy
function of the distance between the bases [6,10,24,25].
Depending on how the entropy of single-stranded loops
is estimated, these models predict a continuous [3–5]
or discontinuous [6,8,10] transition in the thermody-
namic limit.

Our aim here is to characterize the nature and statisti-
cal significance of intermediate (partially melted) states,
by focusing on the behavior of a single bubble. There are
two kinds of bubbles: bubbles opening in the middle,
bounded on both sides by ds regions, and bubbles opening
at the ends of the molecule. We focus on the former, by
choosing sequences clamped at the ends with GC pairs,
and with an AT rich middle region of variable relative
length B (B � LAT=L, where LAT is the length of the AT
rich region and L the length of the molecule).

All the ensemble measurements mentioned above suf-
fer from the following limitation. At the midpoint of
the transition, as judged, e.g., by UV absorption, one
cannot tell whether half of the molecules are halfway
open. One cannot pinpoint intermediate states. We devel-
oped a new approach, based on quenched states, to mea-
sure the average size of the denaturation bubble and
quantify the presence of intermediate states in the melt-
ing of DNA oligomers. Our results show that (i) for
increasing temperature the average relative bubble length
h‘i grows from zero but reaches a plateau at the rela-
2003 The American Physical Society 148101-1



P H Y S I C A L R E V I E W L E T T E R S week ending
3 OCTOBER 2003VOLUME 91, NUMBER 14
continuous), and (iii) the statistical weight of the bubble
states decreases with decreasing B, the transition becom-
ing more cooperative.

The quenching technique has been described previ-
ously [26]. Briefly, we use sequences which are partially
self-complementary, so that isolated single strands can
form hairpins. The initial state is prepared in the duplex
form (which is the ground state) by hybridizing with the
exact reverse complement. Aliquots are heated to differ-
ent temperatures Ti within the transition range, then
quenched to �0 �C (Fig. 1). Molecules which were com-
pletely open at temperature Ti form hairpins after
quenching, while molecules which were partially open
close again as duplexes. The relative amount of hairpins,
representing the relative amount of completely open
FIG. 1. (a) Sketch of the quenching method used to tap
intermediate states. The lower part of the figure shows the
two sequences used in this study, in the hairpin conformation.
(b) Example of a gel, running right to left. The slow (fast) band
corresponds to duplexes (hairpins). The temperatures to which
the aliquots were heated before quenching are indicated on the
lanes. The plot on the right shows the intensity profiles; the
numbers are proportional to the areas under the peaks and are
used to calculate the fraction of open molecules p.
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molecules at temperature Ti, is determined by gel electro-
phoresis. This measurement yields the fraction of com-
pletely open molecules versus temperature, which we call
p. From UV absorption spectroscopy we determine the
fraction of open base pairs versus T, which we call f.
Combining these two measurements we can pinpoint the
presence of intermediate states. For a two-states transi-
tion, p � f. If there are intermediate states, p < f. Since
the fraction of open base pairs can be written

f�T� � �1	 p�T�
h‘i � p�T�; (1)

where h‘i is the average fractional length of the bubble
(averaged over the subset of the partially open mole-
cules), the average fractional bubble length is

h‘i � �f	 p�=�1	 p�: (2)

The two sequences, L60B36 (length � 60 bases,
bubble forming region � 36 bases) and L42B18 have
identical GC rich regions at the ends, and an AT rich
middle portion of length 36 (18) bases [Fig. 1(a)]. We
designed some mismatches into the hairpins in order to
be able to prepare an initial state predominantly in the
duplex form and also to reduce the importance of alter-
native structures (crosses) in the duplex; however there
are no mismatches built into the duplexes. The synthetic
DNA oligonucleotides were purchased from Operon
Technologies. For all experiments DNA concentra-
tion was 1 �M, in phosphate buffer saline at an ionic
strength of 50 nM. Total volumes were 800 �L in stan-
dard quartz cuvettes for the UV measurements, and
30 �L in polymerase chain reaction tubes for the quench-
ing measurements.

Figure 1(b) shows one of the gels (3% agarose, stained
with ethidium bromide). Gel electrophoresis sorts DNA
fragments by length, the longer fragments having slower
drift velocities through the gel under an applied electric
field. In Fig. 1(b) the drift direction is from right to left;
the ‘‘slow’’ band, marked ‘‘ds,’’ corresponds to duplexes;
the ‘‘fast’’ band, marked ‘‘hp,’’ to hairpins. The slight
curvature in the position of the bands is a common
occurrence caused by inhomogeneities in the gel such as
lateral temperature gradients. The graph on the right
shows the intensity integrated across the lane. The num-
bers represent the areas under the peaks (in arbitrary
units) and are proportional to the total intensity of the
band. These numbers were used to obtain the fraction of
open molecules p at each temperature. The straightfor-
ward normalization for p is p�T� � hp�T�=�hp�T� �
ds�T�
 where hp�T� is the intensity of the hairpin band
of the aliquot which was brought to temperature T, and
ds�T� the intensity of the duplex band. However there is
some hp� hp ! ds recombination after the quench; this
is visible in Fig. 1(b), where the ds band does not com-
pletely disappear at high T. The importance of this effect
varies with sequence, but it can be taken into account
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through a correction to the normalization of p. In the
simplest model, the recombination rate is proportional to
the square of the hairpin concentration; one then finds that
the normalization of p should include a correction factor:

