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Abstract

Small angle neutron scattering (SANS) measurements are reported for DNA gels in near
physiological conditions in which the concentration of monovalent and divalent counter-ions, as
well as pH, are varied. The scattering intensity /g) is described by a two term equation, one due
to osmotic concentration fluctuations and the other coming from static inhomogeneities frozen in
by the cross-links. SANS in the low g range indicates the presence of large clusters the size of
which exceeds the resolution of the experiment. In the intermediate g-range the intensity increases
with the CaCl2 concentration and the slope approaches —1, corresponding to linear (rod-like)
scatterers. In the highest g region, the scattering response is governed by the local chain geometry.
Screening of the electrostatic interactions by sodium chloride causes a moderate increase in the
SANS intensity that is accompanied by an increase in the mesh size L of the network. Addition

of calcium chloride, or a decrease in pH, produce similar trends, and ultimately leads to phase
separation. The scattering intensity at g = 0, estimated from independent measurements of the
osmotic pressure II, is in excellent agreement with /0) from the SANS measurements. Anomalous
small angle X-ray scattering (ASAXS) measurements on uncross-linked DNA show that the
monovalent ion cloud is only weakly influenced by the addition of divalent ions. Conversely, the
divalent counter-ion cloud tightly follows the contour of the polymer chains.
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INTRODUCTION

lon-biopolymer interactions play a key role in a variety of biological processes. The action
of ions is complex: they stabilize the local structures, and ion binding can also affect

the intrinsic properties of the polymer chain, such as flexibility, electrostatic interactions

and the overall thermodynamics of the system. Several studies have been devoted to
understanding the interactions that give rise to compaction of DNA in solution and allow this
molecule to penetrate into cells.1~” The majority of previous scattering investigations were
designed to test the validity of different models describing the spatial charge distribution

of the counterions, or the effect of the electrostatic interactions on the free energy or the
persistence length.5-8 Less attention has been paid to the effect of ions on the osmotic
concentration fluctuations and associated changes in the local organization of the molecule.

An important constraint in studying such systems is that multivalent counterions can cause
precipitation in solution, even at low ion concentrations.? The use of cross-linked networks
extends the concentration range over which the system remains stable, since macroscopic
phase separation does not occur in gels.

The aim of this paper is to investigate the effects of mono and divalent counterions

and of pH on the characteristic length scales in DNA gels. The salt concentration is

varied in near-physiological conditions. Small angle neutron scattering (SANS) is used

to determine the characteristic length scale of the osmotic concentration fluctuations. The
shape the monovalent and divalent counterion cloud along the DNA chain is investigated by
anomalous small angle X-ray scattering (ASAXS).

The organization of this paper is as follows. After a brief outline of the scattering formalism
and of the experimental procedures, we report SANS measurements from DNA gels swollen
in NaCl solutions. The effects of pH and of CaCl, are then discussed. The SANS response
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of the gels in analyzed by a two-term equation consisting of a thermodynamic and a static
component. A comparison is made between direct measurements of the osmotic swelling

pressure IT and the scattering intensity /(g=0) derived from SANS. In the final part of the

paper, ASAXS measurements on DNA-Sr and DNA-RDb solutions are presented.

THEORETICAL CONSIDERATIONS
SANS in Polymer Gels

In a scattering experiment the intensity is determined by the pair correlation function

of the concentration fluctuations. For a solution of flexible neutral polymer chains, the
fluctuations are screened at distances defined by a correlation length £.12 The osmotic
pressure IT associated with these fluctuations in the sample is of the order of the energy
density k77€3, where kis Boltzmann’s constant and T'is the absolute temperature. In the
case where electrostatic forces are present, as in a polyelectrolyte solution, the correlation
length of the osmotic fluctuations is modified by the counter-ions. They affect the net
charge and the electrostatic interactions of the polymer chains, and above a certain threshold
concentration ion condensation occurs.13 In polymers consisting of semi-rigid sequences,
such as DNA and other biopolymers, the electrostatic forces may modify both intra- and
interchain correlations, thereby affecting the stiffness of the polymer and the interactions
responsible for chain clustering and phase separation.14-15

Several expressions have been proposed in the literature16-18 to describe scattering from
worm-like chains consisting of a sequence of rigid segments. The length L of the sequence
that is observable in the concentration fluctuations is a mesh size that corresponds to the
thermodynamic correlation length. This gives rise to a scattering intensity that, for gL >

