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Abstract

Anomalous small angle X-ray scattering (ASAXS) exploits contrast variation

methods to highlight the scattering from one elemental component in a multi-

element sample, such as one ion species in an ion–DNA system. The ASAXS
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method has been applied to measure ions condensed around short nucleic acid

duplexes. This chapter, which briefly describes the origin of the ASAXS signal,

focuses on the experimental methods required to carry out these measure-

ments and the interpretation of the anomalous signals.
1. Introduction

The high negative charge of DNA and RNA backbones is intimately
linked to the structure and function of these macromolecules. To achieve
electrical neutrality, this substantial charge is compensated by positively
charged atoms/molecules, such as proteins, polyamines, or ions
(Bloomfield et al., 2000). For many RNAs, counterions provide sufficient
screening to overcome repulsive forces; large RNAs fold to biologically
functional structures following the addition of millimolar quantities of
divalent ions to low ionic strength solution. Clearly, ion association to
nucleic acids is important in facilitating biologically relevant interactions.

The importance of quantifying ion–nucleic interactions has long been
recognized; numerous techniques have been applied to detect ions asso-
ciated to (condensed around) nucleic acid strands. Past studies have moni-
tored changing NMR relaxation rates for cations condensed around DNA
(Anderson and Record, 1990). A second method detects associated coun-
terions by monitoring energy transfer between luminescent lanthanide ions,
which depends on the collision frequencies of condensed counterions
(Wensel et al., 1986). Ion-sensitive dyes provide precise calibration of free
ion concentrations; ion binding can alter interaction with these indicators
(Grilley et al., 2009). Finally, inductively coupled plasma-atomic emission
spectroscopy (ICP-AES or AES) (Bai et al., 2007; Plum and Bloomfield,
1988) has been applied to determine the elemental composition of carefully
buffer-exchanged samples containing DNA relative to a control sample
which does not contain DNA. Differences in ion population in these two
samples report the number of excess counterions or excluded coions due to
the presence of the nucleic acid. The subject of this chapter is a technique
that provides information about the spatial distribution of ions associated to
DNA or RNA: anomalous SAXS (or ASAXS). These measurements enable
direct comparison with theoretical predictions of ion spatial distribution.
To date, much experimental effort has focused on measuring ions associated
to short strands of DNA, due to the enhanced robustness (and reduced
expense) of DNA relative to RNA. ASAXS results confirm the predicted
dependence of ion spatial distribution on ion valence and competition.
Most recently, ASAXS studies of ion–RNA systems illustrate key differ-
ences between ion association to RNA as opposed to DNA, highlighting
the importance of helix topology.
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2. Background: SAXS and ASAXS

2.1. Small angle X-ray scattering

We begin with a brief discussion of small angle X-ray scattering (SAXS).
This valuable experimental technique provides information about the size,
shape, compactness, and molecular weight of molecules in solution when
their characteristic size is larger than the wavelength (l) of the X-rays used,
typically 1 Å (Doniach, 2001; Svergun and Koch, 2003). Thus, it is an ideal
probe of nucleic acid conformation. SAXS experiments on macromolecules
are typically conducted in solution, where molecules can freely change
conformation; however, the orientation of molecules relative to the inci-
dent beam is unconstrained, so the SAXS signal reports a spherical average
of molecular orientations. Some of the most recent analysis methods are
discussed in Chapter 11.

Small angle scattering from RNA or DNA arises from phase differences
between X-rays scattered from electrons at different locations within the
macromolecule. The intensity of the scattered radiation is largest along the
direction of the incident beam, and decreases as the scattering angle, 2y,
increases. The angular dependence of the scattered X-rays reflects the size
and shape of the sample; at a given scattering angle the measured intensity
relative to the maximum value at 2y ¼ 0 is smaller for larger objects, due to
the greater path length (hence phase) difference of X-rays scattered from
widely separated sources (Glatter, 1982). Thus, the angular dependence of
the scattered radiation reflects the spatial distribution of electrons inside the
sample, in this case the macromolecule. Figure 19.1 illustrates the geometry
of a typical scattering experiment.

