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Abstract

A pilot study of the possibility to investigate the temperature-dependent neutron

scattering from fibre-DNA in solution is presented. The study aims to establish the

feasibility of experiments to probe the influence of spatial confinement on the struc-

tural correlation and the formation of denatured bubbles in DNA during the melting

transition. Calorimetry and neutron scattering experiments on fibre samples immersed

in solutions of polyethylene glycol (PEG) prove that the melting transition occurs in

these samples, that the transition is reversible to some degree, and that the transition

is broader in temperature than for humidified fibre samples. The PEG solutions apply

an osmotic pressure that maintains the fibre orientation, establishing the feasibility of

future scattering experiments to study the melting transition in these samples.
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Introduction

The melting transition for DNA is a process by which the hydrogen bonds between base

pairs break as the temperature is increased, eventually leading to the complete separation

of the two strands of the double helix. This thermal denaturing of the molecule has been

the subject of considerable research, including attempts to describe the transition from a

theoretical physics point of view using statistical mechanics.1

The experimental techniques used to study the melting transition have, almost exclu-

sively, been either point probes, such as fluorescence, or bulk probes, such as UV absorbance

or circular dichroism. These methods are able to determine the percentage of the base pairs

that have denatured, but are unable to determine whether there is any spatial correlation

between denatured base pairs. A complete understanding of the melting transition requires
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the spatial correlation to be accounted for, as cooperative dynamics within the molecule will

have a substantial influence on the denaturing of the base pairs.

We have therefore recently begun a program of using scattering methods to study the

melting transition.2–4 Scattering techniques probe the correlation function of the sample,

and hence are able to give information on the spatial correlations. This is most effective,

however, when the scattering gives clear and strong coherent signals such as Bragg peaks.

It is possible to orient DNA to create samples that will give Bragg peaks. Indeed,

the double helix structure of the molecule was determined based on the analysis of X-ray

diffraction patterns. Oriented DNA takes the form of fibres, where the molecules adopt a

close-packed arrangement. The DNA molecules can adopt a number of configurational forms,

depending on the water content of the fibres. This can be controlled by storing the samples in

an atmosphere with a given relative humidity. We have studied the temperature dependence

of the Bragg peaks from highly oriented A-4 and B-form2,3 DNA and have successfully

applied a statistical mechanical model5,6 for the melting transition to the results. A similar

study on the melting of non-oriented DNA fibres has also been published.7

While the comparisons between the experimental data and the modelling have been

satisfactory, obvious concerns arise regarding the effects of spatial confinement on the melting

process. The molecules are close-packed within the fibre structure, hence questions may

justifiably be asked concerning the influence that the degrees of spatial freedom that the

base pairs have for fluctuation, and possible constraints imposed by spatial confinement,

might have on the experiment and interpretation.

Using a method that increased the distance between the molecules in a fibre, without

losing the orientation required to produce Bragg peaks, would allow the influence of spatial

confinement on the melting transition to be investigated. Putting the fibres into water and

applying osmotic pressure by means of a long chain molecule may be such a method. Pod-

gornik, Rau, Parsegian and co-workers8–11 have published a substantial number of articles

showing that immersing fibre DNA in polyethylene glycol (PEG) solutions will apply suffi-
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cient pressure to maintain a fibre structure while allowing the fibre to swell and increase the

distance between the molecules within the fibres.

DNA in water/PEG solutions have also been used as model systems for studying the

effects of crowding on the dynamics and the configurational forms of DNA.12–14 They are of

interest as they may reproduce conditions within the cell, where spatial constraints imposed

by DNA folding and osmolytes will be important. DNA in PEG solutions will undergo a

melting transition, and a number of studies have been performed to establish the dependence

of the melting transition on the PEG length and the salinity of the solution.15–18 All the

published studies to date on the melting of DNA in PEG solutions have been on non-oriented

DNA and give limited information, if any, on the spatial correlations along molecule.