1, varies as g1, where ¢ is the scattering vector (41/A)sin(6/2), A being the wavelength
of the incident neutrons and © the scattering angle. The scattering intensity from the
thermodynamically driven concentration fluctuations may then be expressed in the form19

/(@)
L,|q| =110 —————F 1)
[+ @y

where f{g) describes the cross-section of the molecule. At gR<1, where Ris the cross-

sectional radius of the polymer chain, f{g) can be approximated by

1
flg) = m @)

Thus, we have

1(0)
[1+ (qL)z]llz(l + q2R2)

Id}'n q = (3)
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In systems containing large scale inhomogeneities, such as bundles or branched structures,
these structures also contribute to the scattering response in the low gregion. In gels static
concentration fluctuations generated by the cross-links are also generally present. In DNA
specifically, a variety of other superstructures, such as liquid crystalline regions, have been
observed. It is found that the total scattering intensity from such heterogeneous systems is
described by a sum of a thermodynamic and a static component20-27

I(q) = 1,,.(q) + 1,.(q) 4

In polyelectrolyte solutions and gels /t(g) generally arises from scattering from the
surfaces of large clusters and can be represented by a power law expression of the form
Bg™", which yields for the total scattering function the expression

1(0)
[1+ (qL)2]1/2(1 + q2R2)

— —n
1(q) = + Bq ©)

where =4 if the surfaces of the large heterogeneities are smooth (Porod scattering).28 For
rough surfaces?®, however, the exponent of the scattering behavior may approach —3. This
phenomenon has been observed in a wide variety of polymer solutions and in both neutral
and polyelectrolyte gels.18:27:30.31

ASAXS is a means of determining the counterion disribution in polyelectrolyte solutions
using a tunable X-ray source to vary the contrast of a given counterion in the neighborhood
of its atomic absorption threshold.32:33

The scattering function of a polymer solution may be defined by the differences in electron
density (pj(£)-ps) between the solvent and the other components (polymer, resonant ion) of
the solution. Thus

1(q, E) = rd[(p, = )’ S0) + 20, = p)(0.(E) = p)Sf0) + (0.(E) = )Su0)]

where 7, (2.818x10713 ¢m) is the nominal radius of the electron, £is the energy of the
incident X-ray beam and Sj(g), Sx(g) and Sy,(g) are the partial structure factors of the
polymer, the counterions and their cross term, respectively. In the vicinity of the absorption
edge, py is energy-dependent. As the energy £ of the incident photons approaches the
absorption threshold, the electron density p,(£) of the counter-ion decreases, while that of
the polymer and of the solvent remain constant.

The difference between the scattering intensity /g) from a sample at two different energies
Eq and £; is therefore given by

AlI(q, E, E)) = r[p(E\) — p(E)]{2(p, — p)S(q) + (p(E) + p(E.) = 2p)S.(9)} (@)

where £; and £, are respectively the reference energy measured far below the absorption
edge and that just below the edge, where the anomalous effects are strongest.34:35 The values
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of p(£) for each element are tabulated. By measuring AX g, £1,£p) at a series of different
energies £, the partial structure factors Sy,(g) and Sy,(g) can then be deduced from eq 7.

EXPERIMENTAL METHODS

Gel Preparation

DNA gels were prepared36 from a sodium salt of DNA (Sigma, salmon testes, M,=1.3
10%) in 40 mM NacCl solution at a concentration of 3% w/w. The G-C content of this DNA
is 41.2%. DNA was cross-linked with ethylene glycol diglycidyl ether (Fluka) at pH =

9.0 using TEMED to adjust the pH. The cross-linking reaction was carried out in NaCl
solutions containing different amounts of CaCl, (0 — 0.2 M). The gels were equilibrated
with a bath containing from 0 to 0.2 mM CaCl, in 40 mM NaCl. At higher CaCl2
concentrations a volume transition occurs in this system, where solvent is expelled from
the network.36 SANS and osmotic pressure measurements were made below this threshold
CaCl2 concentration. The pH of the gels was adjusted by addition of HCI and by measuring
the value with a pH meter, taking into account the shift of 0.4 in the pH in deuterated
water3’.

DNA solutions for the ASAXS experiment were prepared from the same DNA as the gels
without either cross-linking agent or TEMED. These solutions were studied in 0.1 M of
either NaCl or RbCI and containing from 0 to 0.11 M of either CaCl, or SrCl,. We note
here that, since the solutions are not in equilibrium with an infinite bath, the phase transition
condition is different from that of the gel.

