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Abstract

DNA melting under torsion plays an important role in a wide variety of cellular processes. In the
present Letter, we have investigated DNA melting at the single-molecule level using an angular
optical trap. By directly measuring force, extension, torque, and angle of DNA, we determined the
structural and elastic parameters of torsionally melted DNA. Our data reveal that under moderate
forces, the melted DNA assumes a left-handed structure as opposed to an open bubble
conformation and is highly torsionally compliant. We have also discovered that at low forces
melted DNA properties are highly dependent on DNA sequence. These results provide a more
comprehensive picture of the global DNA force-torque phase diagram.

Negative DNA supercoiling is known to play an important role throughout the cell cycle.
Circular DNA, as seen in plasmids and genomic DNA of prokaryotes, is maintained in an
underwound state [1], while negative supercoiling in eukaryotic genomes is predominantly
constrained within nucleosomes [2]. Negative torsion affects cellular processes through
changes in DNA conformation, such as plectoneme formation [3], cruciform extrusion from
palindromic sequences [4], and conversion of B-DNA regions into unusual structures such
as Z- or H-DNA [2]. Most importantly, underwinding can promote local melting of the
DNA [5] which is a requirement for the initiation of replication [6] and transcription [7]. A
common feature of many prokaryotic and eukaryotic replication origins is the so called
DNA unwinding element (DUE), an easily denaturing segment of DNA [8]. Since the
sequences of DUES are generally not conserved, it is believed that proteins may recognize
general structural features of the unpaired DNA strands, rather than a particular sequence

[9].

In order to better understand the regulatory mechanisms of torsionally melted DNA, it is
important to know its structural and elastic properties. Early insights were provided by
experiments on circular plasmid DNA [10] which yielded estimates of persistence length
and torsional modulus of small regions of strand-separated DNA. In the last two decades,
single-molecule manipulation techniques have become powerful tools to study DNA
mechanics [11-18]. Although these methods have provided insights for B-DNA, torsionally
melted DNA has not yet been fully examined and is still poorly understood. Even the
structure of melted DNA is controversial as it is unclear whether melted DNA takes on the
form of two parallel single strands [13] or a left-handed helix [14, 15]. Elastic parameters of

" Corresponding author: mwang@physics.cornell.edu.
Current address: Laboratory of Chemistry and Cell Biology, the Rockefeller University, NY, NY 10065, USA



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sheinin et al.

Page 2

melted DNA have only been roughly estimated by examining the coexistence state of B-
DNA and melted DNA [19]. To date, there has been no direct and complete description of
the tensile and torsional elasticity of melted DNA, and even less is known about the
sequence dependence of the elastic properties of melted DNA.

In the current Letter, we employed our angular optical trap [16, 17, 20-22] to carry out a
comprehensive study of torsionally underwound DNA. Direct torque detection is essential to
our approach, as it allows unambiguous identification of the phase boundaries [17, 23] as
well as direct measurements of torsional elastic parameters. Our experiments allow for the
full characterization of both the torsional and tensile properties of melted DNA.

Angular trapping experiments were performed in a configuration identical to that described
previously [16, 17, 21]. All experiments were performed in phosphate buffered saline (PBS)
with 150 mM NaCl at 23+1 °C. Three different DNA constructs with distinct sequences
were used: Sequence A (2.2 kb, 51% GC), Sequence B (1.8 kb, 52% GC), and Sequence C
(1.6 kb, 64% GC) [24].

We first carried out experiments on Sequence A under a range of constant forces (Fig. 1). As
DNA was continuously twisted, both the torque and the extension were directly monitored.
The degree of supercoiling o is defined as the number of turns added to dsDNA divided by
the number of naturally occurring helical turns in the given molecule. The experiment began
with the DNA in a slightly overwound state, as evidenced by a torque plateau [15-17, 25] at
the far right of Fig. 1. Rotation of the DNA in the underwinding direction resulted first in the
disappearance of non-B form structures such as plectonemic loops or supercoiled P-DNA,
and the subsequent twisting of B-DNA where torque was proportional to the number of
turns [15, 16]. The onset of a DNA torsional melting transition occurred when the torque
reached approximately —10 pN nm, a value that compares well with previous work [15, 25,
26]. A large number of turns had to be applied before the molecule completed the transition
to a fully melted state. The end of the torsional melting transition was signaled by a decrease
in the torque (corresponding to an increase in magnitude) and a concomitant shortening in
extension. Interestingly, upon further unwinding, the torque plateaued again, indicating
another phase transition, while the extension continued to decrease, albeit at a slower rate.