The strength of the scattering signal arises from the difference in electron
density (or contrast) of the macromolecule relative to the background solvent.
The measured intensity I(2y) is directly proportional to the product of the
molecular concentration and the square of the electron density difference
between macromolecule and solvent (Svergun and Koch, 2003) at the
corresponding length scale. When the scattering is from DNA or RNA, an
additional component must be considered: the high-density cloud of counter-
ions closely associated to the nucleic acid strand (Manning, 1969). For these
systems, scattering arises from the excess electron density (contrast) of both the
nucleic acid and the counterions relative to the uniform solvent background.
2.2. Anomalous SAXS provides measurements of ion
distributions

Anomalous SAXS (ASAXS) takes advantage of contrast variation methods
to highlight the small angle scattering signal from a single elemental com-
ponent correlated with a larger system (Stuhrmann, 1981), for example, one
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Figure 19.1 Schematic of a small angle X-ray scattering experiment. The top panel
illustrates how a SAXS experiment is carried out. An X-ray beam, incident from the
left, is scattered by the sample. The angular dependence of the scattered radiation is
recorded on a two-dimensional CCD detector placed about 1 m downstream of the
sample. A typical image from such a detector is shown at top, right. To avoid detector
damage, the direct beam is blocked by a beam stop, which can be seen at the lower left
of the image. The lower panel illustrates how the size of objects in the sample affects the
scattering profiles. Scattering from smaller objects persists to higher angle than scatter-
ing from larger objects because the phase differences between scattered X-rays are
smaller. For smaller objects destructive interference occurs at larger angles. In addition,
the scattering in the forward direction (at zero angle) reflects the molecular weight of
the sample. Thus, scattering from the larger (pink) object has a higher intensity at zero
angle, but decreases more rapidly with angle than scattering from a smaller, less massive
(green) object.
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species of ion in an ion–DNA system. All elements possess a unique set of
characteristic energies, corresponding to electron binding energies and can
be individually targeted by tuning the energy of an X-ray beam until it
exactly equals, or is resonant with a specific electronic transition. Near its
resonant energy the scattering power of this element is reduced (e.g.,
Creagh, 1999). Thus, if scattering is measured far from a resonant edge
and a second profile is measured close to a resonant edge, scattering from the
resonant element will be altered. For these experiments, the contrast, or
scattering strength of the ions alone has been modified. By precise subtrac-
tion of normalized signals, it is possible to obtain information about the
spatial distribution of the resonant elements surrounding nonresonant struc-
tures. If ions with accessible resonant edges are employed, counterions
around DNA can be targeted. This latter condition places severe restrictions
on the elements that can be probed. Since most biologically interesting
counterions (e.g., Naþ, Kþ, Mg2þ, Ca2þ) are derived from low Z
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(atomicnumber) elements, this lower bound is of interest.Due to experimental
challenges associatedwithmeasurements atX-ray energies below about 6 keV,
elements with Z greater than 24 (e.g., Mn) are most easily accessible.
2.3. Computation and interpretation of ASAXS signal

The amplitude of X-rays scattered into a particular direction (characterized
by a momentum transfer q ¼ (4p/l)siny ) is expressed as the product of a
form factor, F(q) that describes the shape of the ‘‘scatterer’’ and a scattering
factor, f which reflects the electron density of the ‘‘scatterer’’ relative to the
background. The latter factor is of critical importance to ASAXS. Far from
the absorption edge, f has a constant value f0, that of the X-ray atomic form
factor that (in vacuum) is proportional to atomic number (Z); near the edge
f changes dramatically. Due to ‘‘resonant scattering’’, the real part of f
decreases by an amount denoted f 0, while an imaginary component, f 00
appears at (and above) the edge, and accounts for absorption by the atom.
Near an ion’s absorption edge, the total scattering factor is energy depen-
dent and expressed as

fion ¼ f0 þ f 0ðEÞ þ if 00ðEÞ ð19:1Þ
The energy dependent contributions to the scattering factor, f 0 and f 00

are illustrated in Fig. 19.2 for cobalt. Cobalt is of interest to our work
because of its presence within cobalt hexammine, a trivalent ion commonly
used in nucleic acid studies.