A fundamental question in these studies concerns the interaction of the DNA with the

PEG during melting, particularly whether the PEG might bind with a broken hydrogen bond

between base pairs. This may be the case for small PEG molecules, however it is believed

that the influence of larger PEG molecules (with molecular weight, MW, > 1000) is through

limiting the available space for DNA configurations, i.e. through confinement and excluded

volume.12,13,15,18 Larger PEG molecules with MW ≥ 8000 with sufficient concentration also

do not penetrate a highly oriented fibre sample,9 meaning that any PEG-DNA interaction

would be limited to the surface of the fibre and any observed confinement effects would be

dominated by the distance between DNA molecules. The use of water/PEG solutions could

therefore be an elegant way to study the effects of confinement on the spatial correlations in

the melting of DNA.

We present here a pilot study to determine whether it is possible to perform temperature-

dependent diffraction measurements of fibre DNA subjected to osmotic pressure.
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Experimental methods

Sample preparation.

The samples were made using commercially available salmon testes DNA purchased from

Sigma Co. Highly oriented fibre samples of Na-DNA were made using the “wet spinning”

technique.19,20 The method and the concentrations for the DNA solution and spinning bath

are the same as has been reported in previous publications.21,22

Once prepared, the fibres were initially stored in an atmosphere humidified to 56 % 2H2O

by means of an oversaturated salt solution. One group of fibres was subsequently humidified

to 92 %, which would nominally cause it to take the B-form conformation.22 This sample

group is hereafter defined as “Dry”.

Solutions of 20,000 MW polyethylene glycol (PEG) were made for the osmotic pressure

samples. The PEG was dissolved in a solution of 2H2O with 0.5 M NaCl, 10 mM Tris and 1

mM EDTA with pH 7. The choice for the solution was based on previous work by Podgornik

et al.10 which established that PEG of this size with concentrations > 7 % (wt/wt) does not

penetrate into the fibre.

A fibre sample immersed in a PEG solution of 10 % (wt/wt) was prepared for the

calorimetry measurements. The calorimetry was measured for both this sample, and a “dry”

sample for comparison.

PEG solutions of 17 %, 26 % and 40 % (wt/wt) were prepared for the neutron scattering

measurements, corresponding to osmotic pressures23 of 6.5, 7.0 and 7.5 dyne·cm2. These

concentrations were chosen based on the pressure-DNA concentration figure shown by Pod-

gornik et al.10 The figure shows two regimes. The DNA concentration scales linearly with

the logarithm of the osmotic pressure in each regime, but with a different gradient. The two

regimes were linked to the intermolecular ordering in the fibre, and potentially to the tran-

sition between bond orientational ordering and a cholesteric phase. The 40 % PEG solution

corresponds to the high pressure regime, the 17 % solution to the low pressure regime, and
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the 26 % solution to the boundary between the two.

The incoherent scattering cross-section for neutrons is very large for samples containing

protonated hydrogen, creating a large background that can mask a weak signal. It was for

this reason that deuterated water was used for humidification and for preparation of the

PEG solutions. The hydrogens on the DNA and the PEG will not easily exchange, however,

and the incoherent background was expected to be large.

All the fibres were concertina folded and placed with their axes co-aligned in square

aluminium cassettes. The dimensions of the sample in the cassettes were roughly 20 × 20

× 2 mm3 and the total fibre mass for each was roughly 0.6 g. The cassettes were sealed

using lead wire. The “dry” sample was sealed in its 92 % RH atmosphere. The cassettes

containing the remaining samples were each filled with approximately the same volume of

either the 17 %, 26 % or 40 % PEG solution just before being sealed. The samples were left

to equilibrate with the liquid for a week before being measured.

Differential scanning calorimetry

Calorimetry measurements were made using a Seratam Micro DSC III. A sample was placed

in a Hastelloy tube for each of the experiments. The tube was sealed to conserve the water

content during the measurement. The differential heat flux was measured relative to an

empty reference tube. The sample was placed in the calorimeter at an initial temperature

of 293 K and then cooled to 268 K. After 10 minutes at this temperature, the sample was

heated and the differential heat flux recorded. The heating and cooling rates for all the

measurements was 0.6 K·min−1.

