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Determining the Locations of lons and Water around DNA from X-Ray
Scattering Measurements

Steve P. Meisburger,’ Suzette A. Pabit," and Lois Pollack’""
School of Applied and Engineering Physics, Cornell University, Ithaca, New York

ABSTRACT Nucleic acids carry a negative charge, attracting salt ions and water. Interactions with these components of the
solvent drive DNA to condense, RNA to fold, and proteins to bind. To understand these biological processes, knowledge of
solvent structure around the nucleic acids is critical. Yet, because they are often disordered, ions and water evade detection
by x-ray crystallography and other high-resolution methods. Small-angle x-ray scattering (SAXS) is uniquely sensitive to the
spatial correlations between solutes and the surrounding solvent. Thus, SAXS provides an experimental constraint to guide
or test emerging solvation theories. However, the interpretation of SAXS profiles is nontrivial because of the difficulty in sepa-
rating the scattering signals of each component: the macromolecule, ions, and hydration water. Here, we demonstrate methods
for robustly deconvoluting these signals, facilitating a more straightforward comparison with theory. Using SAXS data collected
on an absolute intensity scale for short DNA duplexes in solution with Na*, K™, Rb™, or Cs* counterions, we mathematically
decompose the scattering profiles into components (DNA, water, and ions) and validate the decomposition using anomalous
scattering measurements. In addition, we generate a library of physically motivated ion atmosphere models and rank them
by agreement with the scattering data. The best-fit models have relatively compact ion atmospheres when compared to predic-
tions from the mean-field Poisson-Boltzmann theory of electrostatics. Thus, the x-ray scattering methods presented here pro-
vide a valuable measurement of the global structure of the ion atmosphere that can be used to test electrostatics theories that go

beyond the mean-field approximation.

INTRODUCTION

Charged biomolecules interact with the surrounding envi-
ronment. In aqueous solutions, these highly charged mole-
cules attract an atmosphere of ions and water that is
responsible for screening electrostatic interactions between
molecules. One striking example of the consequences
of electrostatic screening is the salt-dependent collective
behavior of nucleic acids: DNA molecules strongly repel
each other in low-salt solutions (1) but form condensed
phases when certain multivalent cations are added (2-4).
In biological systems, ion atmospheres are necessarily
altered as nucleic acids carry out their varied roles in
the cell: processing the genetic code, regulating gene
expression, and assembling complexes with protein and
small-molecule partners. In these cases, changes in the ion
atmosphere may contribute significantly to the total free-en-
ergy difference that drives these biologically important
structural transitions. Beyond its biological importance,
the ion atmosphere is also integral to DNA-based nanotech-
nologies. Applications such as the electronic detection of
specific DNA sequences in solution (5-8) and electronic
control of hybridization (9) rely on devices that use an elec-
tric field to influence the ion atmospheres around surface-
tethered molecules. Knowledge of the precise arrangement
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of ions and water around DNA will facilitate the efficient
design and operation of such biologically inspired devices.

Efforts to model the solvent distribution around charged
biomolecules are not new: many theoretical perspectives
ranging in scope from mean-field models to all-atom simu-
lations with explicit solvent have been applied. The former
approach is commonly used by experimental scientists who
wish to gain insight into solvation effects with minimal
computational expense, and it includes the Poisson-Boltz-
mann (PB) theory, which provides a mean-field treatment
of the ion atmosphere in a uniform dielectric medium.
The application of this theory to macromolecular systems
leads to a partial differential equation, the nonlinear PB
equation (NPBE), whose solution prescribes the average
counterion density surrounding the macromolecule (10).
It is important to note that NPBE-based approaches accu-
rately predict the colligative properties of DNA. Currently,
all-atom grid-based solvers provide exact solutions to the
NPBE and are widely used for macromolecular electro-
statics calculations (11-13).

Despite the appeal of this straightforward-to-apply
method, PB has several simplifying assumptions that break
down in the modeling of highly charged molecules such as
DNA (10,14-17): ions are modeled as point charges, ion-ion
interactions are neglected, and the solvent is approximated
as a uniform dielectric medium. More sophisticated models
have emerged to address some or all of these concerns.
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Notable examples include the tightly bound ion model
(18), molecular dynamics (MD) (17), and the three-dimen-
sional reference interaction site model (19). These more so-
phisticated models differ significantly from PB in their
predictions for the spatial arrangement of the ions, as exem-
plified by comparisons between PB and MD (20). Here, by
careful measurement and NPBE-based modeling, we high-
light a key difference between PB models and measurement
that is consistent with the breakdown of PB near the DNA
surface.