For a multicomponent system consisting of ions plus DNA, the scatter-
ing amplitude is expressed as: As ¼ fDNAFDNA(q) þ fIONSFIONS(q). Here,
the f ’s represent the effective number of electrons that contribute to the
scattering while the F’s reflect the spatial arrangement of the scattering
particles, thus fIONS ¼ Nions*fion where Nions equals the number of ions
associated to (condensed on) the nucleic acid. (Note that the effective
number of electrons contributed to the scattering is computed relative to the
solvent background. See Das et al. (2003b) for more information about this
contrast.) Since detectors measure intensity, not amplitude, and the intensity I
(q) is the product of the scattering amplitudeAs and its complex conjugateA*

s :

IðqÞ ¼ ð fDNAFDNAðqÞ þ fIONSFIONSðqÞÞð fDNAFDNAðqÞ þ fIONSFIONSðqÞÞ*
ð19:2Þ

To compute I(q, E ) near the ion absorption edge (and far from any resonant
edge for the DNA), the energy dependent expression for fion is substituted
into the above equation. With the restriction that measurements are made
below the edge, so f 00(E) � 0, the intensity can be expressed as a quadratic
function of f 0(E) (Patel et al., 2004):



5

0

f �

f ��
Sc

at
te

ri
ng

 f
ac

to
rs

 (
el

ec
tr

on
s)

-5

-10
7000 7200 7400

Eoff

Eon

7600

X-ray energy (eV)

7800 8000 8200

Figure 19.2 Changes in the scattering factor of cobalt near the cobalt absorption edge.
At energies approaching the cobalt K-edge (7.71 keV), the effective scattering factor of
cobalt changes due to anomalous or resonant effects. The lower curve reflects changes
in the real part of the scattering factor, while the upper curve reflects changes in the
imaginary part of the scattering factor (absorption). The circles represent typical work-
ing energies for an ASAXS experiment at this edge. Energies are selected to maximize
changes in f 0 while keeping changes in f 00 minimal.
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Iðq;EÞ ¼ c þ b � f 0ðEÞ þ að f 0ðEÞ2Þ ð19:3Þ
where

a ¼ N2
ionsF

2
IONS; b ¼ Nions*ð2fDNAFDNAFIONS þ 2f0NionsF

2
IONSÞ;

c ¼ ð fDNAFDNAÞ2 þ 2fDNA f0NionsFDNAFIONS þ ð f 20 N 2
ionsFIONSÞ2

Thus, at each value of q, I(q, E) varies with f 0(E) to the 0th, 1st, and 2nd
order. The total number of electrons associated with the DNA is signifi-
cantly larger than the total number of electrons associated with the coun-
terion system, although the effects of hydration and electrostriction make it
challenging to compute exact values for scattering factors a priori (Das et al.,
2003b). The third term in Eq. (19.3) is significantly smaller than the second,
because the change in the contrast is typically a small fraction of the total
contrast. Thus, if measurements are carried out at only two energies below
the edge, the intensity difference is well approximated by linear variation:

DIðqÞ ¼ b�ð f 0ðE2Þ � f 0ðE1ÞÞ � FDNAFIONS ð19:4Þ
This approximation assumes that contributions from the F2

IONS term are
smaller than those resulting from the FDNAFion terms because in general
fDNAFDNA is larger than f0NionsFIONS.
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Three products of form factors occur in Eq. (19.3): FDNAFDNA,
FDNAFIONS, and FIONSFIONS. Figure 19.3 provides guidance for interpret-
ing each of these terms. The interference term of Eq. (19.4) depends on
both the structure of the DNA and the spatial distribution of the counterion
cloud surrounding it. In simple terms, it reflects the set of all vectors that
have one end inside the DNA and the other end in the ion cloud (such as
the red arrow in Fig. 19.3). In this chapter, we report on anomalous signals
derived from the difference between scattering intensities taken at two
energies (Eq. (19.4)). Extraction of all three terms in Eq. (19.3) requires
precise measurement of the (smaller) F2

IONS term. As discussed in the
literature ( Jusufi and Ballauff, 2006), we note that the ‘‘a’’ term can be
extracted from a quadratic fit, if measurements are carried out at several
energies such that f 0(E)2 varies by an order of magnitude. The coefficient of
this term, F2

IONS directly reports the spatial distributions of the ions without
reference to the structure of the DNA. Efforts are currently underway to
measure this term for ions around DNA.