Small Angle Neutron Scattering Measurements

SANS measurements were performed at NIST, Gaithersburg MD, on the NG3 instrument.
The sample temperature was maintained at 25.0°+0.1°C. Gel samples were prepared in
solutions of D,0O in 2 mm thick sample cells. Measurements were made at two sample-
detector distances, 2.5 m and 13.1 m, with incident wavelength 8A. After azimuthal
averaging, corrections for incoherent background, detector response and cell window
scattering were applied. The intensity normalization was made with the NIST standard
samples.38

Osmotic Pressure Measurements

Gels were equilibrated with poly(vinyl pyrrolidone) solutions (molecular weight: 29 kDa)
of known osmotic pressure,3940 using a semi-permeable membrane to prevent the polymer
penetrating into the network. When equilibrium was reached, the concentration of both
phases was measured. This procedure gives the dependence of the swelling pressure w = II
-G upon the polymer volume fraction, ¢, for each gel. Here, II is the osmotic pressure and G
is elastic modulus of the gel. Over the concentration range explored in these measurements
the value of G of the gels (< 1 kPa) was small. All measurements were carried out at 25.0 £
0.1°C.
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ASAXS Measurements

The ASAXS measurements were performed on the BM2 beam line at the European

Synchrotron Radiation Facility (ESRF), in the transfer wave vector range 0.008 A-1 < g
< 1.0 A-1, using a 2D CCD detector. Corrections were made for dark counts and camera
distortion. The intensities were normalized using a standard sample of known scattering
cross-section. To minimize the effects of radiation damage, measurements were made on
solutions of DNA, and the sample position was varied at each change of incident energy.

To operate in an experimentally convenient energy range, in the ASAXS experiment the
monovalent sodium and divalent calcium ions were replaced by rubidium and strontium,
respectively, because the absorption edge of the latter ions lies in the energy range
conveniently accessible for synchrotron measurements. The SAXS measurements were
made at six energies below the rubidium absorption edge (15.1997 keV): 14.900, 15.08,
15.15, 15.18, 15.193 and 15.197 keV and at six energies below the strontium absorption
edge (16.1046 keV) : 15.800, 15.984, 16.056, 16.085, 16.097 and 16.102 keV.

RESULTS AND DISCUSSION

SANS

Small angle scattering measurements provide a means of quantifying structural features
in DNA gels in the length scale range 10 A — 1000 A that arise from changes in the
environment such as ion concentration, pH and ion valence. In what follows we describe
systematic SANS measurements preformed on three sets of DNA gels in equilibrium with
solutions of

. a monovalent salt (sodium chloride) over a wide range of concentration,
. 0.04 M NacCl at different values of pH, and
. 0.04 M NacCl at different concentrations of a divalent salt (calcium chloride).

For the last set, a comparison is made between the scattering intensity arising from the
thermodynamic concentration fluctuations and direct measurements of the osmotic swelling
pressure.

The SANS response of a 3% w/w DNA gel in different NaCl solutions is shown in Figure
1. As the salt concentration increases, the shape of the curves gradually varies and the data
converge at high g. Strong scattering at low g values indicates the presence of large clusters,
which are a common feature both in polyelectrolyte solutions and in gels, and which have
been discussed in the polyelectrolyte literature.#142 In the intermediate g range (0.01 < g<
0.05 A~1), the intensity increases with the NaCl concentration, corresponding to an increase
in the osmotic fluctuations, i.e., an increase in /4,,(0). In the absence of salt a correlation
peak in the neutron scattering response is visible at ¢~ 0.06 A~L. This feature, which is
typical of salt-free solutions of polyelectrolytes, reflects the correlation between polymer
chains due to their strong electrostatic repulsion. In the present case, the mean distance

of separation between the chains is approximately 2m/g ~ 100 A. Assuming hexagonal
packing of the DNA strands#3:44, this separation corresponds to a concentration of about
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2.7% w/w, which is comparable to the nominal concentration (3% w/w). With increasing salt
concentration the peak progressively disappears.

For the NaCl containing samples, equation 5 provides a reasonable fit to the SANS
responses in Figure 1 over the observed g range (continuous curves). The power law slope
of the low grange is slightly greater than -3, indicative of surface scattering from large
clusters.2® The sodium chloride concentration increases not only the scattering intensity but
also the correlation length L. As the NaCl concentration increases from 10 mM to 100 mM,
L increases by a factor of roughly 2 (Figure 1 inset).