Our structural studies rely on small-angle x-ray scattering
(SAXS), a technique uniquely sensitive to the spatial distri-
bution of all statistically associated ions (15,21,22). X-ray
scattering signals contain contributions from the ions,
macromolecule, and hydration water. To separate the scat-
tering contribution from the ions, several studies have taken
advantage of anomalous (or resonant) scattering (15,23),
where the strength of scattering from only one compo-
nent (e.g., the ions) is varied by tuning the x-ray energy
near an absorption edge. Scattering profiles are typically
measured at two energies near the edge, and the difference
signal reports the spatial correlation between the ions and
the DNA. This method, called anomalous SAXS (ASAXS)
has been particularly useful for comparison with theories
describing ion distributions around duplexes (15,20,24).

Using absolute-intensity calibrations, we recently ex-
tended ASAXS methods to count the total number of
statistically associated ions around RNA and DNA (25).
Although ion counting has been demonstrated using the
Donnan effect in equilibrium dialysis experiments (26,27)
or with ion-binding fluorescent dyes (28), ASAXS is the
only method that provides both the number and distribution
of ions around nucleic acids, which is essential for the
most accurate comparison to theory. However, the achiev-
able signal/noise ratio in ASAXS measurements is limited
by the small difference signals (typically <10%) and sensi-
tivity of macromolecule solutions to radiation damage (29).
Furthermore, both the macromolecule and its hydration
layer contribute to the anomalous difference signal; these
cross-terms must be taken into account when comparing
with theory.

Here, we describe a straightforward extension of the
absolute-intensity ASAXS method in which heavy atom
isomorphous replacement is used to vary the contrast (scat-
tering strength) of the ion atmosphere. Relative to anoma-
lous scattering, changes in ion contrast by heavy-atom
substitution can be large, providing a greater signal/noise
ratio and more precise information about the locations of
ions around the nucleic acid. Unlike previous heavy-atom
replacement studies (15,21,22,30,31), we decompose the
scattering data into its three components (DNA alone, ions
alone, and the DNA-ion cross-term) to extract greater detail
about the ion environment. A comparison of absolutely cali-
brated SAXS profiles to predictions based on the NPBE sug-
gests that standard PB theory underestimates the number of
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ions present near the DNA surface. Finally, these absolute-
intensity measurements provide the number of waters in
close proximity to the DNA. These data should be valuable
for testing new computational methods that build on PB
theory by including additional solvent degrees of freedom
(19,32).

MATERIALS AND METHODS
Sample preparation

DNA samples were prepared as described in the Supporting Material.
Briefly, a mixed-sequence, 25 basepair DNA duplex (charge —48e) was
formed from two synthetic oligonucleotides by annealing and buffer-
exchanged in four different solutions containing 100 mM of 1:1 salt
(NaCl, KCI, RbCl, and CsCl) and 1 mM Na-MOPS, pH 7.0. The DNA con-
centration was determined by ultraviolet absorbance at 260 nm, and stocks
were diluted using the matching buffer to a concentration of 50 uM for
SAXS and 150 uM for ASAXS.

SAXS data collection

SAXS data were collected at the Cornell High Energy Synchrotron Source
(CHESS) beamline G1, which has a 49-pole wiggler source and multilayer
optics. The monochromator was tuned to an x-ray energy of 10.53 keV, and
the beam size was defined using slit dimensions 300 um(H) x 250 um(V).
Parasitic scattering from the beam-defining slits was blocked using a set of
guard slits, and the entire x-ray path between the beam-defining slits and the
detector was evacuated (~10 mTorr) to reduce the background. The photo-
current from a PIN diode integrated into the beamstop was used to correct
for variations in the x-ray intensity over time. Samples were held in an in-
vacuum quartz capillary with a 2 mm diameter and 10 um wall thickness
(Hampton Research, Aliso Viejo, CA). The sample was oscillated through
the beam using a computer-controlled syringe pump to mitigate radiation
damage (33). Scattering patterns were recorded with a photon-counting
area detector (Pilatus 100K, Dectris, Baden, Switzerland) at a distance of
1.689 m from the sample position in four 60 s exposures.