In summary, ASAXS has the potential to provide information both
about the association of counterions to a macroion, as well as about the
Associated
counterion

B-DNA

Figure 19.3 Interpretation of form factor products in Eq. (19.3). This figure illustrates
the meaning of the cross-terms of Eq. (19.3), using an atomic representation of
B-DNA, along with condensed counterions (blue circles). The FDNAFDNA term, dis-
cussed in the text, is related to the set of all vectors that begin and end in the DNA, for
example, the yellow arrow. The FDNAFIONS term is related to the set of all vectors with
one end in the DNA and the other end in the counterion cloud, for example, the red
arrow. Finally, the FIONSFIONS term is related to the set of all vectors connecting ions,
represented by the cyan arrow in the figure.



398 Suzette A. Pabit et al.
structure of the ion cloud alone. Analysis and interpretation of the data is
discussed in a later section.
3. Experimental Setup: Samples

3.1. Sample preparation

Samples discussed here are annealed duplexes of single-stranded 25 nucleo-
tide desalted and purified DNA (IDT, Coralville, IA) and RNA molecules
(Lafayette, CO) (Andresen et al., 2004, 2008; Das et al., 2003b; Pabit et al.,
2009). The duplex strands were dialyzed extensively to a specific bulk salt
concentration (e.g., 100 mM Rb(CH3COO) and 0.5 mM Co(NH3)6Cl3)
and buffer solutions using microcon centrifugal filter units (Millipore
Corporation, Billerica, MA). This dialysis step is important because it
ensures that the condensed ions around the nucleic acids and ions in the
bulk solution were able to attain equilibrium. Note that we favor the lower
molecular weight anion acetate, as opposed to Cl� to minimize background
scattering. After dialysis, the nucleic acid solutions are brought to a final
volume of 40 ml and final duplex concentrations of 0.2–0.6 mM.
4. Experimental Setup: Beamline

4.1. From source to sample

The following information is based on experience using a single beamline
(CHESS C-line), over approximately 5 years. A bend magnet source of
synchrotron radiation X-rays has proved quite adequate for a wide range of
ASAXS measurements. The beamline delivers flux at the sample of up to
5 � 1011 photons/s/mm2, in bandwidth DE/E � 0.00025 at 10 keV,
using a silicon (220) double crystal monochromator (mono). The mono is
set to collect up to two horizontal milliradians that is focused (approximate
ratio 3:1) at a convenient point between the sample and detector. This point
is determined by the maximum horizontal sample size. One can reduce
horizontal divergence at the cost of intensity. Before a recent upgrade, a flat
rhodium coated, postmono mirror was used in conjunction with mono-
crystal detuning to suppress high-energy harmonics. The upgrade provides
vertical focusing capability upstream of the mono, increasing flux by two to
three times, without appreciable change in divergence. The effect of the
horizontal divergence is to ‘‘blur’’ the scattering pattern in this direction.
Although the blurring is pronounced only along the horizontal direction,
we accept scattering data that fall within �45� around the vertical. The
width of a peak in the scattering profile from our polycrystalline calibrant
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Slit Slit Detector

Downstream flight tube

Figure 19.4 A schematic view of the ASAXS setup; downstream is to the right. Ion
chambers (blue) monitor beam intensity before and after the main slit, and can be
inserted for measurement of sample transmittance between downstream flightpath
(green) and CCD X-ray detector. A guard slit with built-in shutter and sample is
located between the flight tubes. All slits are moved under user control. The flight
tube upstream of the sample is helium filled and contains a built-in ion chamber; the
downstream path is vacuum terminated by silicon nitride at the front end and Kapton at
the detector end. A beamstop with transverse position control is located in the vacuum;
it is made from amorphous metal that greatly reduces energy dependent powder
diffraction structures that can compromise the beamstop scattering used to monitor
beam transmission through the sample.
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silver stearate displays no broadening on this scale. A schematic drawing of
the ASAXS beamline is shown in Fig. 19.4.
4.2. Sample cells

Small volume (�30 ml) sample cells are manufactured by machining a
rectangular hole through a flat piece of acrylic. The X-ray energy (deter-
mined by the resonant energy for ASAXS experiments) dictates the acrylic
(and sample) thickness. Thin cells are better suited for lower energies due to
increased absorption. For measurements near 8 keV (Co K-edge)�1 mm is
optimal while �3 mm sample thickness is used at 15–16 keV (Rb and Sr
K-edges). The cells are fitted with silicon nitride windows, fabricated at the
Cornell Nanoscale Science and Technology Facility using a wet-etch
process. Ultrathin windows provide good signal-to-noise by minimizing
background absorption and scattering and allowing accurate background
subtraction (Andresen et al., 2004). Window fabrication is discussed in more
detail in Chapter 12. Small holes are drilled through the acrylic into the
sample volume to enable filling by syringe. Figure 19.5 shows a photograph
of the sample cells, with details provided in the caption.