The heat capacity, ∆C, was calculated from the differential heat flux, ∆P , using the

equation:

∆C =

(

∆P + τ
d∆P

dt

)

·
dt

dT
, (1)

where T is temperature and t is time. The instrument response constant for the instrument,
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τ , was 60 s. The specific heat was then calculated by:

∆c =
∆C

m
, (2)

where m is the sample mass. The mass of the “dry” sample was 0.152 g, and the total mass

(fibre and solution) of the 10 % PEG sample was 0.057 g.

Previous calorimetry measurements show that the melting transition is an irreversible

process in humidified (or, in the context of this article, “dry”) fibres.2–4 The PEG sample

was subjected to a thermal cycle to test whether the same was true for a sample subjected to

osmotic pressure. After measuring the calorimetry while heating to 383 K, this temperature

was maintained for 5 minutes and then the sample was cooled back to 268 K. The calorimetry

measurement was then repeated. This heating/cooling cycle was run a total of four times.

Neutron scattering

The samples were measured using the WOMBAT powder diffractometer at the Bragg Insti-

tute, Australia.24 The instrument was configured with a germanium monochromator. Higher

order Bragg contamination was suppressed using a room temperature beryllium filter. WOM-

BAT has a position-sensitive detector that covers 120◦ in the scattering plane with an oscil-

lating radial collimator for background suppression.

Figure 1 shows the scattering geometry for the neutron scattering experiments. The

incident beam with wavevector ki was scattered through an angle 2θ into the final direction

with wavevector kf and a corresponding momentum transfer to the sample of Q = ki − kf .

The scattering was measured in transmission through the sample cassette. The WOMBAT

detector position was fixed for the measurements, and the sample was rotated about the

axis normal to the scattering plane. The scattering was plotted relative to a previously used

convention defining orthogonal reciprocal space directions QH, QK and QL.
22 Figure 1 also

shows the axes H, K and L, which are given relative to the geometry of the square cassette.
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The H axis is parallel to the fibre axis, the L direction is perpendicular to the fibre axis and

in the plane of the cassette and K is normal to the cassette.

Figure 1: (left) Schematic showing the neutron scattering geometry. The scattering was
measured in transmission through the sample cassette, with the fibre axis either in (thus
measuring in the (QH , QK) plane) or normal to (thus measuring in the (QL, QK) plane) the
scattering plane. (right) Schematic showing the definition of the H, K and L axes relative
to the sample cassette. The DNA molecules are parallel to the fibre axis, which is defined
as the H direction.

Two sets of measurements were made:

The first used a wavelength of 5.65 Å, which allowed reciprocal space maps to be measured

for all the samples from 0.3 . Q . 2 Å−1, where Q is the magnitude of Q. This Q range

adequately covers the observable Bragg features in neutron scattering from B-form DNA.22

Reciprocal space maps were measured with the fibre axis (H) within and normal to the

scattering plane. These measurements were all made at room temperature.

The second used a wavelength of 4.61 Å and focused on the temperature dependence of

the prominent Bragg peak at QH ≈ 1.87 Å−1 along the fibre axis. The temperature was

controlled between 300 and 380 K using jets of heated nitrogen gas and the temperature

stability for the duration of each measurement was < 0.1 K. The samples were considered

to be in thermal equilibrium at each temperature.
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Results

Differential scanning calorimetry

The measured specific heat, ∆c, for the “dry” sample is shown in figure 2. The melting

transition occurs close to 85◦C and its temperature range is quite narrow. The results are

qualitatively very similar to the melting transition observed in other “dry” fibres.22

Figure 2: Specific heat, ∆c, for a 92 % RH “dry” Na-DNA sample (right hand scale), and
from multiple thermal cycles for the same type of sample in a 10 % PEG solution (left hand
scale).