ASAXS data collection

ASAXS experiments were performed at the CHESS C1 beamline using
bend-magnet radiation and a double-bounce Si(110) monochromator. The
sample was held in a 3-mm-diameter quartz capillary with 10 um wall
thickness and oscillated during x-ray exposure. An evacuated flight tube
with a SizN; window on the upstream end was positioned between the
sample capillary and detector. Images were recorded on the area detector
(Pilatus 100K, Dectris) at a distance of 0.957 m from the sample. A semi-
transparent beamstop consisting of a stack of Mo foils (Goodfellow Corp.,
Coraopolis, PA) with a 550 um nominal thickness was mounted inside the
flight tube. The attenuated beam was recorded on the detector and its
centroid was determined at each x-ray energy, defining ¢ = 0 for azimuthal
integration. X-rays scattered elastically by the beamstop were intercepted
by a Si drift detector (X-flash, Roentec, Berlin, Germany) and counts
were integrated during each exposure for normalization. Scattering data
were acquired at two energies below the Rb™ K-edge, 15.093 keV (lo)
and 15.191 keV (on). The monochromater cycled between the energies
every 2 min, and the total exposure time per sample was 32 min.

X-ray data processing

SAXS and ASAXS data were processed using in-house routines written in
MATLAB (The MathWorks, Natick, MA). The detector coordinates were
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converted to momentum transfer (¢ = 4wsin(26/2)/A, where 26 is the scat-
tering angle and A the wavelength) using powder diffraction from silver
behenate for calibration purposes (34). Pixels occluded by the beamstop
were masked, and the one-dimensional intensity was computed from
each two-dimensional image by binning pixels according to the magnitude
of g, with constant bin widths of 0.002 A~' (SAXS) and 0.004 A~
(ASAXS). The uncertainty of I(g;) was estimated using A/(g;) za,-Nf]/z,
where o; is the standard deviation among the N; pixels in each bin. This un-
certainty was propagated through subsequent averaging and buffer subtrac-
tion operations. The data were checked for radiation damage effects by
comparing consecutive exposures before averaging. Finally, the scattering
intensity was placed on an absolute scale using liquid water as a calibrant,
as described in the Supporting Material, Pabit et al. (25), and Orthaber et al.
(35). The scattering data were regularized and extrapolated to ¢ = 0 using a
Bayesian indirect Fourier transform (36) implemented in MATLAB. At the
low [DNA] employed, we do not anticipate significant modifications to the
g = 0 value resulting from interparticle interference (37,38). The signal
would change by <3% under these experimental conditions (Fig. S1).
Our results are robust when the scattering profiles are truncated below
q = 0.05 A (Fig. S3), further allaying concerns about the effect of inter-
particle interactions.

RESULTS
X-ray scattering from DNA with group-| cations

Duplex DNA (25 basepair, formal charge of —48 e) was
equilibrated with neutral pH buffers containing 100 mM
chloride salts with group-I monovalent cations NaCl, KCl,
RbCL, and CsCl. The activity coefficients of these salts
differ by <4% at 100 mM (39). SAXS profiles were ac-
quired from solution with a low DNA concentration to
minimize interparticle interference effects (37,38). The
scattering profiles for each sample were normalized by
the DNA concentration and placed on an absolute, cali-
brated intensity scale of electrons® per molecule. Repeated
concentration measurements gave a normalization precision
of £3% (SD). Further details for sample preparation and
data analysis are provided in Materials and Methods and
in the Supporting Material.

SAXS profiles for the cation series (Fig. 1) show enhance-
ment at low scattering angles that increases with cation
atomic number, suggesting the presence of excess cations
associated with the DNA molecules. The simplest model
for this ion-species-dependent effect is that of a two-phase
system consisting of 1) a cloud of N excess ions, and 2)
the hydrated macromolecule. Then, the forward scattering
intensity /(g — 0) is expected to vary with the ion contrast,
01, and macromolecular contrast, dy;, according to

1(g—0) = (6y + Ni61)*. 1)

If 6\ and Ny are the same in all salt solutions, then a plot of
I(qg — 0)"? versus &; should yield a straight line. Assuming
that the hydration of each ion (i.e., its interaction with water)
is unaffected by the DNA, 0; can be estimated from the
available data on dilute salt solutions. Ions exclude and
attract water molecules via steric effects and electrostric-
tion. At low angles, the hydrated ion scatters as though it
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FIGURE 1 Small-angle x-ray scattering from 25 basepair DNA in