pii:S0076-6879(09)69012-1
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Figure 19.5 The ASAXS sample cells. This photograph shows three adjacent sample
cells used for ASAXS measurements. As described in the text, the cells are machined
from acrylic. The long fill holes that run up and down are used to load and unload the
cells. The leftmost cell in the photograph is unsealed; the two cells at the right have been
sealed with silicon nitride windows. The silicon nitride free standing membrane is the
light green rectangle at the center of the silicon supporting frame.
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4.3. From sample to detector

After passing though the sample cell, the scattered X-rays travel to the
detector through an evacuated flight tube. The use of vacuum eliminates
additional background arising from air scatter. Near the end of the flight
tube, a motorized (XIA, Hayward, CA) beam stop prevents the direct beam
from reaching the CCD detector (homebuilt 1 K, fiber-optically bonded
CCD; Tate et al., 1995) used in collecting the scattering data. Compton
scattering from the beam stop passes though a vacuum-sealed Kapton
window on one side of the flight tube to an Xflash detector (Rontec,
Carlisle, MA) which monitors the X-ray intensity transmitted through the
sample cell and allows intensity normalization of the data. The distance
between the sample cell and the CCD is about 1 m.
5. Data Acquisition

For anomalous scattering experiments, data are acquired near the K
absorption edge energies of chosen elements. The energy constraints, dis-
cussed above, require that we study monovalent Rbþ (edge at 15.2 keV),
divalent Sr2þ (16.1 keV), and trivalent cobalt hexammine (Co edge at
7.71 keV) to monitor ion distributions around DNA. The energy resolution
of the beamline monochromator varies from 2 to 4 eV between 7.5 and
16.1 keV. To obtain the anomalous signal, DI(q), Eq. (19.4), we acquire
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scattering data at two X-ray energies. The first is well below (Eoff-edge or
Eoff), and the second near (Eon-edge or Eon) the absorption edge. From
Eqs. (19.3) and (19.4), we show that the difference of Eon and Eoff scattering
profiles removes the energy independent terms and yields the anomalous
scattering signal Eq. (19.4), written explicitly as

DIðqÞ¼ Iðq;Eoff Þ�Iðq;EonÞ�2fDNAFDNAðqÞNionsðf 0ðEoff Þ� f 0ðEonÞÞFIONS

ð19:5Þ
Energies are selected from transmission scans of a reference solution

containing the ion of interest. Care must be taken to find the X-ray edge,
which may be shifted from the edge of a pure metal reference. The on
energy is set to maximize the magnitude of Df 0ðEÞ while Df 00ðEÞ and
fluorescence contributions to the image are very small (see Fig. 19.2).
To illustrate how X-ray energies, Eon and Eoff, are determined, consider
measurements near the Rb edge. From measurements of the energy-depen-
dent transmission through a Rb–Acetate solution the absorption peak was
determined to be 15.230 keV.We set the ‘‘on’’ energy just below the onset of
absorption, Eon ¼ 15.213 keV, while Eoff ¼ 15.113 keV is well below the
absorption edge.

To minimize time-dependent systematic errors, data are collected using
the following acquisition sequence: two images at Eoff, four images at Eon,
two images at Eoff. We repeat this sequence either eight (or 16) times.
For effective background subtraction, anomalous scattering data acquisition
of the sample is bracketed by four (or eight) sequences of buffer images,
taken immediately before and after the DNA measurements. Buffer back-
ground images are acquired by measuring SAXS profiles of solutions used
for dialysis. This procedure yields a total of 32 (or 64) Eoff images and 32
(or 64) Eon images per sample. At higher (i.e., Rb and Sr) energies where
there is reduction in background scattering, 32 images per energy per
sample suffice to achieve good signal to noise ratio. For the lower energy
Co experiments, 64 images per energy per sample are required. The X-ray
exposure time per image is 10 s, and the total exposure is below the
threshold for radiation damage at CHESS C-line. Images are radially
integrated to produce a one-dimensional I versus q curve. Decay of X-ray
beam intensity over time, as well as any energy dependent differences in
transmission are accounted for by transmitted beam intensity normalization.

