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ABSTRACT: In this work, a novel NMR method for the
identification of preferential coordination sites between
physiologically relevant counterions and nucleic acid bases
is demonstrated. In this approach, the NMR cross-corre-
lated relaxation rates between the aromatic carbon chemical
shift anisotropy and the proton—carbon dipolar interaction
are monitored as a function of increasing Na*, K*, and Mg**
concentrations. Increasing the counterion concentration
modulates the residence times of the counterions at specific
sites around the nucleic acid bases. It is demonstrated that
the modulation of the counterion concentration leads to
sizable variations of the cross-correlated relaxation rates,
which can be used to probe the site-specific counterion
coordination. In parallel, the very same measurements
report on the rotational tumbling of DNA, which, as shown
here, depends on the nature of the ion and its concentration.
This methodology is highly sensitive and easily implemen-
ted. The method can be used to cross-validate and/or
complement direct but artifact-prone experimental techni-
ques such as X-ray diffraction, NMR analysis with substitu-
tionary ions, and molecular dynamics simulations. The
feasibility of this technique is demonstrated on the extra-
ordinarily stable DNA mini-hairpin d(GCGAAGC).

Interactions of polyanionic DNA with counterions influence
DNA stability and structure by modulating the thermody-
namics of the noncovalent interactions.”” The interactions
between counterions and DNA also play an important role in
biological processes such as DNA recognition by proteins or
small molecular ligands.> Although this is a subject of great
interest, an understanding of the rules that govern interactions
between nucleic acids (NAs) and ions remains elusive.” The
major impediment to the characterization of these interactions,
which are transient and weak in nature, is a general lack of
unbiased techniques allowing their investigation.
High-resolution information on DNA—ion interactions usual-
ly comes from either X-ray crystallography or solution NMR and
EPR analysis.*~® Unfortunately, the results of these methods are
often biased. The low water content of crystalline samples used in
X-ray studies along with the use of unnaturally occurring salts and
precipitants facilitating crystallization frequently leads to changes
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in DNA structure, biasing the readout on physiologically relevant
DNA solvation.” A low degree of hydration has also been shown
to change the nature of the DNA—ion interactions, favoring
direct interactions between DNA and ions over the water-
mediated ion—DNA interactions observed in solution."®

In contrast to X-ray studies, NMR and EPR measurements can
be performed under physiological conditions. Unfortunately, the
NMR and EPR properties of the physiologically relevant coun-
terions (e.g, Na*, K*, Mg**) do not allow the application of
standard techniques for identification of their interaction sites.
These limitations are usually overcome by the application of
mimickin§ systems (e.g., NH,* for monovalent ions or Mn>" for
Mg>").57

This report describes a novel, simple approach based on
monitoring of the NMR cross-correlated relaxation rates (I")
between the aromatic carbon chemical shift anisotropy (CSA)
and the proton—carbon dipolar interaction as a function of
increasing ion concentration that can be used to identify the
binding sites between physiologically relevant counterions and
DNA. In parallel, the very same measurements report on the
counterion-dependent hydrodynamics of DNA. The method is
demonstrated on the extraordinarily stable DNA mini-hairpin
d(GCGAAGC)"'""? [Figure S1 in the Supporting Information
(SD].

If it is assumed that the molecule undergoes isotropic overall
motion and that the internal motions are much faster than the
overall tumbling of the molecule, " can be expressed as"?

[CSADD _ i(ﬂoh) 7’H7c2

G CH 15\ 47 rC—H3

B()O'C,CHSZ'L'C (1)
where ¥y and Y denote the magnetogyric ratios of the 'H and
3C nudlei, respectively, rc_y; is the C—H internuclear distance,
By is the strength of the magnetic field, $%isthe generalized order
parameter describing motion of the C—H vector on the picose-
cond—nanosecond time scale, 7. is rotational correlation time,
and O cy is the effective CSA (see eq S3 in the SI).
Considering that the fluctuations of C—H vectors (described
by S*) take place on a time scale that is the same as or shorter than
the expected residence times of binding ions and that o¢ cy is
one of the NMR parameters that is most sensitive to changes in
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Figure 1. (a) |I| as a function of Na*, K*, and Mg’" concentrations. The salt concentration is expressed as the cation concentration multiplied by its
charge. (b) Site-specific differences between I'; and the value averaged over all probed sites (I,.,) as a function of increasing salt concentration from
20 to 100 mM NaCl and KCl and 10 to 50 mM MgCl,. The differences are given in % and report on the relative site-specific variability of (I'; — T',.;)
with respect to I'yye;. The values of I were corrected for an increase in macroscopic viscosity due to increasing salt concentration.

