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ABSTRACT: Dependence of NMR 31P shielding tensor and
2
J(P,C) coupling constants on solvation of nucleic acid phosphate by Mg2þ and water was studied using methods of
bioinformatic structural analyses of crystallographic data and
DFT B3LYP calculations of NMR parameters. The eﬀect of
solvent dynamics on NMR parameters was calculated using
molecular dynamic. The NMR calculations for representative
solvation patterns determined in crystals of B-DNA and A-RNA
molecules pointed out the crucial importance of local Mg2þ
coordination geometry, including hydration by explicit water
molecules and necessity of dynamical averaging over the solvent reorientation. The dynamically averaged 31P chemical shift
decreased by 2-9.5 ppm upon Mg2þ coordination, the chemical shielding anisotropy increased by 0-20 ppm, and the 2J(P,C50 )
coupling magnitude decreased by 0.2-1.8 Hz upon Mg2þ coordination. The calculated decrease of the 31P chemical shift is in
excellent agreement with the 1.5-10 ppm decrease of the phosphorothioate 31P chemical shift upon Cd2þ coordination probed
experimentally in hammerhead ribozyme (Suzumura; et al. J. Am. Chem. Soc. 2002, 124, 8230-8236; Osborne; et al., Biochemistry
2009, 48, 10654-10664). None of the dynamically averaged NMR parameters unequivocally distinguishes the site-speciﬁc Mg2þ
coordination to one of the two nonesteriﬁed phosphate oxygen atoms of the phosphate determined by bioinformatic analyses. By
comparing the limit cases of static and dynamically averaged solvation, we propose that mobility of the solvent has a dramatic impact
on NMR parameters of nucleic acid phosphate and must be taken into account for their accurate modeling.