Several parameters can be determined from the data taken in the fully melted state. First is
the natural twist of torsionally melted DNA. The degree of supercoiling at the end of the
melting transition ceng Was slightly force dependent [Fig. 2(a)], with an average value of
approximately —1.8; the corresponding twist is therefore ~ —13 bp/turn, comparable to but
larger in magnitude than previous indirect estimates of —9 bp/turn [14, 19]. This negative
helicity indicates that the melted DNA takes on a left-handed structure, and we will
therefore follow the notation of Ref. [15] to designate such a form of torsionally melted
DNA as L-DNA. A previous single-molecule study [13] employed glyoxal, which
chemically reacts with unpaired DNA bases, to infer cgng ~ —1. The discrepancy may lie in
the difference in experimental conditions, such as the significantly lower salt concentration
of Ref. [13] which may have disfavored the left-handed wrapping that we observe.

In addition to helicity, several key elastic parameters of L-DNA may also be determined.
For this analysis, data below 5 pN were excluded since secondary structures within L-DNA
likely existed at low forces (see below). A fit of L-DNA extension at the end of the melting
transition versus force to the wormlike chain model [Fig. 2(b)] yielded a persistence length
of ~ 3 nm, much smaller than that of B-DNA, and a contour length of 0.48 nm/bp, 40%
longer than B-DNA. Because of significant interdependence of the parameters from the full
fit we were not able to reliably determine the L-DNA stretch modulus. The torsional
modulus C was calculated from the slope of the torque versus linking number data:
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=—%ka, where L is the contour length of L-DNA and Lk is the linking number in
relaxed B-DNA, calculated as number of basepairs divided by the helical pitch [Fig. 2(c)].
The torsional modulus for L-DNA was found to be ~ 20 nm at high force, much smaller than

that of B-DNA (~ 100 nm) [15, 16, 25].

It is informative to compare our measured elastic parameters of torsionally melted DNA
with those of alternate structures that can form upon negative supercoiling (Table 1). Unlike
a simple “DNA bubble,” L-DNA possesses a well-defined helicity and is significantly
torsionally stiffer. On the other hand, it is easily bent, in contrast to highly rigid base-paired
Z-DNA. In addition, based on recent data [28], the torque during the B- to Z-DNA transition
is estimated to be =5 pN nm, a factor of 2 smaller in magnitude from the measured average
melting torque (-10 pN nm). Based on these differences, we conclude that torsionally
melted DNA under substantial tension (> 5 pN) likely consists predominantly of a single
form (L-DNA), while other sequence-dependent structures (such as Z-DNA) make only a
minor contribution to the overall content of underwound DNA.

Recently a phenomenological model of DNA phase transitions under force and torque has
been proposed [23], specifically focusing on supercoiling and melting transitions. The
theory has been shown to agree well with our previous experiments on positively
supercoiled DNA [16]. Here we examine the applicability of the theory to the melting
transition, using a similar framework with small modifications, as described below (see also

[24]).

For a pure state (i) of DNA structure, the free energy may be expressed using a harmonic
approximation:

i (f) (0 = 00,)?

Gi=¢i—gi(H+ 5 s ()

where g; is an energy offset and o j is the relaxed degree of supercoiling for the state.
Assuming the DNA in each state behaves as a semiflexible polymer with twist compliance,
stretching energies g; (f) and torsional coefficients c; (f) as a function of force f can be
approximated [23, 29]:
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where Aj is persistence length, C; is torsional modulus, K; is stretch modulus (assumed to be
infinity for L-DNA), bj is contour length ratio to that of B-DNA, and g is the natural twist
of B-DNA. Following Ref. [23], we analytically expressed the linking numbers at the onset
and the end of a transition to a new phase as well as the extension and torque throughout this
process [24]. We then performed a global fit of the theory to our data for forces above 5 pN
with elastic parameters of L-DNA as fit parameters and those of B-DNA as known
parameters. Fitting agreed reasonably well with the experimental data (red lines in Fig. 2

)
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and Fig. S1), yielding elastic parameters of L-DNA in good agreement with those obtained
above, as shown in Table S1.

Both thermal- and torsion-induced DNA melting transitions have been shown to occur in a
sequence-dependent manner [30-32]. However, little is known about the effects of DNA
sequence on the elasticity of melted DNA. We investigated this on the single-molecule level
by repeating the experiments described above using two additional constructs, Sequence B
and Sequence C, that were derived from two entirely different plasmids and differ from the
original Sequence A in GC content and overall sequence.