Figure 19.6 illustrates how we process the two-energy data and generate
the ASAXS profiles. First, we average the set of all DNA and buffer intensity
profiles at each of the two energies. The averaged data are displayed in
Fig. 19.6A. Note that both DNA and buffer profiles, taken at Eon, have
slightly elevated background relative to Eoff data; this is due to X-ray
fluorescence. Most of this fluorescence background is removed by buffer
subtraction (see Fig. 19.6B). The remaining on-edge fluorescence results
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from the slightly elevated concentration of ions in the DNA-containing
solution compared to the buffer solution. We compute the additive correc-
tion resulting from this offset, fluoroffset, by matching Eon and Eoff profiles at
high q. It is also critically important to account for the changing transmission
of all beamline components as the energy is varied, as well as the energy
response of all detectors. A multiplicative correction factor lcorrection is
computed, based on differences between on- and off-edge profiles of
DNA in nonresonant buffers of identical ionic strength. The correction
factor lcorrection ¼ Inonrsntðq;Eoff Þ=Inonrsntðq;EonÞ is typically computed from
a sample dialyzed against for example, 100 mM NaCl instead of 100 mM
Rb–Acetate. Here, Inonrsnt is the scatting from the nonresonant sample.
Typically, this multiplicative factor is equal or very close to unity.
The corrected SAXS signals are represented by Eq. (19.6) and shown
in Fig. 19.6C.
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Icorrðq;EonÞ ¼ Iðq;EonÞ � lcorrection � flouroffset

IanomðqÞ ¼ Iðq;Eoff Þ � Icorrðq;EonÞ
ð19:6Þ

The corresponding ASAXS profiles, Ianom(q), are shown in Fig. 19.6D.
Note that the difference signal is small. This signal arises from approximately
40 Rbþ ions per 25 bp DNA and typically is one order of magnitude smaller
than the on- or off-energy SAXS profiles. However, these ASAXS data
collection methods produce results that are robust and reproducible
between runs.
6. Results and Data Analysis

ASAXS provides valuable spatial information about ions associated to
nucleic acids. Because ion resonance is X-ray energy specific, a particular
ionic species can be targeted in ASAXS experiments (even in conditions
where there are multiple ionic species in the bulk solution). In this section,
we provide several examples of how ASAXS experiments can be used to
study counterion atmospheres around DNA and RNA.
6.1. Comparison of spatial distributions for ions
of different valence

The shape and extent of the anomalous signal can used to probe the spatial
distribution of selected valence ions around DNA. In Fig. 19.7, we show
the increase in high-angle (high q) anomalous scattering as the ion valence
increases from 1 to 3. Note that X-ray scattering from a larger object falls off
more rapidly than scattering from a smaller object (illustrated in Fig. 19.1).
In ASAXS, the anomalous signals generally represent the set of all vectors
with one end inside DNA and the other in the ion cloud. Thus, ASAXS
signals persisting to higher q represent shorter vectors linking DNA to ions.
Through this qualitative comparison, we find that higher valence ions are
more tightly bound (more localized) to the DNA surface than lower valence
ions (Andresen et al., 2004, 2008).
6.2. ASAXS probes competition of different ionic species

When a solution contains multiple ionic species, ASAXS can be used to
determine the fractional contribution of each cationic species to the ion
atmosphere around nucleic acids. As an illustration, we show monovalent
and trivalent ion competition around DNA. Figure 19.8A displays anoma-
lous difference signal from Rbþ ions bound to DNA in two solutions. In a
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condensed counterions. Panel (B) shows ASAXS curves acquired on the same samples
at the Co energy. In the pure Rb sample (blue curve), no cobalt hexammine is present
and the signal intensity is zero. The green curve shows the increasing cobalt anomalous
signal, reflecting the presence of cobalt in the counterion cloud.
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solution containing DNA in 100 mM Rbþ ions, there is a large anomalous
signal; yet when even small amounts of trivalent ions are added to the
solution (0.5 mM [Co(NH3)6]

3þ ion), the monovalent ions are rapidly
displaced from around DNA and the Rb anomalous signal decreases signifi-
cantly. Although the bulk concentration of Rbþ is equal for both experi-
ments, the decrease in bound Rbþ occurs because of strong competition
from trivalent [Co(NH3)6]