Figure 2 shows the effect of pH on the SANS response of a DNA gel swollen in D,O
containing 40 mM NaCl. The behavior is qualitatively similar to that in Figure 1. In the

pH range 5 — 7, the scattering response is affected only very weakly, while at low pH the
hydrogen ions replace the sodium counterions and reduce the degree of ionization. At pH <
1 the gels exhibit phase separation and collapse. Note that at very low values of pH chemical
modifications, such as denaturation, are expected. Over the period of the SANS experiments
(2-3 hours), however, no structural changes were detected.

The similarity in the shape and the trend of the scattering curves in Figures 1 and 2

is remarkable. In both cases, the structural changes stem from charge compensation, but
the underlying mechanism is not the same. Increasing the sodium chloride concentration
reduces the electrostatic screening length and hence the repulsion between the anionic
groups on the backbone of the polymer. Decreasing the pH, by contrast, results in
protonation of the DNA. At pH = 1 the hydrogen ion concentration (0.1 M) slightly exceeds
the molar concentration of DNA (about 0.075 M). This effect is much stronger than the
purely electrostatic screening, with the result that phase separation occurs below pH = 1.

In the presence of monovalent salts such as sodium chloride, by contrast, DNA solutions
remain stable up to ¢yac) & 1 M. The increase in scattering intensity with increasing salt
concentration, however, is characteristic of polyelectrolyte solutions and gels that approach
the phase boundary for phase separation. In phase separating systems the amplitude of the
concentration fluctuations increases, with an increase in the correlation length L as more
extended regions of the polymer chains become exposed.

Figure 3 shows the scattering spectra for DNA gels containing 0.04 M NaCl and different
concentrations of calcium chloride. In this system the range of CaCl, concentration is
limited because at ccacl2 ~ 0.27 mM a volume phase transition occurs.3* Compared with
the situation in Figure 1, only a small amount of calcium chloride is needed to generate an
increase in the intensity in the intermediate g range equivalent to that of 100 mM NacCl.
Moreover, the inset of Figure 3 shows that CaCl, causes L to vary much more strongly than
does NaCl. An increase of only 0.1 mM CaCl, in the surrounding bath raises L to a value
comparable to that with 100 mM NacCl, i.e., a thousandfold greater sensitivity. This major
difference in behaviour between NaCl and CaCl, is a symptom of the basic difference in
the way that mono or divalent cations contribute to the counterion cloud surrounding the
polyelectrolyte chains in the gel. The counterions affect both the structure of the network
at different length scales and the thermodynamic properties of the system. The resulting

Soft Matter. Author manuscript; available in PMC 2024 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Horkay et al.

Comparison

Page 8

changes are measurable at the macroscopic length scale by osmotic measurements and, at
higher resolution, by scattering methods that are sensitive to the ionic distribution.

of Osmotic Pressure Measurements with SANS

The thermodynamic contribution to the SANS scattering signal can be estimated from Eq.
5, in which the first term is governed by the osmotic modulus x (= ¢0Il/0¢, where ¢= c/d,
is the polymer volume fraction and d), is the density of the dry polymer). The dependence
of the osmotic pressure IT on the CaCl, concentration contains the information about the
interactions that govern the thermodynamic properties at the macroscopic level.

According to thermodynamic considerations, the intensity scattered by osmotic
concentration fluctuations /4,,(0) is inversely related to x through

T 2
1,,(0) = 422 ®)

Here, Ap? = 7.31 1020 cm™ iis the neutron scattering contrast factor between DNA and
D,0.% The increase in intensity in Figure 3 thus reflects a decrease in the osmotic modulus
xX.

Figure 4 shows the variation of osmotic pressure Ilge of a cross-linked DNA gel determined
as a function of polymer volume fraction ¢. For each data set the sample was equilibrated
with a solution of ionic concentration. Changes in the NaCl concentration alone in the range
10 - 100 mM reduce Tlge only weakly, which is consistent with the SANS response shown
in Figure 1. In contrast to NaCl, however, CaCl, strongly reduces the osmotic pressure of
the DNA gel. Addition of 0.20 mM CaCl; reduces Ilge by an order of magnitude. This
reduction implies that calcium ions screen the electrostatic repulsion between the DNA
strands. The ensuing association among the polymer chains increases the mesh size as the
phase transition is approached (Figure 3 inset). It is important to emphasize that the osmotic
and the scattering observations both indicate that the changes induced by these ions are fully
reversible. The situation is illustrated by Scheme 1.

