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ABSTRACT: The present report demonstrates that the conformational properties of DNA
in solution are sensitive to the type of monovalent ion. Results are based on the ability of a
polarizable force field using the classical Drude oscillator to reproduce experimental solution
X-ray scattering data more accurately than two nonpolarizable DNA models, AMBER
Parmbsc0 and CHARMM36. The polarizable model is then used to calculate scattering
profiles of DNA in the presence of four different monovalent salts, LiCl, NaCl, KCl, and
RbCl, showing the conformational properties of DNA to vary as a function of ion type, with
that effect being sequence-dependent. The primary conformational mode associated with the
variations is contraction of the DNA minor groove width with decreasing cation size. These
results indicate that the Drude polarizable model provides a more realistic representation of
ion−DNA interactions than additive models that may lead to a new level of understanding of
the physical mechanisms driving salt-mediated biological processes involving nucleic acids.

Conformational characterization of DNA in solution still
remains a challenge, including understanding the impact

of ion type on structural and dynamical properties. While X-ray
crystallography and solution NMR are the primary tools used
to experimentally study DNA structure,1 there are limitations
on the their ability to fully represent DNA conformational
properties in solution. In the case of X-ray crystallography, the
DNA molecule is subject to crystal packing forces, which may
affect its local and global geometric characteristics.2,3 Solution
NMR is often limited in its ability to model the overall DNA
conformation, and structure refinement depends on the
underlying mathematical framework,4 which may lead to
conflicting structural models. Alternatively, a solution techni-
que, X-ray diffraction “fingerprinting”, is capable of differ-
entiating between the conflicting crystallographic and NMR
DNA structures5 and can serve as a robust tool for the
evaluation of the quality of computational models used to
investigate DNA.6 This technique differs from X-ray crystallog-
raphy in that the solution scattering pattern represents a
concise but faithful representation of the full range of DNA
dynamics in solution in terms of a limited number of dominant
macromolecular conformational modes (1D “fingerprint”), with
finer details being averaged over, a concept very similar to the
way the complex multidimensional landscape of a protein in its
native state is reduced to several essential energetic basins of
low dimensionality.7 Therefore, the information content of
solution scattering data allows for unique insights into DNA
conformational properties in solution as well as being of utility
for the validation of empirical force fields.
In the current study, the recently developed polarizable force

field for DNA based on the classical Drude oscillator model8,9 is
shown to quantitatively reproduce the experimentally measured

solution-state X-ray diffraction profiles of a number of B form
DNA sequences.5 This contrasts results from two commonly
used computational atomistic DNA force fields, the state-of-
the-art additive CHARMM36 (C36)10 and AMBER
Parmbsc011 models, with respect to their ability to capture
the essential DNA conformational properties in solution. In
addition, simulated spectra of DNA solvated in aqueous
solutions containing different monovalent salts, LiCl, NaCl,
KCl, and RbCl, address an important question in the field of
DNA biophysics: are differential effects of ion type present and
how strong are those effects on DNA conformational
properties? Because DNA under physiological conditions is
exposed to a mixture of several (mono- and divalent) ionic
species, it is important to understand the impact of those ions
individually on DNA structure. Studies to date on this topic are
limited. Experiments on the compaction of T4 DNA have
shown differential effects of monovalent ions;12 however, no
data are available on the differential impact of ion type on small
DNA molecules, a necessary step required to understand ion
effects in more complex systems. As we report, the type of
monovalent ion does impact the solution conformational
properties of DNA as observed in MD simulations using a
force field that includes the explicit treatment of electronic
polarizability using the classical Drude oscillator model. This
represents an experimentally untested prediction of the model
that is anticipated to set the foundation for further experimental
and computational studies of the impact of ion type on DNA
conformational properties, information that will help us to
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better understand issues such as competitive ionic binding to
DNA,13 salt-driven nucleic acid array condensation,14 and other
salt-mediated biological processes involving DNA.
Because of the dynamics of DNA in solution, a typical

solution X-ray diffraction pattern represents a collection of
diffuse peaks, whose number, breadth of dispersion, and
positions are unique for a particular sequence. The orienta-
tional averaging allows the intensity of molecular scattering to
be represented by a mathematically tractable formula in which
all vectorial quantities (wave-vector and radius-vector) are
reduced to their scalar values. (See the Supporting Information,
SI, for details.) Intensities at small wave numbers contain
information on the overall shape and size of DNA in solution,
while those at higher wave numbers provide structural details
arising from spatially resolved atomic correlations within the
macromolecule. For example, on the basis of decomposition of
the molecular DNA structure into the nucleic acid bases and
sugar−phosphate backbones, it was demonstrated that the last
major peak of the spectra (at q ≈ 1.7 to 2.1 Å−1) corresponds
primarily to the geometry of the base pair stacking, while the
spectral pattern in the range of q ≈ 0.2 to 1.7 Å−1 reflects the
combined contribution from the sugar and phosphate
moieties.5,6