3þ. The corresponding increase in the
Co anomalous signal is shown in Fig. 19.8B. The change in amplitude of
the ASAXS signal is quantified by integrating the total anomalous scattering
profile and scaling this signal to reflect the DNA charge. Within the
approximations discussed herein, this yields the relative number of ions
around the DNA. This value was further verified by comparing the
integrated magnitude of the ASAXS signal with results from ICP experi-
ments on identically prepared samples. The latter measurements report the
number of excess cations, and are in good agreement with the ASAXS
results. Figure 19.9 shows the integral of the ASAXS signals at the Rb
and Co energies and the comparison to the predictions to the nonlinear
Poisson–Boltzmann (NLPB) equation, using the APBS package for com-
parison (Baker et al., 2001). Note the marked decrease in the number of
bound Rbþ ions as the concentration of the competing trivalent ion is
increased while the bulk monovalent ion concentration is kept at 100 mM.
Details of this experiment can be found in Andresen et al. (2008).
6.3. Comparing experimental ASAXS profiles with NLPB
simulations

While most previous ASAXS studies have focused on DNA, we have
recently used ASAXS to probe the counterion distribution around dou-
ble-stranded RNAmolecules. In previous work, we showed that numerical
calculations using an ion-size corrected NLPB model adequately describes
ASAXS data (Andresen et al., 2004; Das et al., 2003a,b). By comparing
experimental ASAXS profiles with simulations based on the NLPB equa-
tion (Pabit et al., 2009), we found that the RNA anomalous signal is
more sensitive to the choice of probe ion radius used in the calculations
(see Fig. 19.10). In fact, an ion radius upper bound of 4 Å is necessary to
adequately describe RNA ASAXS data. In the case of DNA, a wider range
of 2–6 Å ion radii sufficiently describes the data (see Fig. 19.9). We attribute
the difference between DNA and RNA to A-form helix topology. The
RNA A-form helix has a deeper and narrower major groove compared to
the DNA B-form helix. We find that counterions penetrate the A-form
major groove as suggested by past crystallographic (Robinson et al., 2000)
and theoretical (Chin et al., 1999; Mills et al., 1992) studies. In general, the
counterions are more closely localized to the RNA central axis than DNA
as shown in the ASAXS profiles displayed in Fig. 19.11A. RNA anomalous
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signals persist at higher q suggesting closer association of counterions to the
RNA molecules.

Another comparison of experimental and theoretical data is shown in
Fig. 19.11B and C. Here, we compute the radial Patterson inversions,U(R),
of the experimental data (Fig. 19.11B) for comparison with the simulations
(Fig. 19.11C).

The radial Patterson inversion of the anomalous difference signal is
calculated using

UðRÞ ¼ R

4p2

ð
q�IanomðqÞ� sinðqRÞdq ð19:7Þ
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as described by Engelman et al. (1975). In the ideal case,U(R) reports on the
distribution of vector lengths correlating nucleic acids with the condensed
counterions, supporting our qualitative result that ions are more closely
localized to the RNA than the DNA. However, some caution must be
employed when using Patterson inversions in describing ASAXS data
because the anomalous signal contains small contributions from ion–ion
distances, as shown in Eqs. (19.3) and (19.4). We note that ion–ion distances
should mimic the DNA– or RNA–ion distances since ions that are tightly
bound to the nucleic acid are also closely associated with each other. Due
to the complexities in separating out the different terms illustrated in
Fig. 19.3, it is most straightforward to analyze and interpret the data by
direct comparison to simulations.
7. Conclusion

Overall, this chapter shows how ASAXS data can be acquired and
carefully interpreted to yield information related to the spatial distribution
and number of counterions associated to DNA. Due to the small size of
the signal, ASAXS requires careful attention to experimental detail.
Background scattering must be minimized to the greatest possible extent.
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The most robust analysis methods involve direct comparison of the DI
(q) term with theoretical computations. Agreement between data and
prediction then validate the models used. The application of ‘‘inversion’’
approaches involves taking Fourier transforms of the data to yield the set of
vectors connecting scattering particles. However, one must be cautious
when interpreting the results of these inversions. Experiments are cur-
rently underway to measure the F2

IONS term independently, which will
allow us to extract the pure ion–DNA cross-term which is more straight-
forward to interpret.

In spite of challenges, ASAXS continues to provide unique information
about ions associated to DNA or RNA.
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