The osmotic pressure data can be expressed in terms of a Flory Huggins-type equation of the
form46

M= — (RT/V)[In(l — @) + ¢ + 1,0 + 1.0°], ©)

where x o and -1 are the interaction parameters, V is the molar volume of the solvent and
R the gas constant. The continuous curves in Figure 4 are the fits of Eq. 9 to the data. The
osmotic modulus x = ¢dIl/dg, from Eq. 9, is

k= @XRT/IV){1/(1 = @) =240 -3 y1¢) (10)

With the measured values of g and x 1, Eq. 8and Eq. 10 provide an independent estimate
for the intensity /4,,(0) scattered by the osmotic fluctuations.
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The fits of Eq. 5 to the SANS signals at different CaCl, concentrations are shown in

Figure 3. The continuous lines are the total response /g), while the dotted lines are the
osmotic component alone, /y,,(g). The values of /4,,(0) obtained from osmotic pressure
measurements are indicated by horizontal arrows on the left axis of the figure. The
agreement between the results of the two independent measurements of the thermodynamic
component /y,,(q) at g = 0 substantiates the model underlying eq 5.

In summary, the 1/g dependence of the SANS signal is in agreement with the linear
character of the DNA chains in the gel. We identify the mesh size L as a quantitative
indicator of the chain rearrangement in response to changes in the agreement between

the results of the two independent measurements of the thermodynamic component /()
at g = 0 substantiates the model underlying eq 5. concentration and composition of the
ionic environment. Screening of the electrostatic interactions by sodium chloride in the
concentration range 10 mM to 100 mM causes a moderate increase both in L and in the
amplitude of the concentration fluctuations. Similar trends are observed on addition of
calcium ions and on decreasing pH. In the latter cases these modifications push the system
towards phase transition. The effect of calcium ions on L and on the dynamic scattering
intensity /4,,(0) is, however, much greater than that of sodium.

Osmotic measurements made on the same DNA gels indicate a reduction in the osmotic
pressure in the presence of calcium ions by more than an order of magnitude. It is shown
that the osmotic modulus « derived from osmotic swelling pressure measurements is in good
agreement with that obtained from the dynamic components of the SANS signal. This result
verifies that the mesh size L can be identified with the correlation length of the osmotic
concentration fluctuations.

Anomalous Small Angle X-ray Scattering (ASAXS)

The SANS measurements reveal significant differences between the behavior of DNA

in NaCl and CacCl; solutions. Increasing the concentration of counterions screens the
electrostatic repulsion between the DNA strands and enhances the scattering intensity:
above a given concentration of divalent ions, phase separation takes place. In the case

of monovalent ions, however, no phase separation is detected. To identify the differences
between the DNA with monovalent and divalent ions, ASAXS measurements were made on
DNA solutions.*

As stated in the Experimental Section, for the anomalous scattering measurements the
divalent ion calcium was replaced by strontium, and the monovalent ion sodium by
rubidium. To verify that these substitutions do not affect the organization of the DNA in

the solution, a comparison was made between the SANS signals of DNA samples containing
calcium and strontium, as well as rubidium and sodium, respectively. Figure 5 shows that the
differences are within experimental error.

*In polyelectrolyte solutions phase separation occurs at much higher ion concentration than that in the corresponding gel (bath
concentration). In the solution, both the polymer and the ions are distributed throughout the whole volume. A gel, however, in
equilibrium with an infinite reservoir of the solvent, is able to withdraw ions from the reservoir. The resulting partitioning raises the
ion concentration inside the gel network to well above that in the surrounding bath.
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Figure 6a compares the SANS and SAXS response of a 3% w/w solution of DNA containing
0.1 M NaCl and 0.05 M SrCl,. In the intermediate g range the SANS and SAXS profiles
are practically indistinguishable, as illustrated in the inset of the figure. At low g SANS
provides information on larger scale structures, while at high g, where the signal intensity
decreases sharply, the data become dominated by incoherent scattering. In this high ¢
region the overall quality of the SAXS data is, however, much better than that of SANS
since the incoherent contribution is negligible. Figure 6b shows that as the energy of the
incident X-ray beam approaches the absorption edge of the strontium ion, the SAXS signal
decreases owing to the reduction in the effective number of electrons in the atom. The
differences A/(g) are constructed by subtracting the intensities at the two energies, shown as
an enlargement in the inset.