Presented in Figure 1 are solution scattering profiles for two
self-complementary B form DNA sequences, d(CGCGAA-
TTCGCG)2 and d(CGCTAGCG)2 from experiments5 and
MD simulations utilizing the Drude polarizable and additive
C36 and AMBER Parmbsc0 force fields. In what follows, we
refer to these molecules as EcoRI and 1DCV, respectively. The
first structure is also known as the Drew−Dickerson
dodecamer, one of the most studied DNA sequences to date.15

The second, 1DCV, is a 10-base-pair crystal structure16 that
contains one extra base pair at each termini as compared with
the sequence studied in solution scattering experiments.5 To be
consistent with those experiments, only the internal eight base
pairs of 1DCV were used in the calculation of the spectra. (See
the SI for details on MD simulation protocols.) As seen in
Figure 1, the Drude polarizable and C36 additive models
generate scattering spectra consistent with experiment for both
systems studied, with the number of peaks (P1−P5) and their
approximate positions corresponding to those observed
experimentally. In contrast, the AMBER profiles lack a
discernible first peak for both systems, with the position of
the rest of peaks deviating from experimental positions. For a
more quantitative comparison, the peak positions were
determined and rms deviations computed between the
experimental and simulation results (Table 1). The best
agreement with experiment occurs with the Drude model,
followed by the additive C36 model, with the AMBER results
deviating the most. Discrepancies between experiment and MD
simulations of EcoRI were observed previously in a previous
AMBER DNA force field,6 where an analogous mismatch in the
peak positions and the failure to generate the first major
scattering peak (P1) occurred. The scattering results correlate
with the magnitudes of structural rms differences (rmsd) of the
1DCV and EcoRI molecules with respect to ideal B form DNA
(see Figure S1A, SI). In particular, the largest rmsd’s are
generated by the AMBER force field, with lesser values
obtained for the C36 and Drude models. Additionally, a visual
comparison of the structures from the Drude, C36, and
AMBER simulations reveals significant differences in the overall
shape of the macromolecule (see Figure S1B, SI), consistent
with the observed differences in the scattering profiles.

Figure 1. Solution scattering profiles for the 1DCV and EcoRI systems from the experiments (upper row) and computed from MD simulations
utilizing Drude polarizable (middle row) and additive CHARMM36 and AMBER Parmbsc0 (lower row) DNA models solvated in ∼100 mM NaCl
ionic buffer. Positions of the experimental peaks are projected onto the computational results. Intensities for the additive AMBER and C36 systems
are shifted with respect to each other to facilitate their comparison.
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The above results were obtained for DNA molecules solvated
in an ∼100 mM NaCl aqueous buffer. However, the
experimental conditions contained an additional ∼50 mM
Tris·HCl.5 Therefore, we repeated the additive C36 MD
simulations of EcoRI and 1DCV molecules immersed in a ∼100
mM NaCl with ∼50 mM Tris·HCl aqueous buffer and

recomputed the DNA scattering profiles to find out if the
altered conditions affect the results. As shown in the Figure S2
of SI, the presence of Tris·HCl did not lead to any noticeable
differences in the spectra.
A more intriguing picture emerges when ion type is altered

from Na+ to other monovalent ionic species, including Li+, K+,
and Rb+. Figure 2 shows scattering profiles for 1DCV and
EcoRI simulated in LiCl, NaCl, KCl, and RbCl aqueous buffers
using the Drude polarizable and C36 additive force fields. The
striking observation is that the Drude polarizable model
predicts the different ions to alter the conformational properties
of the DNA. Such variation is not present with the additive C36
force field, a result that was also obtained with AMBER for
1DCV (not shown). Among all spectral peaks, the biggest
variation is observed for the first (P1) and the two last major
peaks (P4, P5), indicating that both local and global DNA
geometric parameters are affected. Structural analysis identified
significant variation in the minor groove width as a function of
ion type (see Figure 3 and Table S1, SI). In addition, some
helicoidal parameters demonstrated variations (see Figure S3,
SI). Interestingly, no significant variability of the major groove
width with ion type was observed (see Figure S4, SI).
Notably, the extent of the variations is much larger for 1DCV