The figure also shows ∆c for the thermal cycles of the 10 % PEG sample. The transition

shows some reversibility in this sample. The specific heat shows a clear peak in the first

temperature ramp, corresponding to the melting temperature, which is at a higher temper-

ature than that for the “dry” sample and whose width is substantially broader. A peak is

also observed in the second temperature ramp, indicating some reversibility in the melting

transition. The peak is reduced in amplitude and the melting temperature is closer to that

for the “dry” sample, although the peak width is similar to that for the first ramp. The peak

is much reduced in amplitude and melting temperature in the third ramp, and the width is

substantially broader. No clear peak is observed in the fourth ramp.

The data show that the melting transition is observable in highly oriented fibre samples

subjected to osmotic pressure. The PEG solution clearly has some influence on the transition,
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affecting the melting temperature, the peak shape and giving a degree of reversibility. The

results indicate that spatial confinement of the DNA molecules has an influence on the

melting transition.

Reciprocal space maps

Figure 3: Reciprocal space maps of different scattering planes for the “dry” (a, c) and PEG
17 (b, d) fibre DNA samples. Figures (a) and (b) are on the same intensity scale, shown by
the colour bar to the right of (b). Likewise, (c) and (d) are on the same scale.

Examples of the reciprocal space maps are shown in figures 3. Figures 3(a) and (c) show

the maps for the “dry” sample with the fibre axis respectively within and normal to the

scattering plane. The data show that this sample, as expected, is in B-form. Figure 3(a)

shows a prominent Bragg peak along the fibre axis, centered at QH ≈ 1.87 Å−1. The figure

also shows a feature at (QH , QK) ∼ (0.3,−0.3), where a weaker Bragg peak is also expected

for B-form.22 Figure 3(c) shows the map with the fibre axis normal to the scattering plane.

Well-defined features are observed at small |Q|, similar to those observed in previous studies

including small angle scattering measurements from fibre samples in PEG solutions.10 These

features are frequently used to gauge the intermolecular spacing.
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The data show a dip in the intensity, giving rise to a feature resembling a (blue) halo in

the maps. This is due to attenuation when either the incident or the scattered beam was in

the plane of the aluminium cassette. The halo dip is relatively localised, but does influence

the intensity close to the QH ≈ 1.87 Å−1 Bragg peak at this wavelength.

The PEG samples all showed very similar results, and only the 17 % PEG maps are

shown in figures 3(b) and (d). The data are qualitatively the same as those for the “dry”

sample for both the measured orientations, with the prominent Bragg peak at QH ≈ 1.87

Å−1 and features at small |Q| in the QK,L plane. The features are smaller in magnitude and

may be broader in sample rotation angle, suggesting that some orientation of the fibres has

been lost. The PEG samples have substantially more incoherent scattering than the “dry”

sample due to the presence of a significant amount of protonated PEG. Nevertheless, the

presence of the Bragg peaks proves that the samples have maintained the B-form and that

a decent fraction retains the oriented fibre structure.

Figure 4(a) shows cuts in the maps along the QH direction at QKL = 0. The two datasets

share the same intensity scale. The “dry” sample shows a clear, Lorentzian-like Bragg peak

with a peak amplitude that is roughly twice the incoherent background. The 17 % PEG

sample also shows a clear peak at the same position, meaning that the pitch of the DNA helix

has remained unchanged. The background is larger by 50 % and the peak signal-to-noise is

reduced to ≈ 0.2. The peak may also be asymmetric, with the suggestion of a broad hump

on the low-Q side of the peak. Intensities on the high-Q sides of the peaks are unreliable at

this wavelength due to the beam attenuation halo.

The data in figures 3(c) and (d) may be plotted as a function of the magnitude of the

momentum transfer, |QK,L|, by summing the intensity measured at equivalent scattering

angles, 2θ, and converting the axis to Q = 4π sin θ/λ. The resulting plot, shown in figure