100 mM chloride salts. The background-subtracted scattering intensity,
I(g), versus momentum transfer, ¢, is shown in semilog scale with absolute
units (electrons® per DNA molecule). The intensity at low angles depends
on the cation type, indicated in the legend. (Inset) The extrapolated for-
ward-scattering amplitude, I(g—0)"?, varies linearly with the effective
ion contrast, Z.g (see Eqs. 1 and 2).

had an effective number of electrons, Z.g, that is different
from the actual number, Z;, according to

Lt = Z1 — p V1, )

where p, is the average electron density of the solvent (for
water at room temperature, p, = 0.334 A’S) and Vj is the
change in solution volume due to the addition of a single
ion. The latter quantity, V7, is related to the absolute limiting
partial molar volume of the ion, which has been measured
for common salts (40). Relevant values for Z.s, Z;, and V;
are provided in Table 1.

A plot of I(g — 0)'? versus Zeg (Fig. 1, inset) is
well fit by a straight line, conforming to expectations for
the two-phase model, I(g — 0)”2 = 0m + NiZs. From
the slope, a number of excess ions, Ny = 36.5 *+ 2.4, is
obtained. Since the DNA charge is — 48e at neutral pH,
the measured value of Nj indicates that 75 — 80% of the
charge is neutralized by monovalent counterions, in accord
with previous equilibrium dialysis measurements that found
80 * 4% neutralization for a DNA duplex of similar length
and composition in 100 mM NaCl (14). The remaining DNA

TABLE 1 X-ray scattering contrasts and sizes of ions in water
7 Vi (A% Zew” Ry_o (A)°

Cl™ 18 40.2 4.6 -

Na™ 10 —12.6 14.2 2.3

K* 18 43 16.6 2.8

Rb* 36 12.8 31.7 2.9

Cs* 54 24.7 45.8 3.1

“The absolute limiting partial volume per ion (* 1 ;‘,3), from Marcus (40).
®Calculated from Eq. 2 (*=04e")
“Distance between the ion and the first hydration shell, from Marcus (41).
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charge is neutralized by coion exclusion (14,42). Note that
the low x-ray contrast of hydrated CI~ (Table 1) makes
the heavy-atom measurement relatively insensitive to the
coions: the exclusion of ~11 Cl ions has the expected effect
of decreasing 1(0)1/ 2 by ~50 electrons, which is within the
uncertainty of the measurement.

By linear extrapolation of (g — 0) '~ to the point where
the net ion contrast is zero, we obtain the DNA contrast ac-
cording to Eq. 1, py = 2900 = 50. This contrast depends on
the number of water molecules attracted to the DNA surface
(the hydration waters, Ny), and the number excluded (Ng).
Since each water molecule contributes 10 electrons,

Om = Zpna + 10(Ng — Ng), 3)
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where Zpna 1S the number of electrons bound to the DNA,
known from the chemical formula (our DNA construct has
7950 electrons assuming a charge of —48, or 8018 after
applying the anomalous corrections at 10.5 keV). Thus,
from the measured value of dy;, we obtain Ny — Ng directly.
Furthermore, if either Ny or Ng can be estimated (for
example, by geometrical arguments), the other is con-
strained by the measurement. We exploit this fact in the
next section when modeling DNA hydration.

Mathematical separation of the partial scattering
intensities

The full scattering profile corresponding to the two-phase
system of Eq. 1 is

1(q) = 63, Pu(q) + 20m(6iND)Prii(q) + (0:N1)*Pi(q), (4)

where Py(g) and Py(q) are the partial scattering form factors
of the macromolecule and associated counterions, and
Pui(g) is the cross-term (Py(0) = Pr(0) = Pyp(0) = 1, as
described in the Supporting Material). From the I(g) profiles
for the monovalent ion series (Fig. 1) and the known values
of dy;, 01, and Ny, Eq. 4 was solved for Py(g), Pi(g), and
Pyvi(g) as described in the Supporting Material. The results
are shown in Figs. 2 and 3.