the electron distribution in the v1c1n1ty of the probed site, we
presumed that the product ¢ ¢+ S, which is responsible for the
site specific-modulation of T', would be a very sensitive reporter
for the presence of ions in the vicinity of the DNA bases.

To test this idea, I was measured for the C6 and CS sites of
cytosines, C8 in purines, and C2 in adenosines in the presence of
20—100 mM NaCl and KCl and 10—50 mM MgCl,. For all ion
types and most of the measured carbon atoms, the I' values
increased linearly with ion concentration over the given con-
centration ranges (Figure 1a). However, there were two excep-
tions, namely, I for the C8 carbon of Gua3 in the presence of Na™
and I for the CS carbon of the terminal Cyt7 in the presence of
K* and Mg™* (Flgure 1a). To quantlfy the relative differences
among the Na*, K', and Mg”* samples, the experimentally
acquired I' values were corrected for viscosity changes due to
the presence of the salt (see the SI). This step is essential because
both the type and the concentration of the added salt determine
the overall macroscopic viscosity of the NMR sample, which
modulates the correlation time of the DNA and thus the
measured value of I'. Subsequent analysis revealed that in the
presence of Na”, the values of I' did not vary significantly
(typically <3%) with increasing Na® concentration. In the
presence of K7, the values of I' generally increased on average
by 11.5% from their original values as the salt concentratlon
increased from 20 to 100 mM. In the presence of Mg™*, he
observed increase in the I values with increasing cationic Mg**
strength from 10 to 50 mM reached, on average, 7.5% of the
original values (Figure S2).

To investigate whether the observed differences in the re-
sponse of I" resulted from changes in the molecular geometry
induced by different ions, the spectral patterns of the 2D "H—">C
heteronuclear single-quantum correlatlon (HSQC) spectra of
the aromatic and C1’ regions, the 1D 3'p spectra, and the inter-
residual distances extracted from nuclear Overhauser effect
spectroscopy (NOESY) spectra of the hairpin were compared
in the presence of 100 mM NaCl and KCl and 50 mM MgCl,
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(Figures S3—S5 and Tables S2 and S3). The *'P, 'H, and C
chemical shifts (0) and the NOEs within the hairpin were
virtually identical in the presence of 100 mM NaCl and
100 mM KCl, indicating that the overall folding topology and
the structure of the hairpin are unaffected by the nature of the
monovalent ion. While the comparison of spectral patterns
revealed substantial differences between the Na*/K* and Mg
solutions with respect to aliphatic "*C and *'P ¢ values (Figure
S5 and Table S2), the inter-residual NOEs and aromatic "*C &
values were virtually unaffected, with the exception of the
terminal Cyt7, which, as indicated by the presence of exchange
peaks in the NOESY spectra, was subjected to chemical exchange
(Figures S3 and S4 and Table S3). A 2plausible explanation for
these observations is that although Mg™" affects the geometry of
the phosphodiester backbone, the changes in the phosphodiester
backbone are not transferred to either the glycosidic torsions or
the stacking arrangements of the bases in the tightly packed
hairpin structure.

The fact that the increases in I" with increasing ion concentra-
tion were very similar for most of the atoms indicates that the
increase results from a mechanism common to the entire
molecule (i.e., an increase in the overall correlation time 7.).
This interpretation is supported by quantitative analysis of
autorelaxation rates (Table S4).