4(b), may then be used to judge the influence of the PEG solution on the intermolecular

spacing. The “dry” sample shows clear Bragg peaks at |QK,L| ∼ 0.5 and 0.575 Å−1. The

corresponding peaks are at |QK,L| values that are roughly 2 % smaller, equivalent, and 4 %
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Figure 4: (a) Cuts along the QH axis through the reciprocal space maps shown in figures 3
(a) and (b). The intensities are shown on the same scale. (b) The intensities in figures 3 (c)
and (d), integrated for constant scattering angle and hence plotted as a function of |QK,L|.
The “dry” and PEG 17 samples are plotted on the same scales, while the PEG 26 and PEG
40 have been shifted vertically to distinguish them from the PEG 17 data.
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larger than the “dry” sample for the 17 %, 26 % and 40 % PEG samples respectively. This

implies that the 17 % PEG samples have indeed swollen relative to their “dry” counterparts,

with larger intermolecular spacing and while maintaining an oriented fibre form. The 26 %

PEG sample has roughly the same intermolecular spacing, while the DNA in the 40 % PEG

solution is under compressive pressure.

The contribution of PEG to the scattering

The incident wavelength was then changed to 4.61 Å, meaning that the intensity dip due to

the cassette attenuation moved to larger |Q| and the QH ∼ 1.87 Å−1 Bragg peak line shape

could be more reliably measured and fitted.

PEG is a long-chain molecule and, aside from adding substantial incoherent scattering,

its presence will add some coherent scattering which might interfere with any attempt to

quantitatively analyse the Bragg peaks. Measurements were thus made on an aluminium

cassette containing only 26 % PEG solution with roughly the same volume as that used for

the samples. A comparison of the intensity along the QH axis for this cassette and for the

17% PEG sample is shown in figure 5.

Figure 5: A cut along the QH axis for DNA in a 17% PEG solution, and for a cassette
containing only the 26 % PEG solution. The data share the same axes.
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The figure shows that the PEG solution accounts for the increase in the incoherent

scattering. It has a weak Q dependence with a slight rise in the scattering at small Q and

a broad maximum at ∼ 1.9 Å−1, but the effect on the shape and intensity of the DNA

Bragg peak is negligible. The coherent contribution of the PEG can thus be safely ignored

in subsequent treatments of the Bragg peak.

Temperature dependence

Measurements of the temperature-dependent scattering from the 17 % PEG sample were

made using 4.61 Å incident neutrons. Reciprocal space maps of the (QH , QK) plane were

made at a range of temperatures from 300 K to 376 K. The measurement was stopped at

376 K due to concerns that the sample might boil at higher temperatures. The sample was

then cooled back to 300 K and measured again.

Measuring reciprocal space maps had the advantage that the incoherent scattering back-

ground, and the influence of intensity dips due to the attenuation by the sample cassette,

could be estimated by fitting a peak function with a negative amplitude and a flat back-

ground to the scattering far from any coherent contributions. The background estimation

was made from the initial measurement at 300 K, and was then subtracted from the data at

all temperatures.

Figure 6 shows examples of the resulting estimation of the coherent scattering along the

QH axis at a number of temperatures. The data points show the detector intensities within

−0.05 ≤ QK ≤ 0.05 Å−1 projected onto the QH axis. The data at 300 K show a clear peak

on a non-zero background, indicating that some diffuse coherent scattering remains along

the QH axis after the incoherent contribution has been subtracted. The origin of the diffuse

scattering is not clear, but could be due to an increase in the orientational disorder in the

fibres. Broad low-Q scattering is apparent in x-ray diffraction measurements on non-oriented

fibres,7 and in calculations of the neutron cross-section from partially disordered fibres. Both

the peak and the diffuse scattering are temperature-dependent.
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Figure 6: The temperature dependence of the QH ≈1.87 Å−1 Bragg peak for the PEG 17
sample. The data have had the incoherent contributions subtracted. Fits of equation 3
for 0.5 ≤ QH ≤ 2.05 Å−1 (blue curve) and 1.3 ≤ QH ≤ 2.05 Å−1 (red curve) are shown
superimposed on the data.
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While the data clearly change with temperature, a quantitative analysis is not possible

without a robust function to describe the structure factor. Unfortunately, the quality of

the data will not support analysis using a detailed theoretical modelling of the structure

factor. Examination of the integrated intensities, however, does give a qualitative indication

of whether melting is occurring.