’ INTRODUCTION
Nucleic acids (NAs) perform a multitude of biological functions: DNA stores genetic information, mRNA mediates between DNA and the ﬁnal protein, rRNA forms scaﬀold and
catalytic center for protein synthesis, tRNA fetches amino acids
to a growing polypeptide chain, various interference RNA
molecules ﬁne-tune the translation process by controlling splicing of mRNA, signal recognition particles steer transport of
proteins across membranes. Many aspects of these functions are
directly related to the exact three-dimensional structure. Both
kinetic and thermodynamic stability of the folded NA molecules
essentially depend on counterions balancing out the negative
charge of the phosphodiester backbone. Most RNA folding
pathways depend on the presence of a particular metal cation
and its concentration.1
Metal solvation can be classiﬁed as either nonspeciﬁc or
speciﬁc. A diﬀuse “cloud” of positively charged ions binds
nonspeciﬁcally to a NA molecule to compensate its negative
charge. This interaction is critical for stability of both DNA and
RNA and can be described by phenomenological physical
models.2-5 A useful comparison of methods and approaches
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that integrates empirical facts and theoretical concepts has been
reviewed.6
Metals are also known to bind to “speciﬁc” sites of DNA and
especially RNA molecules; “speciﬁc” in this context means
suﬃciently long residence times or occupancies for metals to
be identiﬁed by NMR and/or by crystallography. Speciﬁcally
bound cations interact directly with NA atoms forming so-called
inner shell complexes, in contrast to nonspeciﬁcally bound outer
shell complexes. Speciﬁc binding requires at least partial dehydration of the interacting metal cation and NA atoms, typically
highly hydrated phosphates. Energetically costly desolvation of
both the phosphate and the ion causes a large local electrostatic
attraction between the metal and NA to be stabilizing overall
RNA or DNA structure only in such relatively rare cases when the
metal binds to sites of highly negative potential with advantageous stereochemistry.7 Therefore, nonspeciﬁc solvation by fully
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hydrated metal cations is a thermodynamically generally preferred mode of binding.
Invaluable data about solvation of biomolecules are obtained
from thermodynamic measurements. Various thermodynamic
and volumetric properties of monovalent metals have been
studied in the process of formation and melting of double helical
RNA and DNA.8
Structural aspects of the ﬁrst solvation shell have been studied
in great detail in crystal structures of DNA double helical forms
for bases9 as well as for phosphates.10,11 These studies clearly
demonstrated that the ﬁrst solvation shell is localized into welldeﬁned sites that are speciﬁc for DNA form and sequence. For a
long time structural data on RNA were scarce but hydration of
the double helical A-RNA has been analyzed.12 Recently, hydration of various base pairs in RNA can be visualized online using a
web service SwS.13 An interesting aspect of NA solvation, anion
binding, has been studied by analysis of crystal structures and by
MD simulations14 that have been critically reviewed.15
Speciﬁc, or “site” binding (albeit less frequent) is important for
its role in folding, stability, and also catalytic activity of NAs.
Either type can bind to phosphates or to bases. In the case of
RNA, bases bind metals, mostly Mg2þ, in the deep and narrow
major groove of the double helical regions that has highly
negative potential. One of such major groove motifs is for
instance a pocket of deep negative electrostatic energy formed
by the G-U tandems.16 Also a dinucleotide motif, originally called
adenosine platform17 (that is not limited to adenines), binds
dehydrated Kþ.
Eﬀects of metal ions on 31P NMR shielding tensor of NA
phosphate can be detected by NMR spectroscopy.18-21 Diﬀerent coordination sites in NAs have diﬀerent aﬃnity for metal ions
and bind them with diﬀerent residence times; an Mg2þ ion
coordinated to a solvent exposed NA phosphate group cannot be
expected to have as long residence time as the same ion trapped,
for example, between two phosphates in the deep pocket of
folded RNA. The structural ﬂexibility of NAs also aﬀects values of
NMR parameters that respond to interactions with a metal ion.
Therefore, the NMR detection of a metal ion coordinated to
structurally rigid NA is likely to provide more structural details
than that for highly ﬂexible NA. For example, NMR shifts of the
inner ring atoms in nucleobase measured for increasing concentrations of Cd2þ ion in hammerhead ribozyme22 can be interpreted safely as the eﬀect of direct coordination of Cd2þ to N7
nitrogen of guanine.23 In contrast, structural assignments of
NMR parameters at direct neighborhood of the phosphorus
atom of the phosphodiester link pose a special challenge because
phosphate groups represent structurally the most variable segment of NAs.24-29 In addition, NMR parameters of NA backbone are diﬃcult to interpret in structural terms because diﬀerent
backbone conformations can result in similar values of NMR
parameters.30-33 What causes further ambiguity of structural
interpretation of metal coordination to the ﬂexible phosphate
group is a small range of the 31P NMR shift in NAs ∼ 1-8
ppm30,34-36 and the fact that the chemical shift changes due to
backbone variation and metal coordination are likely to fall to the
same interval.
For most common physical methods such as X-ray crystallography, NMR spectroscopy, UV/vis, IR, or Raman spectroscopies localization of alkali and alkali earth metals in NAs is a
complicated task. NMR measurements probing inner-shell metal
ion coordination to the NA phosphate are exceptional. One of
the prominent examples is metal binding in the hammerhead
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Figure 1. (a) Reference hydration model of NA phosphate B-6w with
six water molecules as observed in B-DNA in crystals.10 (b) B-Mg1-10w
model of NA phosphate solvated by Mg-5w coordinated to the OP1
oxygen containing ten water molecules. (c) B-Mg1-9w model of NA
phosphate solvated by Mg-5w coordinated to the OP1 oxygen containing nine water molecules. (d) B-Mg2-9w model of NA phosphate
solvated by Mg-5w coordinated to the OP2 oxygen containing nine
water molecules.

ribozyme.37 The so-called “Cd2þ rescue”38 experiments unveiled
the decrease of 31P NMR shift by 1.5-10 ppm due to coordination of Cd2þ metal ion to the phosphorothioate.39-41 The
decrease of 31P shift by 0.3 ppm upon addition of Mg2þ was
measured in the native phosphate group of minimal metalbinding motif of hammerhead ribozyme.42 We think that improvement of metal-ion detection techniques is desirable. That is
why we initiated this theoretical work focused on calculation of
31
P NMR shielding tensor and indirect 2J(P,C) coupling constants in NA backbone and their dependence on solvation by
Mg2þ ion.