Figure 7 shows the resulting differences A/Xg), far below and immediately below the
absorption edge, both for the Rb and Sr containing systems. Unlike the SANS experiment,
the responses of these two ions display pronounced differences in shape and intensity,
reflecting the different absorption energies of the ionic species. This result shows that in the
present system ASAXS enables us to distinguish between chemically different ions in the
counter-ion atmosphere. The intensity in the low and intermediate g region scattered by the
rubidium ions is about 3 times greater than that of the strontium ions. Increased intensity

is expected since the amount of rubidium ions available is almost an order of magnitude
greater than that of divalent ions, and also twice as many rubidium ions are needed for

the charge compensation on the DNA backbone. However, this increase in intensity from
the counterions in the vicinity of the DNA is limited by the differences in the mono-

and divalent ion distributions. At high g, the intensity of both the Rb and the Sr signals
decreases steeply, reducing the signal to noise ratio in this region. The inset of Figure 7
shows that increasing the concentration of divalent ions affects the diffuse monovalent cloud
only weakly. Its radius R, however, increases, i.e., the monovalent ions are repelled from the
backbone.

To account for the high g response imposed by the cylindrical form factor of the DNA, the
X-ray scattering profiles can be described by a modification of Eq 5. Thus

1(0)
[1+(qL)

I(q) = J|aR|/qR]* + Bg~" (11)

2]1/2

where J(x) is the cylindrical Bessel function of order 1. As the strontium ion concentration
increases, L increases from 14 A in 0.011 M SrCl, to 55 A in 0.080 M SrCl,. This variation
of L is consistent with the SANS finding in Figure 3 that the correlation length of the DNA
gels increases with increasing CaCl, concentration.

Figure 8 shows how the ASAXS profile of the strontium response A/ g) varies with the
concentration of SrCl, in the DNA solutions. The increase in slope of A/(g) at low ¢
above 0.05 M follows the same trend as observed in the SANS measurements (Figure 3) of
the gels with increasing CaCl, concentration, as the system approaches phase separation.
(Measurements at concentrations above 0.111 M could not be made owing to phase
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separation.) This behaviour differs markedly from that of the monovalent ions, where the
rubidium ASAXS profile is practically unaffected by the concentration of the calcium ions.
This result, together with the similarity in shape between the ASAXS and the SANS signals,
is consistent with the intuitive picture that the divalent ions form a tight cloud around the
DNA.

To determine the distribution of the strontium ion cloud in the immediate neighbourhood

of the DNA chain, the data of Figure 8 are re-displayed in Figure 9 in the Kratky
representation, ¢?A/g) vs g. This format emphasises the response in the high g region
where short range correlations dominate. In the case of a simple cylindrical ion distribution,
the maximum value of ¢?A/(q) is located at about gR = 1.84. The position of the maximum
thus reflects the radius ~ of the counter-ion cloud, and its amplitude is proportional to

the concentration of strontium ions in the vicinity of the DNA. Figure 9 shows that the
maximum of the signal from the DNA solution occurs at ¢~ 0.1 A=1 and its position

varies slightly over the concentration range investigated (0.011 to 0.111 M). As the SrCl,
concentration in the DNA solution increases, the amplitude of the signal increases, reflecting
the enrichment of strontium ions around the DNA chains.

The continuous curves in Figure 9 are the fits of Eq. 11 to the experimental data. For the
samples containing 0.1 M NaCl with 0.11 M SrCl;, (A) and 0.08 M SrCl, (0O) this procedure
yields R=15.5 A, while for the sample with 0.1 M NaCl and 0.011 M SrCl, (0), R=

13.5 A. The surrounding sheath of strontium ions at low concentration thus lies closer to
the DNA core, while, as already noted, the monovalent ions are pushed outwards. Also, at
low divalent ion concentration the maximum of the ¢Z/(g) curves increases with strontium
concentration, and at high divalent ion concentration attains a plateau. The height of the
peak is proportional to the number of strontium ions in the immediate vicinity of the DNA
chain. Similar analysis of the corresponding Rb signal yields #> 20 A.