The summed data from figure 6 for a series of QH ranges are shown in figure 7. Inte-

grating the data over the entire usable QH range gives a curve that increases with increasing

temperature. No clear feature emerges to indicate the onset of melting. The initial inte-

grated intensity was recovered when the sample was cooled back to 300 K from its highest

temperature.

Figure 7: The integrated intensities along the QH axis for 0.5 ≤ QH < 1.3 Å−1 (closed
circles); 1.3 ≤ QH ≤ 2.05 Å−1 (open circles); 0.5 ≤ QH ≤ 2.3 Å−1 (open diamonds). The
sample was heated from 300 K to 376 K, and then cooled back to 300 K directly. The arrows
show the directions of the temperature ramp for the data points at 300 K.

Features do emerge when some effort is made to separate the peak from the diffuse in-

tensities. Inspection of the data in figure 6 shows an indication of a small dip at QH ∼ 1.3

Å−1, particularly at the highest temperatures. This point was arbitrarily set as a boundary,

although the choice is reinforced by the observation that x-ray measurements on non-aligned

fibres7 and neutron scattering calculations on partially aligned fibres also show a dip at
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around the same QH . The integrated intensities for the regions above and below the bound-

ary are also plotted in figure 7. The figure shows that the steady rise in the total integrated

intensity is almost entirely due to the scattering for QH < 1.3 Å−1, which is taken to be only

diffuse. The intensity for QH > 1.3 Å−1, which includes the peak, stays almost constant over

most of the temperature range. The data in figure 6 clearly show that the peak amplitude

decreases with increasing temperature, however an overall gain in the diffuse scattering and

a probable increase in the peak width would compensate for the decrease in peak amplitude

to keep the QH > 1.3 Å−1 data roughly constant.

A sudden change in gradient for both QH regions is observed for T > 370 K. The low

QH data shows a rapid increase while the high QH data shows a concomitant rapid decrease.

The high QH data are consistent with the onset of melting, which would give rise to a

loss in the peak intensity as observed in the past for both A- and B-form DNA.3,4,7 The

increase in the scattering at small QH is consistent with an increase in the disorder of the

molecule. The possible sources of the disorder include local fluctuations in the alignment

of the double-stranded DNA within the fibre, and the formation of single-stranded DNA on

thermal denaturation.

On cooling to 300 K, figure 7 shows that there is some loss in the integrated intensity

at high QH and a gain at low QH relative to the values before heating. A peak is, however,

recovered. Figure 8 shows the scattering at 300 K before and after heating the sample.

The data show a clear peak which is less intense after heating, while the low QH data is

systematically higher.

Ideally, a quantitative analysis would include an estimate of the peak width allowing

the correlation length to be plotted as a function of temperature. While the data will

not support a fully robust analysis, they will support a semi-quantitative analysis with a

phenomenological function:

I (Q) =
I0
π

·
Γ2 (Q)

(Q−Qc)
2 + Γ2 (Q)

, (3)
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Figure 8: The QH ≈1.87 Å−1 Bragg peak from the PEG 17 sample measured at 300 K before
and after heating the sample to 376 K.

where I (Q) is the intensity as a function of Q, Qc is the centre for the peak and I0 is the

amplitude. The Q-dependent width is given by:

Γ (Q) =
Γ0

1 + exp (a (Q−Qc))
, (4)

where Γ0 is a width and a is an asymmetry parameter. A value of a = 0 would reduce

equation 3 to a symmetric function. The function is similar to an asymmetric Lorentzian

derived for infrared spectrometry,25 but has been modified such that it does not have a

discontinuity at Q = Qc.

Figure 6 shows fits of equation 3 superimposed on the data. Initial attempts to fit the data

over the entire QH regime did not give robust results, as the increase in the diffuse scattering

then dominated the fits. This is apparent by observing the blue lines in figure 6. The data

were then fitted over a smaller range of 1.3 ≤ QH ≤ 2.05 Å−1 to focus on the temperature-

dependent behaviour of the peak. The lower limit corresponds to the previously set boundary

for the integrated intensities, and the upper limit was chosen to avoid interference with the

intensity dips due to the sample geometry. These fits better represented the changes in the

peak shape, as can be seen by comparing the data with the red curves in figure 6. The QH
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ranges could be adjusted by 10 % with little qualitative difference in the results.