’ METHODS
This work consisted of three parts. First, we developed
representative molecular models of NA phosphate solvation
using bioinformatic analysis of NA crystals. Obtained models
were then used for DFT calculations of NMR parameters.
Finally, we calculated the eﬀect of solvent reorientation by
averaging the NMR parameters using molecular dynamics
(MD).
Molecular Models. The phosphate group of NA backbone
was modeled as a dinucleotide monophosphate with both bases
replaced by methyl groups (Figure 1a). The “abasic dinucleotide”
(sPs) was built in two conformations (Table 1) reflecting the
“canonical” BI- and AI-forms of NA architecture described by
seven backbone torsion angles (torsion values from Table 3
of Svozil et al.27 were used). We note that the BI and AI
patterns differ only slightly and particularly the ζ and R torsions
adopt the same g-,g-conformation (Table 1). Two prochiral
(nonesterified) phosphate oxygen atoms were distinguished
by indexes OP1 and OP2 in accordance with the IUPAC
2386
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Table 1. Geometry Constraints Imposed on the sPs Molecule
torsion anglea

B-DNA

A-RNA

δ0

129

81

ε0

184

212

ζ0

265

288

R1

303

295

β1

176

174

γ1

48

53

δ1

129

81

a

In degrees. The torsion angles are sorted according to their occurrence
in the sPs molecule from the 50 -terminus. The residue number is
included in the torsion angle label.

nomenclature (in the B-form the C50 -O50 -P-OP1 torsion
angle is ∼55° and the C50 -O50 -P-OP2 one is ∼185°).
Three hydration models were built: one for the B-form and
two for the A-form. The former conformer was used as a
reference model of hydration because the geometry of the ﬁrst
hydration shell in B-DNA is well described.10 This reference
model, denoted hereafter B-6w (Figure 1a), consisted of the sPs
molecule in the BI conformation and six water molecules with
their oxygens in positions determined previously by the analysis
of B-DNA crystal structures.10 The resulting complex was
optimized (see below) with backbone torsions ﬁxed to values
presented in Table 1 and with spatial arrangement of the six
waters constrained by ﬁxing pseudotorsion angles Ow-OP1P-OP2 and Ow-OP2-P-OP1 to the values from the bioinformatic model;10 Ow is oxygen of the wth water molecule (w = 1,
2, ..., 6) coordinating OP1 or OP2 (Figure 1a). All remaining
coordinates in the water-coordinated sPs were freely optimized.
All geometries in this study were obtained similarly, by neglecting
small geometry ﬂuctuations of solvent molecules in late cycles of
energy minimization, because the default criteria of energy
minimum convergence could not be fulﬁlled exactly in all
hydrated and solvated sPs complexes. The negligible energy
and geometry ﬂuctuations of a particular model observed toward
the end of the optimization ensure that the relaxed geometries
provide representative structures for NMR calculations.
The two remaining hydration models were based on the
A-form and hydrated according to the bioinformatic analysis of
water positions in crystals of RNA. The protocol for obtaining
averaged water and Mg2þ positions was the same as in our
previous works, e.g., ref 9. The actual statistics for the RNA
ensemble were as follows: 53 RNA crystal structures containing
over 7700 nucleotides were analyzed; about two-thirds of them
were classiﬁed as A-RNA. Out of 16 000 water molecules in these
structures 13 000 were found within 3.2 Å from any nucleotide
atom. Corresponding numbers for Mg2þ cations were orders of
magnitude lower; of all 511, a total of 365 were located in the
neighborhood of an A-RNA nucleotide. Individual nucleotides
adopting the A-form were then overlapped including the crystallographic waters and magnesium ions that were found near them.
In the last step, water and Mg2þ positions were averaged by the
method of Fourier averaging.9,43
Resulting hydration sites around the A-RNA phosphate had
spatial a arrangement similar to that in B-DNA,10 but there were
quantitative diﬀerences in their relative positions and importance. While hydration in B-DNA was formed by two “cones of
hydration” with each cone consisting of three sites, one hydration
site in A-RNA had a very low density and the presence of water at