Although the values of I appear to be uniformly modulated by
the counterion concentrations, quantitative analysis of the I'
values revealed site-specific differences in their response to
increasing salt concentration. Figure 1b shows relative site-
specific variations in I" due to increased ion concentrations from
20 to 100 mM (Na* and K*) and 10 to 50 mM (Mg>"). In the
presence of Na’, the I' values were mostly insensitive to
increasing salt concentration. However, there were two excep-
tions, namely, I'cg cs—ps from Gua3 and I'cg cs_pis from Ade4.
The values of I' from Gua3 decreased with increasing ion
concentration. In contrast, the value of I" from Ade4 significantly
increased relative to I',,.,. The site-specific effects observed for
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Figure 2. Preferential coordination sites for (a) K and (b) Na" ions as
revealed by MD simulations performed with excess cations (~0.30 M).

Ade4 and Gua3 in the presence of Na’ were considerably
diminished in both K* and MgZJr solutions. On the other hand,
I'cs,cs—ns from Cyt2 and Cyt7 and I'cs c5—ps from Cyt7 were
notably affected by increasing K* and Mg>* concentrations. In
the cases of K" and Mngr ions, the affected sites, representing the
GpC steps, directly correspond to the preferential interaction
sites of K" and Mg*" ions."* Our observation of different site-
specific preferences for various ions is in agreement with other
experimental data.%'*'

To examine the relationships between the observed site-
specific variations in I' as a function of increasing counterion
concentration and the preferential counterion coordination sites
for the hairpin, a series of molecular dynamics (MD) simulations
of the hairpin in the presence of Na* and K* were performed.
While the MD simulation technique is capable of providing
reasonable qualitative predictions of the binding of monovalent
cations to nucleic acids, divalent cations are entirely outside the
accuracy limits of contemporary simulations.'® Quantitative
analysis of counterion residence times at coordination sites of
individual NA bases over the course of the 50 ns MD trajectories
was employed to identify preferential coordination sites for Na*
and K" ions. The analysis showed that most of the K" ions that
broke into the first hydration shell of the NA bases had a mean
residence time that was generally shorter than 150 ps (Table SS).
However, there were two exceptions: the N3/N7 site of AdeS
and the coordination site formed between the GpC- GpC steps
(Figure 2 and Figure S7). At the N3 and N7 sites of Ade$, the
mean residence times were approximately 240 and 336 ps,
respectively. While the experimental data did not reveal any
concentration-dependent perturbations of AdeS I'cy,ca—1, the
signal corresponding to AdeS H8—C8 was broadened beyond
detection in all of the K" HSQC spectra (Figure S3). The
absence of the AdeS H8—C8 signal in the 2D HSQC spectrum
suggests that AdeS is involved in slow (microsecond) chemical
exchange. Whether this chemical exchange is modulated by the
residence time of the coordinated K* ions remains obscured from
both MD simulations and NMR experiments because of insuffi-
cient sampling time and absence of the corresponding NMR
signal, respectively. At the site formed between the GpC-GpC
steps, K ions were coordinated primarily to the O6 sites of Gual
and Gua6 and further stabilized by the amino group nitrogens of
residues Cyt2 and Cyt7, which together formed a K* coordina-
tion pocket (Figure S7). A residence time for the coordinated K*
in this pocket was approximately 250 ps on average (Table SS).
Notably, the preferential coordination site at the GpC step agrees
with the site indicated by measurements of the K" concentration-
dependent variations of I' (Figure 1). The experimentally

acquired I" values showed that Cyt2 and Cyt7 I'cscs_ps were
most sensitive to K™ coordination at this site (Figure 1).