The fit results are shown in figure 9. All the data have a linear trend with increas-

ing temperature up to T ∼ 370 K, with I0, Qc and a steadily decreasing and Γ0 steadily

increasing.

Figure 9: The fitted parameters for the QH ≈ 1.87 Å−1 Bragg peak from the PEG 17 sample.
The arrows show the direction of the temperature change between data points.

A sudden and dramatic change is clearly seen at T ∼ 370 K in I0 and Γ0. The amplitude,

I0, plummets by ∼ 40 % between 370 and 376 K, while Γ0 increases by ∼ 75 %. Much smaller

changes in this temperature range are seen in Qc, which drops by ∼ 1 % between 372 and 374

K and then stays roughly constant, and a, which stays roughly constant except for the highest

temperature. The change in I0 is consistent with the loss in Bragg peak intensity observed at

the onset of melting in both A- and B-form fibre DNA.3,4,7 The increase in Bragg peak width

is an expected, but never before definitively seen, indication of the decrease of the coherence

length along DNA due to the formation of local openings, or “bubbles”. That Γ0 changes

almost independently of a suggests that the peak width is independent of its asymmetry,

and hence that a correlation length is changing in the sample over this temperature range.

With the exception of I0, all the parameters are recovered on cooling the sample back to

300 K from 376 K. The parameters thus prove that the peak shape before and after cooling

is the same, suggesting that the correlation length is restored on cooling the sample and
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that the loss in the peak intensity is due to some loss in the quantity of the sample that is

coherently diffracting.

Discussion

Immersing highly oriented fibre DNA in a PEG solution clearly leads to a degradation in the

quality of the Bragg peaks. Some of the degradation may be due to a loss in the orientation

and base pair stacking in the molecules. This may mean that a substantial fraction of the

sample was not contributing to the Bragg peak intensity. A Bragg peak remains, however,

meaning that quantitative experiments are possible despite the complications associated with

the inclusion of a solution in the sample. A great advantage of focusing on the Bragg peak

is that it arises due to those regions of B-form DNA that are scattering coherently with

respect to one another. Hence, the Bragg peak signal effectively acts as a self-filter, probing

the correlation function of those parts of the sample that give the most information and

suppressing the rest.

The results shown in figures 6, 7, and 9 are consistent with the onset of the melting

transition at ∼ 370 K, causing the coherent scattering intensity of the Bragg peak to be

redistributed into the diffuse scattering. The recovery of the peak shape on cooling indicates

that the DNA had not completely melted by 376 K and was able to recombine, although

there was a reduction in the peak amplitude. The peak shape before and after heating

was the same, indicating that the fibre alignment remained largely unchanged throughout

the heating process. The temperature dependence of the scattering is consistent with the

calorimetry data shown in figure 2. All the results suggest that the application of osmotic

pressure is a viable technique for investigation of the effects of spatial confinement on the

melting process of fibre DNA.

The statement that the fibre alignment stays mostly unchanged on heating has impor-

tant consequences in the interpretation of the data and deserves further discussion. The
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Bragg peak shape showed quantitative changes at the highest temperatures. Single strand

DNA, created by local openings of the double helix on heating, is far more flexible than

double strand and entropic effects could lead to substantial disorder, even to the point of the

entire fibre undergoing macroscopic collapse. It is highly unlikely that substantial disorder

at elevated temperatures would be undone when the temperature of the sample was cooled.

Such a fibre collapse was observed in a previous study of highly oriented B-form Li-DNA2,3

and non-oriented Na-DNA,7 where subsequent diffraction measurements at reduced temper-

atures did not recover the original peak shape. The strong entropic effect associated with

the growth of the melted regions also led to a visible decrease in the length of the fibre,3

which was also seen in mechanochemical experiments.26 As shown in figure 9, the values for

Γ and a are essentially unchanged before and after heating. These parameters determine

the peak shape and hence the spatial correlation length of double stranded DNA along the

molecule. This correlation length is recovered in the present study, thus the DNA has re-

combined after heating. There is a loss of ∼ 30 % in I0 before and after heating which

indicates that a fraction of the sample has either lost alignment or not recombined, and quite

probably a combination of the two. However majority of the sample must have maintained

its orientation throughout the heating process.