versus EcoR1, which may indicate that the observed effect is
sequence-specific. To address this possibility, we performed a
similar analysis on an additional sequence, d(CGCATGCTA-
CGC), a structure recently resolved by solution NMR (PDB:
2L8Q).17 This sequence is the same length as EcoRI but does
not possess an AATT-tract. The solution spectra for all four
ionic buffers and the minor groove width distributions are
shown in the Figure S5 in the SI and Figures 3E,F, respectively.
Additionally, distributions for selected helicoidal parameters
affected the most by the changes in ionic environment are

Table 1. Peak Positions Inferred from Experimental and
Computational Solution Scattering Profiles

MDa

peak EXP C36 AMBER DRUDE

EcoRI, 12 base pairs
P1 0.456 0.442 0.507
P2 0.750b 0.800b 0.640b 0.785b

P3 1.127 1.101 1.055 1.117
P4 1.513 1.478 1.472 1.490
P5 1.834 1.829 1.861 1.803
rmsd (P2 − P5) 0.033 0.084 0.018
rmsd_all 0.030 0.027

1DCV, 10 base pairsc

P1 0.510 0.480 0.520
P2 0.755d 0.800d 0.700d 0.820d

P3 1.180 1.100 1.050 1.110
P4 1.525 1.455 1.435 1.495
P5 1.790 1.825 1.830 1.800
rmsd (P2 − P5) 0.060 0.086 0.050
rmsd_all 0.055 0.045

aPeak positions were determined from zero crossing points in the first
derivative; values are in Å−1. bApproximate positions of the plateau at
P2. cOnly internal eight base pairs were considered to be consistent
with the experimentally studied sequence. dApproximate positions of
the spike at P2.

Figure 2. Solution scattering profiles computed from the Drude polarizable (A,C) and CHARMM36 additive (B,D) MD simulations of the 1DCV
and EcoRI DNA sequences solvated in LiCl, NaCl, KCl, and RbCl containing aqueous buffers. For the Drude model demonstrating spectral
variability with the ion type, the approximate positions of the first and two last peaks are schematically shown.
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shown in the Figure S3 in the SI. 2L8Q demonstrates an
intermediate propensity for its conformation to change due to
the different ions relative to EcoRI and 1DCV, with the trend
remaining the same for the changes in the spectral patterns, the
minor groove width, and selected helicoidal parameters. The
general feature observed in all systems is that the DNA spectral
profiles are uniformly shifted to higher values of the scattering
vector as a function of ion size with Rb+ < K+ < Na+ < Li+. The
minor groove width is the structural feature correlating the
most with the spectral changes, although variations in
translational and rotational helicoidal parameters, such as tilt,
roll, twist, propeller twist, and shift, also contribute to the
overall picture. These results indicate a decrease in the minor
groove width for the above series. Additional analyses of the
structural changes along with molecular details of specific
interactions involving the ions are ongoing and will be reported
in a future study.
The present findings as well as the results based on prior

computational studies utilizing Drude polarizable DNA
model9,18 indicate that inclusion of polarization effects indeed
provides more realistic representation of the many-body effects
in the DNA polyion and the interactions of DNA with its ionic
environment. The differences in conformational properties as a
function of ion type predicted by the model are notable, with

those effects being sequence-dependent. To date, no
experimental scattering studies of the role of ion type on
DNA conformation have been performed. Thus, these results
prompt for additional solution-scattering experiments involving
more DNA sequences and ionic buffers. In this light, Drude
polarizable MD simulations may offer the potential to yield new
insights into salt-mediated biological processes involving DNA,
such as protein−DNA recognition and chromatin folding.
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Figure 3. Probability distributions for the minor groove width computed from the Drude polarizable and additive CHARMM36 MD simulations of
the 1DCV, EcoRI, and 2L8Q DNA systems solvated in various monovalent ionic buffers. For comparison, estimates of the minor groove width
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1. MD Simulation Protocols 
 
1.1 CHARMM Drude Polarizable and Additive C36 MD Simulations 
Setup and MD simulations of all DNA systems, EcoRI, 1DCV and 2L8Q, were carried out using 
the CHARMM1 (v. 36) and NAMD2 (v. 2.9) programs. Each system was independently 
simulated in four aqueous buffers: LiCl, NaCl, KCl and RbCl at ~100 mM. In addition, EcoRI 
and 1DCV systems were simulated in a combined NaCl/Tris·HCl aqueous buffer using the 
additive C36 force field, as elaborated below. 