The first term in Eq. 4 is the partial scattering intensity of
the DNA, Iy(q) = 63,Pm(q), conceptually equal to the total
scattering if the ion atmosphere were completely invisible
(61 = 0). Theoretically, Iyi(g) depends only on the scattering
amplitudes of the macromolecule, its hydration layer, and
the solvent excluded by the DNA:

(@) = (JAn(@)[ o
= (|Aoxala) +An(9) — (As(@)n| Vo

The complex scattering amplitudes Apna(q), An(g), and
Ag(q) are equal to Fourier transforms of the electron density
of the DNA, the hydration waters, and the excluded solvent,
respectively (illustrated in Fig. 2 b). Brackets denote the
average over DNA orientation () and solvent degrees of

®)
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FIGURE 2 (a) The ion-independent (DNA-only) component of the scat-
tering was found from decomposition of the scattering profiles in Fig. 1
(raw data) and from decomposition of the same profiles with prior smooth-
ing by regularization (smoothed data). (b) The theoretical scattering inten-
sity for hydrated DNA shown in (a) is the absolute square of the amplitude
components illustrated here. Details of this calculation are provided in the
text. For clarity, only water molecules within a 5 A slab centered on the
DNA are shown. To see this figure in color, go online.

freedom (IT). To predict Iyi(g), we modeled the DNA as an
ideal B-form duplex, added a uniform layer of hydration
waters on the surface of the DNA, and chose the excluded sol-
vent volume so that the number of excluded waters, Ng, repro-
duced the experimental value of dy; according to Eq. 3.
Finally, the scattering profiles were calculated from the
models using Eq. 5. Details of the modeling and calculations
are included in the Supporting Material. We point out that
commonly used software such as CRYSOL (43) fits hydration
parameters to the shape of the experimental scattering curve
on an arbitrary intensity scale, whereas here, the intensity is
measured on an absolute scale, so fitting is not required. In
Fig. 2 a, the experimentally determined DNA component is
compared with the theoretical prediction for hydrated DNA.
Visually, the agreement is excellent. For a quantitative com-
parison, we compute a reduced x for experiment and predic-
tion (Eq. S42) and find that the two agree within the
uncertainty (x%; = 1.14). Thus, the hydrated DNA compo-
nent obtained by mathematical decomposition of the scat-
tering data agrees with a simple, geometric hydration model.

Validation of partial scattering intensities by
ASAXS

The three-term decomposition of the SAXS data to Py(q),
P1(q), and Py(g) assumes that the ion distributions are the
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FIGURE 3 Ion-dependent components of the scattering from decomposi-
tion of the isomorphous replacement data (Fig. 1). The DNA-ion cross term,
Puvi(g) (a), and the ion-only term, Pi(q) (b), were obtained in two ways: by
direct decomposition (raw data) and by decomposition with prior smooth-
ing by regularization (36) (smoothed data). Also shown are predictions
derived from the NPBE with Stern layer thicknesses, r, indicated in the
legend. To see this figure in color, go online.

same for all salts employed. To validate this assumption, we
performed anomalous (or resonant) scattering measure-
ments (ASAXS) of the DNA sample in 100 mM RbCl
(15,23). In ASAXS, the strength of scattering from the Rb
atoms is varied by tuning the x-ray energy near its absorp-
tion edge; this has an effect similar to that of isomorphous
replacement but only one sample is required (see Materials
and Methods). The number of Rb* ions was obtained from
the ASAXS data as described in Pabit et al. (25). We find
Ny = 39 = 3, in good agreement with the value of Ny
from isomorphous replacement.

For the two-phase system, the anomalous difference
signal, Io(q) — Ion(q), is a mixture of the cross-term and
the ion-only terms (Eq. S28):

lo(@) = In(@) = 20uNe(f, = ) (Pra(@) + YP1(4). (6)

where ¥ = Ni(Zege + 0.5, +£..))0y andfy, andf, are the
real parts of the anomalous scattering factor for Rb' atE,,and
E,, (for numerical values of f, see Fig. 4 a). To provide a
cross-check for the basis functions determined by the isomor-
phous replacement method, we computed this difference us-
ing the experimentally determined partial form factors Pyy(q)
and Py(q) shown in Fig. 3 for comparison with the ASAXS
data. The ASAXS and isomorphous replacement methods
agree (Fig. 4, x2, = 1.39), giving further support for our
interpretation of the isomorphous ion replacement data.
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Prediction of ion scattering terms by PB theory
and comparison with experiment