It should be noted that, in the vicinity of the anionic DNA backbone, the solutions contain
both mono and divalent cations. These ions are in excess to the stoichiometric condition
for charge compensation. The equilibrium composition of the ion cloud surrounding the
polymer chains is the result of the competition between the counterions and is governed
by their specific binding capacity. Stoichiometry of charge neutralisation requires that two
monovalent cations replace one divalent cation. In systems in which both monovalent and
divalent counterions are in excess, however, existing models of polyelectolyte solutions
are unable to predict either how the presence of excess ions affects the exchange between
divalent and monovalent ions or the composition of the ion cloud.

The intensity of the maxima in the ASAXS signal, illustrated in Figure 9, is proportional
to the concentration of strontium ions in the counter-ion atmosphere around the DNA
chain. These plots can be calibrated by comparing the total SAXS spectra of the Sr-
containing samples with those of the corresponding calcium-containing DNA solutions.
This procedure is outlined in Appendix 1. The resulting dependence of the concentration
of strontium ions in the ion cloud is displayed in Figure 10 as a function of the strontium
chloride concentration in the bulk DNA solution. After a steep initial increase, the SrCl,
concentration in the cloud levels out, and reaches saturation at cgcj2  0.06 M. In contrast
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to this behaviour, the same figure shows that for the monovalent ion, the intensity of the
rubidium signal from the immediate neighbourhood of the DNA chain varies only weakly as
the concentration of calcium ions (calcium) increases. The observed change in the shape of
the rubidium signal at high g, however, shows that the divalent ions displace the monovalent
ions farther away from the DNA backbone.

CONCLUSIONS

In this work systematic SANS measurements are reported for DNA gels in which the
concentration of sodium and calcium ions and the pH are varied to determine the effect of
the ionic environment on the thermodynamic interactions and on the molecular organization.

In salt-free conditions, DNA gels exhibit a correlation peak in their SANS spectra similar to
that generally observed in polyelectrolyte solutions. This scattering feature reflects the local
alignment among the charged polymer chains due to the unscreened electrostatic repulsion.
In the 3% DNA gel the average separation of the DNA strands is approximately 100 A,
which is consistent with the distance estimated on the basis of a hexagonal arrangement

of the DNA double strands. Above 40 mM sodium chloride content, the correlation peak
disappears. At higher sodium chloride concentration a moderate increase occurs in the
scattering intensity, which can be described by an expression consisting of two terms. The
first term is governed by the osmotic concentration fluctuations in the gel, which exhibit

a correlation length L. The second term describes the scattering by static or quasi-static
inhomogeneities that are typical of gels, and give rise to excess intensity at low values of g.

The scattering response in the intermediate g range, /g) o« 1/g, indicates that the shape of
the fluctuating elements is linear. Increasing the salt content of the gel increases the scattered
intensity, and is accompanied by an increase in the correlation length L, corresponding to
increased mesh size of the DNA gel. A similar trend is observed upon addition of calcium
chloride or with decreasing pH, ultimately resulting in phase separation. Measurements of
the osmotic pressure IT show that increasing the calcium ion concentration from 0 to 0.2

mM in the equilibrium bath reduces IT by more than an order of magnitude. The osmotic
modulus of the DNA gels, derived from the osmotic swelling pressure measurements is in
good agreement with the dynamic component of the SANS intensity.

The ASAXS measurements on 3% w/w solutions of DNA (in which rubidium and strontium
ions are substituted for sodium and calcium ions, respectively) containing both mono-

and divalent counter-ions reveal that both the monovalent and divalent counter-ions follow
the contour of the polymer chains, but that the monovalent cloud is more extended.

Separate SANS observations demonstrate that the effects of calcium chloride and strontium
chloride, on the one hand, and sodium chloride and rubidium chloride on the other, are
indistinguishable. The results show that divalent ions affect the monovalent ion cloud only
weakly, even though they accumulate preferentially in the vicinity of the DNA chain and
form a tight cloud around it.
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APPENDIX

This appendix describes the procedure for normalizing the variation of the ASAXS signal
A/(g) by the ratio of SAXS intensities /g) at 15.8 keV measured in the DNA solutions
containing 0.1 NaCl plus variable amounts of either SrCl, or CaCl,. The intensity of the
signal far from resonance at values of g such that g/ << 1 is proportional to the square of the
difference in electron density between the solvent and the solute. Thus