Initial configurations were generated using the additive C36 forces field. Each duplex in 
the canonical B form conformation was solvated in a cubic box of size l~60 Å with the additive 
TIP3P3 water models, neutralizing ions (Li+, Na+, K+ or Rb+) and an extra ~100 mM of the 
corresponding chloride salt (LiCl, NaCl, KCl or RbCl) and then simulated for several 
nanoseconds, as described elsewhere.4 Briefly, NPT ensembles at 298 K and 1 atm were 
simulated with periodic boundary conditions, with the particle mesh Ewald (PME) method5 used 
to treat electrostatic interactions, and with the SETTLE algorithm6 used to constrain covalent 
bonds involving hydrogen atoms enabling the use of the 2 fs time step. The last snapshots from 
these short additive runs were taken as inputs for subsequent Drude polarizable MD simulations, 
while production runs of all additive simulations were continued for another 150 ns. NAMD2 
was used for MD simulations and the CHARMM-GUI7 was utilized for the additive system 
setup.   

All polarizable systems were solvated with the SWM4-NDP8 water model; the number of 
water molecules as well as ions was identical to those in the additive systems. Polarizable 
systems were generated using the CHARMM utility 'GENERATE DRUDE' that automatically 
adds the Drude particles and lone pairs to the polarizable (non-hydrogen) atoms. A subsequent 
self-consistent relaxation of the Drude positions in the electric filed was carried out using a 
combination of the steepest descent and ABNR minimization algorithms while all non-hydrogen 
atoms were restrained (K=10000 kcal/mol·Å2). For each system a short equilibration of the 
solvent and mobile ions was then performed by running a 500 ps MD simulation with all solute 
atoms (but not the Drude particles) restrained (K=1000 kcal/mol·Å2), followed by an additional 1 
ns equilibration of the entire system without any restraints, after which the production MD 
simulations were initiated. All equilibration runs were conducted with the CHARMM program, 
utilizing the Velocity-Verlet integrator (VV2)9 in conjunction with the TPCONTROL 
(Temperature-Pressure Control) command, allowing for efficient simulation of the motion of 
Drude oscillators. In particular, a Nose-Hoover thermostat was applied to all real atoms to 
control the global system temperature at 300K, and a separate low-temperature thermostat at 1K 
was applied to Drude particles to ensure that their time course approximates the self-consistent 
field (SCF) regimen.9 A constant pressure (1 atm) was maintained via a modified Andersen-
Hoover barostat, and SHAKE10 was used to constrain covalent bonds involving hydrogens. 
Electrostatic interactions were treated using PME5 summation with a coupling parameter of 0.34 
and a sixth-order spline for mesh interpolation. Non-bonded pair lists were maintained out to 16 
Å, and a real space cutoff of 12 Å was used for the electrostatic and Lennard-Jones (LJ) terms, 
with a long-range correction applied to LJ interactions.11 A recently implemented 
‘HARDWALL’ feature of the CHARMM program enabled use of a 1 fs time step in MD 
simulations.12 As previously described, this feature is associated with a “hard wall” reflective 
term in the potential energy function that has been added to resolve the possibility of polarization 
catastrophe in Drude MD simulations. This term was invoked only when Drude particles moved 



>0.2 Å away from their parent nuclei during MD simulations. An analogous simulation protocol 
was used in all production MD runs with NAMD where an alternate dual thermostating approach 
is applied based on Langevin dynamics.13 The SETLLE algorithm6 was used to constrain 
covalent bonds involving hydrogens. The duration of all production runs was identical to those 
of the additive systems, 150 ns.  
 To closer match experimental conditions, two additional additive C36 runs, of 150 ns 
each, were carried out for 1DCV and EcoRI systems immersed in a combined ~100 mM NaCl 
and ~50 mM Tris·HCl ionic buffer. Tris·H (protonated ‘tris(hydroxymethyl)aminomethane)’, 
chemical formula is (HOCH2)3C–NH3

+) parameters were obtained from CGenFF.14 Otherwise, 
the simulation conditions were identical to those used for the above-described additive systems 
with no Tris·HCl.  