Surprisingly, while the torque signal during the melting transition was only marginally
affected by sequence or GC content (data not shown), the extension change varied
considerably in a force-dependent manner. Figure 3(a) depicts individual traces for each
construct at a low (3.5 pN) and a high (12 pN) force for the three sequences. Figure 3(b)
presents the reversibility data for Sequence B. Extension traces for the different sequences
coincide at high forces, and unwinding and rewinding traces are fully reversible, indicating
quasiequilibrium measurements. In contrast, significant differences in extension traces were
found at low forces, even for sequences with nearly identical overall GC-content. In
addition, the extension traces for unwinding and rewinding no longer coincided and thus the
process was no longer reversible, indicating the breakdown of the quasiequilibrium
condition. This trend became more prominent as force decreased. Based on these
observations, we speculate that this sequence-dependent behavior at low forces may be
attributable to the formation of secondary structures in L-DNA.

In summary, our single-molecule experiments suggest a structural and mechanical model of
torsionally melted DNA under tension > 5 pN. It is a left-handed structure (L-DNA) with a
helicity of ~ —13 bp/turn. Its contour length is ~40% longer than B-DNA. L-DNA is quite
flexible in response to bending, with a persistence length of ~3 nm, but has a relatively large
effective torsional modulus of ~20 nm (at high force). We find that the B-DNA to L-DNA
transition and L-DNA unwinding can be well described by a simple phase-transition model.
At lower forces (< 5 pN), L-DNA adopts a more compacted configuration whose properties
depend strongly on the DNA sequence. This behavior could be attributed to the formation of
secondary structures in L-DNA. Indeed, the plateaulike force-extension curves (Fig. S2) are
reminiscent of those for sSDNA [33] and P-DNA [13], which form hairpins and supercoiled
P-DNA respectively.

Our data on phase transitions in underwound DNA are summarized in Fig. S3, and present a
complexity exceeding that found by earlier studies [14, 15]. The range of forces explored
here is well within that exerted by DNA-based motor proteins [34, 35], some of which are
also known to generate negative supercoiling. It is therefore possible for L-DNA to occur in
vivo, where it may serve as a recognition target for regulatory factors. In addition to a
detailed study of L-DNA, we have also discovered another DNA phase which appears upon
further underwinding of L-DNA. The nature of this phase transition is outside the scope of
the present work and requires further investigation. The data may be interpreted as the
formation of supercoiled L-DNA (by analogy with supercoiled B-DNA). However, the rate
of extension decrease during that phase transition is slower than during L-DNA twisting,
and opposite to expectations based on existing data for supercoil formation. An alternative
hypothesis can be formulated, based on an early work on DNA torsional melting [13], where
it was found that upon overwinding at sufficiently high force DNA bases flip to the outside
of the phosphate backbone, forming a new structure named PDNA. Molecular simulations
by the same group have shown that a similar structure can be formed upon underwinding. It
might thus be possible that the new phase we observed is akin to left-handed P-DNA —
“LP-DNA.”
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Our current work also extends theoretical understanding of torsionally melted DNA, from
previous analytical [23, 36] and computational [37, 38] studies. Further research is needed to
elucidate the precise effect sequence has on the structure and properties of L-DNA, as
torsionally induced in vivo melting tends to be localized to specific sequences. Additionally,
a comparative study between P-DNA and LP-DNA can undoubtedly add more colors to the
rich palette of the physics of DNA phase transitions.
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experiments. Dashed lines indicate phase boundaries for measurements at 24 pN.
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FIG. 3.

Sequence dependence of melted DNA. Representative extension traces of single DNA
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molecules are shown for different DNA sequences. (a) Sequence dependence. Extension
behavior is identical for all three sequences at 12 pN (upper traces) and differs at 3.5 pN
(lower traces). (b) Reversibility illustrated using Sequence B. Extension behavior is
reversible at high force, and shows hysteresis at low force.
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Table 1

Comparison of main elastic parameters of L-DNA with those of B-DNA, DNA “bubble,” and Z-DNA.

B-DNA | L-DNA (this work) | DNA “bubble” [10] | Z-DNA [27]
Handedness Right Left None Left
Helical repeat (bp/turn) 10.5 -12to-15 e} -12
Contour length (nm/bp) 0.34 0.48 0.54 0.37
Persistence length (nm) 43 3 2-3 200
Torsional modulus (nm) 100 10 to 20 1 ?
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