p �
hpq

hpq � dsq
�

hpmeas

hpmeas � dsmeas

1

1	 �hpmeas
; (3)

where the subscript q means ‘‘quenched’’ (i.e., the value
of the quantity right after the quench), and meas means
‘‘measured’’ (a time t after the quench, the same t for all
FIG. 2. Melting curves for the two sequences; the open
circles represent the fraction of open base pairs f (from the
UV absorption measurements); the filled circles represent the
fraction of open molecules p (from the gels), and the squares
represent the average relative length of the bubble h‘i, calcu-
lated from Eq. (2). (a) h‘i grows smoothly from zero and
reaches a plateau for h‘i
0:6�B, the relative size of the AT
rich middle region for this sequence. (b) With a shorter AT rich
middle region (B � 0:42) the average bubble length reaches a
plateau at a correspondingly smaller value h‘i 
 0:3, and the
transition is not continuous (h‘i � f even before the plateau).
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aliquots in one run). The factor � is found from the band
intensities, by enforcing hpq=�hpq � dsq� � 1 at high T
[e.g., 74, 76, 78 �C in Fig. 1(b)].

Figure 2 shows the melting curves and the average
fractional length of the bubble h‘i, for the two sequences.
The UV absorption data (open circles), which represent
the fraction of open bases f, were normalized so that
f � 1 coincides with p � 1 (the end point of the transi-
tion). The further increase in absorption at higher
T (f > 1) is well known and corresponds to base unstack-
ing in the single strands. Our normalization of f (f � 1
when p � 1) is consistent with the usual approach of
setting f � 1 at the shoulder of the S-shaped melting
curve. h‘i (open squares) was calculated from Eq. (2),
using an interpolation of the p points to obtain a better
definition. In Fig. 3 we show the quantity � � f	 p,
which represents the fraction of bases in intermediate
states.

Both sequences show plateaus in h‘i at values corre-
sponding to the relative length of the AT rich region, B.
The significance is that as the temperature is increased
within the plateau region, the increase of f comes entirely
from an increase in the fraction of completely dissociated
molecules p, as can be seen by setting h‘i � const in (2).
Thus in the plateau region bubble states turn to dissoci-
ated states, through the abrupt melting of the GC rich end
regions. These observations suggest a finite bubble size at
the transition (for a continuous transition with diverging
bubble size we expect h‘i � f and no plateaus).

For L60B36 [Fig. 2(a)] we find that the average bubble
length h‘i reaches a plateau for h‘i 
 0:6, corresponding
to the relative length of the AT rich region B � 36=60 �
0:6 for this sequence. The fraction of bases in intermedi-
ate states, � (Fig. 3), peaks at the beginning of the plateau
region, with a max value �max 
 0:5. Since these states
FIG. 3. The quantity � � f	 p, representing the fraction of
bases in a bubble state. The statistical weight of intermediate
states is smaller for the shorter sequence.
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correspond to a bubble of fractional length B, the fraction
of molecules in intermediate states at this point, i.e., the
statistical weight of these intermediates, can be estimated
as �max=B � 0:5=0:6 � 0:83. Thus more than 80% of the
molecules are in a bubble state at this point.

For L42B18 [Fig. 2(b)] we find that the bubble length
reaches a plateau value h‘i 
 0:3, somewhat shorter than
B � 18=42 � 0:43 for this sequence. However there is
a significant difference with respect to L60B36,
namely, now h‘i � f from the beginning (at low T);
this shows that the opening of the bubble is not con-
tinuous. The peak value of � (Fig. 3) is �max 
 0:2,
much smaller than in the case of L60B36. The fraction
of molecules in intermediate states at the peak is also
smaller: �max=0:3 � 0:67.

The extension of the plateau is smaller for L60B36
(B � 0:6) than for L42B18 (B � 0:42); indeed, we expect
the plateau’s extension to shrink with growing B, since
for B � 1 there is, presumably, no plateau. Thus the
h‘i vs T curves for different values of B are reminiscent
of the isotherms in the P-V plane for a liquid-gas tran-
sition (where also the phase coexistence plateau shrinks
as one approaches the critical temperature).

In summary, for both sequences we see plateaus in the
average bubble size h‘i, which indicates a discontinuous
transition with bubble size less than molecule size. The
finite size of the molecules allows us in this case to
characterize the transition, through the quantities p and
h‘i. L42B18 shows that there is a minimum bubble size, or
nucleation threshold, because as soon as the bubble starts
to open, there are also some completely dissociated mole-
cules (h‘i � f). This is not just a finite size effect: in a
forthcoming study we show that shorter sequences (down
to 19 bp), which unzip from one end, can open continu-
ously (h‘i � f), with large populations of intermediate
states. Thus the present data suggest a discontinuous
transition with coexistence of bubbles and paired tracts;
this scenario is supported by earlier studies on long
sequences [19,20].

The novelty of the experiment lies in measuring the
order parameter h‘i in the case of oligomers; indeed, none
of these results would be apparent from the spectroscopy
curves alone, which in all cases have the same smooth
shape; thus the method yields new data for comparing
models to experiments. Our future work will include
studying the role of end effects and sequence design in
shaping the nature of the melting transition for oligomers.
Presumably the knowledge thus gained on the finite size
148101-4
system will also impact the understanding of the infinite
system.
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