To understand if the duration of the MD simulations is satisfactory, we estimated the 
average residence time of the ions inside the minor groove and insured that it is much smaller 
than the time of entire simulation. This is important to verify as ions clearly modulate DNA 
conformation via penetrating the DNA minor groove, whose width strongly correlates with the 
type of the ion in the Drude polarizable simulations. A common practice is to require the MD 
simulation time be 2-3 orders of magnitude longer than the correlation time (average residence 
time of the ion inside the minor groove in our case) of the phenomena being studied.  The ionic 
residence time was ~20-30 ps, about a factor of ~5000 shorter than the MD simulation times of 
150 ns.   
  
1.2 AMBER MD Simulations 
MD simulations utilizing AMBER Parmbsc0 force field for nucleic acids,15 Cheatham and Joung 
ionic parameters16 and the TIP3P water model3 were performed on 1DCV and EcoRI systems in 
NaCl aqueous buffer only. Periodic boundary conditions were used, with the sizes of simulation 
boxes identical to those of the additive C36 and Drude polarizable systems (l~60 Å). We built 
ideal B form DNA chain models using the AMBER14 suite of programs.17-18 The initial 
positions of the Na+ and Cl+ ions were determined from the computed electrostatic potential 
using LEaP.17 For system equilibration and production runs NAMD 2.9 was used.2 We followed 
a multistage equilibration process, reported by Orozco and co-workers,19 to equilibrate all 
starting structures. The subsequent production runs for both systems (150 ns) were carried out at 
constant temperature (300 K) and pressure (1 atm), using the Langevin temperature equilibration 
scheme and the Langevin piston Nose-Hoover method to control the pressure.2 The PME 
method5 was used to treat long-range interactions with a 12 Å non-bonded cutoff. The SETTLE 
algorithm6 was used to constrain all bonds involving hydrogen atoms, enabling the use of the 2 fs 
time step without any instability. 
  
 
2. Computation of the DNA Solution Scattering Profiles 
 
We followed the methodology elaborated in Refs.20-25 and implemented the subroutine for 
calculating DNA scattering profiles from MD trajectories using the Biochemical Algorithms 
Library (BALL).26 The scattering intensity, an experimentally accessible value, is calculated as 
the product of the scattering amplitude of all atoms with its complex conjugate: 
 



∑∑=⋅=
i j

i
ji

ijbbAAI qrq e)( *
, 

 
where bi, bj are the atomic scattering amplitudes for the atoms i and j, respectively, rij is the 
radius-vector connecting these atoms, and q is the scattering vector. In solution the scattering 
intensity from the entire sample is isotropic and proportional to the scattering from a single 
particle averaged over all orientations Ω, resulting in the following expression, 
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The vectorial quantities are now reduced to their absolute values. We follow Refs.25, 27 and 
represent atomic scattering amplitudes as follows, 
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where fi(q) is atom i's scattering form factor (functional forms approximating atomic form factors 
as well as their parametrization can be found in numerous sources, e.g., web-site of the National 
Institute of Standards and Technology, NIST28), ρ0 is the electron density of the solvent, and gi(q) 
is the form factor of the dummy atoms located at the same positions ri as real atoms and 
accounting for the excluded (for solvent) volume; this last term is expressed as  
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where Vi is the solvent volume displaced by the atom i, or group of atoms, centered at ri and 
represented by a Gaussian sphere of the appropriate radius (those values are available, e.g. at the 
NIST web-site28); G(q) is an independent on atomic positions overall expansion factor, 
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with V0 being an effective atomic volume, a variable parameter (see below), and Vm an average 
volume of the atomic group. As elaborated in Refs.25, 27, the expansion factor accounts for 
solvent displacement by the solute and can be adjusted by changing the ratio of the dummy atom 
radius to the average atomic van der Waals radius, R0m = r0/rm, to bring the calculated and 
experimental scattering amplitudes into better agreement. In other words, tuning of R0m has the 
effects of changing the scattering contrast. In light of our DNA problem, it was suggested that 
adjustment of R0m is likely to partially account for the presence of the cloud of counter-ions 
(ionic atmosphere) in the vicinity of DNA not considered in the calculated scattering spectra. 
Importantly, these adjustments were demonstrated to alter only the scattering background and 
not the spectral patterns.25, 27  
    Additional comment on the inherent differences between experimental and 
computational X-ray spectra is in order. Indeed, intensity scales are quite different with the major 



peaks more diffuse in the experimental versus the simulation profiles. This is because 
experimental data are collected on a huge number DNA molecules over a long period of time, 
both of which impacts the intensity of the spectra as well as the broadness of the peaks. In 
contrast, in MD simulations with periodic boundary conditions only a single molecule is present 
(despite being at approximately the same concentration of DNA used in the experiment), which 
inherently disallows the intensity and peak shapes of the calculated spectra to match that from 
experiment. That is why the number of peaks and their positions are the most important 
characteristics to compare.   
 