Information about the shape of the ion atmosphere is con-
tained within the partial form factors Py (g) and Pi(q)
(Fig. 3, a and b, respectively). We solved the NPBE around
the DNA to model the ion atmosphere and calculated Py (q)
and Py(q) as described in the Supporting Material. The only
undetermined parameter in this electrostatics model is the
Stern layer thickness, r, nominally equal to the radius of
the hydrated counterion. Radii for hydrated ions considered
here range from 3.8 to 4.5 A (Rv—o plus 1.4 A for the
water molecule radius; see Table 1 and Bai et al. (14)). How-
ever, previous DNA studies using the NPBE have assumed
r=2A (16). Therefore, we performed calculations using
both r =2 A and r = 4 A.

As expected, the shape of the predicted cross-term,
Puvi(g) (Fig. 3 a), depends on the value of r. Comparing
data and calculations, r = 2 A shows a slight improvement
overr=4A (x2, = 1.28 forr =2 Avs. x%, = 1.92 for r =
4 A). Stern-layer-dependent differences are also observed in
the calculated ion-only term, Pi(g) (Fig. 3 b), but the exper-
imental Pi(g) is too noisy to discriminate between models
(X%, =101 for r = 2 A and x2, = 1.02 for r = 4 A).
Finally, from the predictions for Pi(g) and Py;(g), we calcu-
lated the anomalous difference signal using Eq. 6.
Comparing the ASAXS data and the NPBE-based predic-
tion (Fig. 4 ¢), we find that the agreement is poor for r =
4A (x2, = 15.4) and improved for r = 2 A (%, = 1.65).

Theoretically, the cross-term Py(q) is the Fourier trans-
form of a distance histogram between electron density
belonging to the macromolecule phase and that belonging
to the ion atmosphere phase. Its width in reciprocal space
is inversely related to the distances between DNA and coun-
terions. Regardless of which value of the Stern radius is
assumed, Py(g) computed from the NPBE ion distribution
decays more rapidly than the experimental curves. There-
fore, compared to experimental data, the ions as predicted
by NPBE appear to be farther away from the DNA on
average. A similar conclusion can be drawn from the
ASAXS data, where the predicted anomalous difference
signal (a linear combination of Py;(g) and Pi(g)) decays
more rapidly than the experimental data. These observations
point to a single conclusion: ion locations according to the
NPBE are too far away from the DNA molecule on average.

SAXS data fit using an explicit ion/PB hybrid
model

One hypothesis, consistent with observations above, is that
PB theory underestimates the number of counterions present
at the DNA surface. To further explore this idea, we tested
whether alternate ion atmosphere models could provide
improved agreement with the data. For this purpose, we
adopt a hybrid explicit ion/PB modeling approach motivated
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by the tightly bound ion (TBI) model (44). In the TBI
model, ions at the DNA surface are modeled explicitly using
statistical mechanics, whereas those farther away are
modeled using the NPBE. The number of localized ions in
TBI depends on an interaction parameter. Since our goal
is not to test TBI, but to generate a variety of physically
motivated ion distributions, we modified the TBI approach
in two important ways. First, we neglect the energetics of
the tight-ion-DNA interaction and instead treat the number
of localized ions as a fitting parameter. Second, we model
a single low-energy distribution for each number of bound
ions rather than the full partition function for all binding
modes. Starting with a PB model, the procedure for placing
counterions was as follows. First, an ion was placed at the
site with the greatest magnitude of the electrostatic poten-
tial. Then, the NPBE was re-solved with this ion present,
and the new potential guided the placement of a second
ion, etc. The explicit ion distributions that result from
applying this method show a preference for the minor
groove (Fig. 5 a). As ions are added to the surface, the
DNA charge is gradually neutralized, and the number of
ions modeled by the NPBE, NI(D), decreases. Here, D stands
for diffuse ions and S for surface-localized ions. Fig. 5 b
shows the cumulative radial ion distribution corresponding
to each model in Fig. 5 a. The total number of excess
ions, NI(S+D>, depends weakly on the number placed at the
surface, NI<S>. Within 50 A from the central axis of the
DNA helix, N ranges from 36.7 (V¥ = 0) to 39.0
(NI(S) = 20). This small difference is within the experi-
mental uncertainty of available ion counting methods,
including equilibrium dialysis (14) and ASAXS (25). How-
ever, because the shape of the ion atmosphere depends on

NI(S) (Fig. 5 b), SAXS may be expected to discriminate be-
tween scattering profiles predicted for each model.