An MD simulation of the system in the presence of 300 mM
Na" indicated that N3 of AdeS$ is a primary coordination site and
has a Na" ion residence time of 310 ps (Table SS). As in the
situation in which K is present, the NMR signal corresponding
to AdeS H8—C8 was missing in the HSQC spectra, impeding the
unambiguous analysis of the experimental data for this residue
(see above). As for the remaining coordination sites, comparison
of the MD simulations of d(GCGAAGC) performed in the
presence of Na” and K" revealed a difference in the coordination
of Na’ and K", in accordance with the experimental data.
Comparison of the average Na residence times revealed two
equally preferred coordination sites, namely, N7 of Gua3 and the
GpC- GpC pocket (Figure 2 and Table SS). In contrast to K7,
the Na” coordination to the GpC-GpC site was diminished,
while the residence times of K" and Na* at N7 of Gua3 were
approximately the same (Table SS). The Gua3 I'cg cs—pg values
were more sensitive to Na* coordination than were the Cyt2 and
Cyt7 I'cs,cs—us values reporting on the ion coordination to the
GpC-GpC step (Figure 1). However, while the I" experiment
positioned the preferential Na* coordination site between resi-
dues Gua3 and Ade4, the MD data indicated that Na” binding to
Ade4 was minute (Table SS). To resolve this outward discre-
pancy, we performed an MD simulation at a lower Na* con-
centration to assess the changes in molecular structure, the ion
residence times, and the residue mobilities at the molecular level.
A detailed inspection of the differences in the MD trajectories
obtained at low and high Na" concentrations revealed a pro-
nounced decrease in the Na’ residence time at Ade4 and a
corresponding increase at AdeS (Table SS). The change in Na*
concentration also had a marked influence on the fluctuations in
the glycosidic torsion angle ()) of Gua3 and on the stacking
arrangement of the Gua3 and Ade4 bases. To provide an
independent assessment of the role of mobility changes in the
observed Na'-induced I" variations, we measured the R, and R,
relaxation rates (Table S4). As R, carries essentially the same
information as I" and can be additionally influenced by chemical
exchange, we relied mostly on R; values in the following analysis.
Although the I" and R, values are sensitive to $%in a similar way,
they respond differently to changes in the CSA and 7. The only
significant observed variation between the R; values at low and
high Na™ concentrations was that for C8 of Gua3, for which the
R, value decreased by ~15%. This observation cannot be fully
explained by the slight increase in 7, accompanying the increase
in salt concentration. As the quantum-chemical data indicated
only a minute change in the C8 0 cy upon ion coordination
(Table S6), the MD and R; data suggest that the observed
variation in I" for Gua3 was primarily due to greater mobility. In
contrast, the motion of Ade4 around ) as revealed by MD
simulations was virtually unaffected by an increase in Na®
concentration. As there was no indication of altered mobility
for Ade4 from the MD simulation results, the fact that the change
in Na* concentration produced the site-specific change in I but
not in R, (Figure S6) suggests that the observed change in I for
Ade4 resulted from changes in 0¢ cy. The alterations in inter-
base stacking of Gua3 and Ade4 appear to be the likely source of
such changes. Our MD simulations show that the changes in the
stacking of Gua3 and Ade4 are correlated with Na*-induced
perturbations in the mobility of Gua3 (Figure S8). Simulta-
neously, the MD results indicate that neither stacking nor
Gua3 mobility perturbations influenced the mobility of
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Ade4 (Figure S8). It is known that even small changes in stacking
arrangements can be connected with si%niﬁcant differences in the
chemical shielding of the base carbons."” The combined effect of
a slight increase in 0¢ cy and the expected change in the overall
correlation time is entirely consistent with the observed changes
inI"and R;.

Altogether, the NMR cross-correlated relaxation rates be-
tween the aromatic carbon CSA and the proton—carbon vector
measured as a function of increasing ion concentration probe
both the site-specific response of NA to counterions and the NA
rotational tumbling. The technique is extremely sensitive and, as
demonstrated here, can be used to detect very weak and transient
interactions on a time scale much shorter than 7.. Such inter-
actions are virtually invisible to conventional NMR techniques
such as chemical shift mapping (Figure S4) and NOESY-based
techniques,”® which are not likely to detect ions with occupancy
lower than 10%."® Notably, both Na* and K* had occupancies
less than 3% in the present study, as indicated by our MD
simulations. The use of substitutionary ions such as NH," would
completely miss the differences in binding specificities between
physiologically relevant ions such as Na® and K" found in
this study.

Our data also draw attention to the fact that hydrodynamic
properties are notably modulated by the nature and concentra-
tion of the counterion in the NMR buffer. Although similar
observations were made by Fujimioto et al."® almost 16 years ago,
commonly used hydrodynamics models do not account for the
dependence of the hydrodynamic proPerties of NAs on the type
and concentration of the counterions.”” Our data indicate that 7,
predictions disregarding ion-specific solvation effects might yield
correlation times underestimated by up to 20% in comparison
with experimental data, depending on the buffer composition
employed for the measurements (Figure S2).
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