 
3. DNA Structural Analysis 
 
RMS differences for all non-hydrogen atoms in the non-terminal nucleotides were calculated 
relative to the ideal B forms for 1DCV and EcoRI sequences. Drude, C36 and AMBER models 
were compared. CHARMM analysis tools1 were used for these calculations. In addition, 
distributions for selected DNA helicoidal parameters (roll, twist, slide, groove width etc.) were 
computed using the Curves package.29-30 Variations of those parameters with the change of the 
ion type used in an aqueous buffer were monitored. Preceding these calculations, MD trajectories 
were reimaged/recentered using our in-house routing written with BALL26; such post-processing 
was necessary for subsequent calculations of the overall DNA properties (RMSD, helicoidal 
parameters), since DNA strands (treated as independent segments) appeared separated in the 
course of simulation because of the periodic boundary conditions.  
 
 
 
 
 
 
 
Table S1. Statistics on the minor groove width distributions shown in Fig. 3. Mean values 
(AVE), standard deviations (SD) and standard errors (SE) are provided. Standard errors are 
estimated as standard deviations of the mean values computed based on trajectory decomposition 
into 10 blocks of 15 ns each. Values are in Angstroms. 
 

 
1DCV EcoR1 2L8Q 

Li+ Na+ K+ Rb+ Li+ Na+ K+ Rb+ Li+ Na+ K+ Rb+ 

DRUDE 

AVE 6.34 7.61 8.15 8.27 7.71 7.99 8.04 8.09 7.12 7.50 8.00 8.15 

SD 1.96 1.77 1.74 1.70 1.89 1.39 1.33 1.60 1.84 1.65 1.56 1.57 

SE 0.22 0.21 0.17 0.19 0.21 0.17 0.18 0.19 0.25 0.22 0.20 0.19 

C36 

AVE 7.91 7.85 7.99 7.91 7.47 7.41 7.34 7.29 8.43 8.20 7.96 8.20 

SD 1.54 1.47 1.49 1.51 1.46 1.45 1.62 1.72 1.32 1.32 1.31 1.42 

SE 0.10 0.11 0.11 0.11 0.12 0.10 0.11 0.11 0.13 0.11 0.12 0.10 
 



 

 
Figure S1. (A) RMS difference versus time for the 1DCV and EcoRI systems with respect to the 
canonical B forms computed from MD simulations utilizing Drude polarizable (black), 
CHARMM additive C36 (red) and the AMBER (additive) Parmbsc0 (green) force fields. Also 
listed are the RMSD values averaged over the entire trajectory. (B) 1DCV and EcoRI structures 
averaged over the entire trajectories. Also shown are selected crystallographic and NMR 
structures (for 1DCV only internal 8 base pairs are shown). Structures are aligned with respect to 
the upper half of the molecule against the Drude model for convenience.    
 
 



 
Figure S2. Solution scattering profiles for the EcoRI and 1DCV systems computed from the 
CHARMM additive (C36) MD simulations with and without addition of an extra ~50 mM 
Tris·HCl buffer to the ~100mM NaCl.   
 

 
Figure S3. Probability distributions for selected helicoidal parameters computed from the Drude 
polarizable MD simulations of the 1DCV, EcorI and 2L8Q DNA systems solvated in the LiCl 
(black) and RbCl (red) aqueous buffers. Because these are the extreme cases generating the 
biggest variations in the spectral patterns we omit the results for NaCl and KCl for clarity.   



 
Figure S4. Probability distributions for the major groove width computed from the Drude 
polarizable and additive CHARMM36 MD simulations of the 1DCV, EcoRI and 2L8Q DNA 
systems solvated in various monovalent ionic buffers. 
 
 

 
Figure S5. Solution scattering profiles computed from the Drude polarizable (A) and C36 
additive (B) MD simulations of the 2L8Q DNA molecule solvated in LiCl, NaCl, KCl and RbCl 
ionic buffers. For the Drude model demonstrating spectral variability with the ion type the 
approximate positions of the first and two last peaks are shown.  
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