We calculated SAXS profiles for each ion atmosphere
model including explicit and diffuse (NPBE) ions (Fig. 5),
as described in the Supporting Material, and compared
them with the experimental SAXS profiles. Relative to the
partial form factors, experimental SAXS curves have a
greater signal/noise ratio and therefore represent a more
challenging test of the model. The predictions from the hy-
drated DNA model with an NPBE-derived ion atmosphere
with r = 2 A (Fig. 6 a, NI<S) = 0) do not agree well with
the experimental data. The disagreement between model
and data is most obvious for the electron-rich counterions
Cs* and Rb", where the ion atmosphere represents a more
significant part of the total scattering. From visual compar-
ison of hybrid explicit/PB models and experiment for DNA
in CsCl and RbCl salts (Fig. 6 a), the agreement improves
and then worsens with increasing N;™’, showing a best-fit
value between 10 and 15. More quantitatively, the total x>
between model and experiment has a minimum in this range
of NS (Fig. 6 b).

The distinction between explicitly placed and diffuse ions
in our model should not be overinterpreted. Given the limited
resolution of our SAXS measurements, we expect them to be
sensitive not to the precise ion configuration, but rather to the
low-order moments of the ion distribution. In other words, the
NI(S) = 10 model in Fig. 5 a should not be viewed as a unique
solution. To underscore this point, we repeated the model cal-
culations with different parameter values and fit these to the
data. Since the Stern radius is effectively an ad hoc param-
eter—within a physically meaningful range, it controls the
surface potential and ion accessibility—we repeated the
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FIGURE 5 Modeling of surface-localized ions and their effect on the
diffuse ion atmosphere. (a) Ions were placed sequentially at sites near the
surface of the DNA molecule with the greatest magnitude of the potential,
and the NPBE was solved again after each ion addition (see text). DNA
models with ions represented as r = 2 A spheres are shown for NI(S) =0,
5, 10, 15, and 20 (rendered using Pymol version 1.2r1, DeLano Scientific,
Portland, OR). (b) For each model, the total number of ions within a cylin-
drical volume, V., with radius R centered on the helical axis of the DNA
(inset) was computed. The number of excess ions includes the explicit ions
shown in (a) and the excess ion density from the NPBE solution (open cir-
cles). To see this figure in color, go online.

calculations with r =2 — 4 A (Figs. S2 and S3).The best-
fit range ole(s> changed from ~10 — 15 (r =2 A)to ~20 —
25(r=3 A) and ~25 —35(r=4 A). However, the radius
of gyration (second moment) of the ion atmosphere about
the z axis of the DNA (Rgz) in each of these best-fit ranges
is the same (Fig. S3, insef). Thus, Rz is a more salient aspect
of the ion atmosphere than NI(S) from the perspective of the
SAXS data. Atbest fit, the value of Rgz = 16A is significantly
smaller than the value obtained from PB theory (for r =2 A,
Rgz=18 A), and this conclusion is robust to the details of the
calculation. This smaller value underscores our main point
that ions must be closer to the surface than PB predicts.

DISCUSSION

We developed methods for collecting and analyzing SAXS
data using the contrast variation technique of isomorphous
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replacement. These methods built on previous experience
with ASAXS by adding absolute-intensity calibration to
the isomorphous replacement method. We found that the
scattering strength of monovalent ions around DNA was
well-described by an effective scattering factor calculated
from their partial molar volumes, and we obtained excess
ion numbers consistent with previous measurements. In
addition, the number of water molecules displaced by
DNA was measured by extrapolation to zero ion contrast.
Isomorphous replacement data were decomposed into con-
tributions from the ions and those from DNA alone. The
DNA-only profile agreed with predictions from a B-form
duplex model with hydration parameters set according to
the experimentally measured number of water molecules
displaced. However, when the NPBE was used to model
the counterion atmosphere, we found significant disagree-
ment between predicted x-ray scattering profiles and three
related measurements: 1) the ion-DNA cross-term deter-
mined by heavy-atom substitution; 2) the ASAXS anoma-
lous difference profiles; and 3) SAXS profiles for DNA
with electron-dense counterions. All are sensitive to the
spatial distribution of ions around DNA and suggest that
the counterions are more closely localized to the DNA sur-
face than predicted.