Supporting evidence comes from the calorimetry data in figure 2. Calorimetry measure-

ments on “dry” fibres show that fibre DNA becomes glass-like after the melting transition,21

consistent with the observed collapse of the fibre structure and the associated disorder of

single-stranded DNA at elevated temperatures. In contrast, the data in figure 2 show tran-

sitions on consecutive temperature cycles, implying that a fraction of the denatured single

strand DNA has maintained proximity to its opposite strand and is thus able to recombine

on cooling.

The changes in Γ0 at elevated temperatures, shown in figure 9 must therefore be domi-

nated by a reduction in the spatial correlation length along the DNA molecule. They occur

at around the same temperatures as the changes in I0. The previous studies of “dry” fi-
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bres observed a drop in I0 well before any changes in the width, leading to the conclusion

that the DNA must maintain long lengths of double strand structure until the final stages

of melting.2–4,7 The current study suggests that this conclusion may be a consequence of

confinement.

Two recent publications describe theories to describe the influence of confinement on the

melting transition in DNA. Chersty and Kornyshev27 have included electrostatic interactions

between DNA molecules. Their results depend strongly on the nature of the sequences. For

homologous sequences, they predict that confinement makes the transition sharper and moves

it to higher temperatures. For non-correlated sequences, which corresponds to our samples

of genomic DNA, their conclusions are less clear and depend on the rigidity of the molecules.

Badasyan and co-workers28 explicitly consider the effects of PEG on the melting of DNA and

find that an increase in the osmotic pressure increases the melting temperature and makes

the transition smoother. The data in figure 2 certainly show that the melting transition for

the“dry” fibre is much sharper than the less dense PEG 10 fibre. However, in contrast to

the theory, the melting transition for the PEG 10 is at the higher temperature.

There are numerous possible reasons for the discrepancy, including the absence of a sol-

vent in the “dry” sample with a concomitant mobility of salt cations. Thermal measurements

of DNA in PEG solutions with the same salinity and different osmotic pressures provide a

better test. Some experiments have been performed using techniques such as UV absorption,

circular dichroism and differential scanning calorimetry,15–18 which provide bulk information

on the melting temperatures and enthalpies. The results presented here show that it is

possible to carry out diffraction experiments on similar samples, hence providing additional

information in the form of a correlation length. If the theories were to be revisited to cal-

culate the temperature dependence of the correlation length, these diffraction experiments

would be ideal to test them.

The experiment must certainly be refined to perform a quantitative analysis of the data

in the same manner as has been performed previously.2–4,7 There are numerous possible

22



improvements that will be explored in the future. Using PEG with lower molecular weight

will lower the melting temperature,15,18 which will mean that the entire melting transition can

be followed without the risk of the sample boiling. While expensive, use of deuterated PEG

would reduce the incoherent scattering and improve the signal-to-noise. The PEG solutions

might be replaced by other solutions, such as ethanol/water,26 that would have the same

effect of increasing the intermolecular spacing while maintaining the highly oriented fibre

structure of the DNA. Assuming that the signal can be improved, it will also be necessary to

establish a representative and properly normalized function for the structure factor. These

possibilities will be explored in future studies.

Conclusions

Calorimetry and diffraction experiments on the melting transition of fibre DNA subjected to

osmotic pressure have been shown to be feasible. The pilot study shows a diffuse contribution

to the scattering that grows with temperature as the Bragg peaks decrease. It appears to be

possible to follow the melting transition to higher relative temperatures than can be reached

when using “dry” fibres and, unlike for the latter samples, the transition appears to be

reversible to some degree. The study highlights a number of issues that must be overcome in

future experiments, namely in optimizing the signal such that the scattering can be reliably

fitted with a temperature-dependent structure factor. Some possibilities for optimization

have been presented.
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