1(q) &< r{(Z, + x(Z, = 2Zy)/[M,/d, = x(0, = 203)] = (Z/M)d,}? Ay

where g is the classical radius of the electron, Z,, Mj,and a), are respectively the number of
electrons, mass and density of the polymer backbone, Z;, Msand d;those of the background
solvent, while Z; are v are the electron number and ionic volume of the divalent ion, and
Znzand v, those of the sodium ion. The variable x is the number of divalent counter-ions
in the neighborhood of a DNA base pair. On inserting the values*’48 Z,= 320, M, =

615.4 Da, g = 2.01 glcm®, Zg,= 32.6, vs,= —21.2 cm?, Z¢,; = 18.29, v, = -20.7 cm?,

into Eq A1, and comparing with the measured ratio [/s{g)//c£q)]*/2, the value of x can be
computed. These measurements yield x ~ 1 in the plateau region of the strontium response
shown in Figure 10.
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Figure 1.
SANS response of 3% w/w DNA gels containing varying amounts of NaCl. Continuous

curves are the fits of eq. 5. Inset: dependence of L on concentration of NaCl.
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Figure 2.
SANS response for 3% w/w DNA gels containing 40 mM NaCl at different values of pH.

Continuous curves are the fits of eq 5. Inset: Dependence of correlation length L on pH.
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different amounts of CaCl,. Continuous curves: eq 5; dotted lines: first term of eq 5. Arrows
on left axis: estimates of /4,,(0) from osmotic pressure measurements using egs. 8 and 10.
Inset: Variation of mesh size L with CaCl, concentration.
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Dependence of the osmotic pressure of a DNA gel (cross-linked at 3% w/w) in equilibrium

with salt solutions as a function of polymer volume fraction. For each curve, the ionic
composition of the salt solution is constant. (O):10 mM NaCl ; (@): 40 mM NacCl; (+): 100
mM NacCl; (@ ): 0 mM NacCl + 0.05 mM CaCl,; (®): 40 mM NaCl + 0.10 mM CaCly; (@®):
40 mM NaCl + 0.20 mM CacCl,. Continuous lines are fits to eq 9.
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0.1

SANS response of 3% w/w DNA solutions in 0.1 NaCl with 0.06 M CacCl, (solid symbol),
0.06 M SrCl, (0), and without divalent salt (+), and also of a 3% w/w DNA solution in 0.1

RbCI (x).
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a) Response of 3 w/w% DNA solution containing 0.1 M NaCl and 0.05 M SrCl, SANS (¢)
and SAXS (+) at 15.8 keV, below the Sr absorption edge (16.1046 keV).39 The intensity
scale of the SAXS measurements is normalized to that of the SANS response at low g. Inset:
enlargement of the same data; b) SAXS response of same sample at two energies, 15.80 keV
and 16.102 keV. Inset: enlargement of selected region of the SAXS signal illustrating the

difference in intensity at the two energies.
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Figure 7.

Comparison between the ASAXS profiles A/g) in a 3% w/w DNA solution with 0.1 M
RbCI (red) and 0.011 M SrCl; (green). The mono- and divalent ion concentrations are
identical in the two samples. Incident energies are as follows: 14.9 and 15.197 keV for
the Rb-containing solution and 15.8 and 16.102 keV for the Sr containing sample. Inset:
ASAXS response of Rb-DNA solution with two different CaCl, concentrations: 0.011 M
(red), 0.080 M (blue). Lines are fits to Eq. 11.
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ASAXS response of strontium from 3 wt% DNA solutions with different SrCl,
concentrations in 0.1 M NaCl. Continuous lines are fits of Eqg. 11 to the data.
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Kratky plot of ASAXS signal ¢?A/(g) of selected DNA-Sr solutions shown in Figure 8,
where the A/(g) is the difference in scattered intensity between 15.8 and 16.102 keV.
Continuous lines are calculated from eq. 11 with R=15.5 A for samples containing 0.1 M
NaCl with 0.11 M SrCl, (A) and 0.08 M SrCl, (O), and 13.5 A for sample containing 0.1 M

NaCl with 0.011 M SrCl, (O).
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Figure 10.
Variation of weight fraction of resonant Sr ions (left hand scale) and of the Rb ions (right

hand scale) in the vicinity of the DNA chains as a function of divalent ion concentration in
the solution. Weight faction of the ions is with respect to the DNA.
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/\/‘ polymer chain

Scheme 1.
Distribution of polymer chains (left figure) and ions (right figure) in swollen polyelectrolyte

gels.
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