From a theoretical perspective, the failure of PB in this
case is not surprising. However, previous x-ray scattering
studies of DNA tend to confirm predictions from PB
(15,21,24,45). There are several important differences be-
tween this study and those preceding it. First, we calculate
the ion distribution using an all-atom representation of the
DNA molecule, a clear improvement over previous studies
that modeled DNA as a charged cylinder (21,24). In addi-
tion, we model hydration and excluded volume in real space
instead of relying on the effective scattering factor approach
(1,15). Earlier studies that used ASAXS to probe the ion at-
mosphere and all-atom NPBE for modeling reported quali-
tative (45) and quantitative (15) agreement with the data.
The latter study also applied the isomorphous replacement
method. However, the ionic strength, I, of the solution was
400 mM, as compared to 100 mM used here. Because the
ionic strength affects the length scale of the diffuse ion at-
mosphere through the Debye screening length, proportional
to I, we speculate that the SAXS measurements of Das
et al. (15) were unable to distinguish between surface-local-
ized and diffuse counterions because the diffuse ion atmo-
sphere was too compact (screening length ~5 A) relative
to the resolution of SAXS. In the low ionic strength
measured here (screening length ~10 A), the spatial separa-
tion between diffuse and surface-localized ions is more pro-
nounced, and therefore our measurement is more sensitive
to the ion distribution.

Although x-ray scattering data for DNA have not previ-
ously shown disagreement with PB theory, theoretical and
experimental studies have revealed limitations. Dialysis ex-
periments show that PB theory does not account for the
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competition of Mg?" against a background of 20 mM Na™*
(14), even with modifications to account for the unequal
ion sizes. In explicit-solvent MD simulations of RNA du-
plexes with monovalent cations, PB theory does not account
for the ion distributions (17). Of the several simplifications
inherent in PB theory, which ones, if corrected, would
improve ion atmosphere models for DNA? PB theory ne-
glects the possibility of direct interactions between ions
and DNA involving full or partial dehydration of the ion
(46). We find that the accuracy of the PB-derived SAXS pro-
file increases as the Stern layer thickness decreases, which
would seem to support the idea that the ions closest to the
DNA are dehydrated. However, dehydration is unlikely to
be important for the monovalent ions studied here, as
NMR measurements show that Group I cations interact
with DNA in a fully hydrated state (47). The mean-field
PB theory also neglects ion-ion correlations, which may
affect the free energy of ions occupying the highly concen-
trated region near the molecular surface. Chu et al. argue for
the importance of ion correlations when there is a discrep-
ancy between counterion competition data and size-modi-
fied NPBE calculations (16). In addition, PB theory
neglects solvent degrees of freedom, treating water as a uni-
form dielectric medium. However, the water near molecular
surfaces is highly perturbed, and it is thus unlikely to
mediate electrostatic interactions in the same way as would
bulk water. Interestingly, Kirmizialtin and co-workers have
found that discrepancies between NPBE and all-atom MD
for Na* and Sr*" ions around RNA could be largely cor-
rected by artificially lowering the solvent dielectric constant
near the surface (17). The physical justification for this
correction is unclear, but it points to a central role of water
in mediating ion-DNA interactions.

We posit that under physiological conditions, the ion at-
mospheres around DNA are strongly influenced by the elec-

0.10

0.15
q[AT]

020 0.25

RbCI, and CsCl) and for the whole data set (total).
(c¢) The residual for NI(S> = 10is plotted on a standard
intensity scale with experimental error bars. Each
curve is offset by 1 x 10° for clarity.

trostatic screening properties of the solvent near the
molecular surface. These screened electrostatic fields are
important determinants of the overall free energy for confor-
mation changes and ligand interactions. SAXS-based mea-
surements of the spatial distribution of ions and water
around highly charged molecules such as DNA provides a
valuable experimental constraint on theories that seek to ac-
count for such complex solvent interactions. The recent
application of integral equation theory to macromolecular
systems promises to provide a realistic treatment of all sol-
vent degrees of freedom without the computational cost of
explicit-solvent MD (19,48). The x-ray scattering methods
presented here will be essential for testing these and other
emerging first-principles computational models.

SUPPORTING MATERIAL

Supporting Theory, Supporting Materials and Methods, and three figures are
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