this site is questionable. Therefore, we built two models of
A-RNA hydration, one with ﬁve and one with six water molecules
around the sPs phosphate. A model further denoted A-5w
contained ﬁve water molecules in their statistically determined
positions. To form a A-6w model, the sixth water was added to
A-5w at the position of crystallographically rather weak phosphate hydration site.
Optimization of geometries of RNA models A-5w and A-6w
was done in a slightly diﬀerent fashion compared to that of
B-DNA model B-6w. We allowed full relaxation of water
molecules coordinated to the phosphate and kept only the
backbone torsions ﬁxed to A-RNA values (Table 1).
Phosphate solvation models including the inner-sphere coordinated Mg2þ ion were built for both B-DNA and A-RNA
forms. Geometry arrangement of Mg2þ ions present in RNA
crystals is similar to that observed around organic phosphates:11
there are two populated Mg2þ sites each lying symmetrically at
1.9 Å from OP1 and OP2, respectively, near the OP1-P-OP2
plane. The distance between the two sites is about 5 Å but it is
unlikely that both the sites can be occupied by Mg2þ ion at the
same time. Structural similarity between Mg2þ sites in a general
diesteriﬁed organic phosphate with charge -111 and in A-RNA
nucleotides suggests that mutual spatial arrangement between
the phosphate and Mg2þ ion is a robust local property that
depends marginally on the broader neighborhood of the
complex.
Initial geometries of B-DNA models with Mg2þ ion were
assembled by replacing the water molecule in the B-6w hydration
shell nearest to the position observed for the Mg2þ ion with the
preoptimized complex of penta-hydrated Mg2þ (Mg-5w), as
illustrated in Figure 1b. In the next step, another water molecule
coordinated to the other prochiral phosphate oxygen was
removed and replaced by one water molecule from Mg-5w by
rotating Mg-5w around the OP1/2-Mg axis; the optimized
complexes are shown in Figure 1c,d. Initial geometries of
Mg2þ complexes in A-RNA conformation were constructed in
a slightly diﬀerent fashion. Water molecules coordinated to one
of the two prochiral phosphate oxygens were removed from the
A-5w geometry and were replaced with the Mg-5w complex so
that the magnesium atom would coincide with the maximum of
Mg2þ statistical crystallographic distribution.
The sPs phosphate was therefore solvated by one Mg2þ ion
and ﬁve (models B-Mg1-10w and B-Mg2-10w), four (models
B-Mg1-9w and B-Mg2-9w), or three (A-Mg1-8w and A-Mg28w) water molecules in the ﬁrst solvation shell. In all these cases
the ﬁrst solvation shell of the ion was saturated completely.
During geometry optimizations of sPs complexes with Mg2þ ion
only the backbone torsions were constrained to achieve systematic comparison of the calculated NMR parameters; other geometry parameters were freely relaxed.
DFT Computational Details. DFT calculations were performed using the B3LYP functional44 as implemented in Gaussian 03, revision C02 program.45 A standard 6-31þG(d) basis
set46-49 was used in all geometry optimizations. GIAO calculations of 31P NMR shielding tensor50 and indirect 2J(31P,13C)
scalar coupling constants51-53 were carried out with the IGLOIII54 or cc-pCVTZ55-58 atomic basis set for H, C, O, and P atoms
and the Ahlrichs VTZ59 or cc-pCVTZ basis set for Mg atom. In
the following we skip the isotope indexing for 2J(P,C) couplings.
All geometry optimizations and NMR calculations (if not
specified otherwise) were done with the implicit polarizable
continuum model (PCM) of water solvent.60 The chemical
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Figure 2. Basis set convergence analysis for NMR isotropic shielding σi
(in ppm) and the Fermi-contact contribution of 2J(P,C50 ) coupling (in
Hz) calculated using the B3LYP functional in ethyl methyl phosphate
with cc-pVnZ (red circles; n = D, T, Q, 5), cc-pCVnZ (blue triangles
pointing up; n = D, T, Q), cc-pxVnZ (light green triangles pointing
down; n = D, T, Q), aug-cc-pxVnZ (pink triangles pointing left; n = D, T,
Q), IGLO-n (black squares; n = II, III), pcJ-n (tan triangles pointing
right; n = 0, 1, 2, 3), aug-pcJ-n (cyan diamonds; n = 0, 1, 2), and Pople’s
6-31þG(d) and 6-311þþG(d,p) basis sets (yellow squares).

shielding anisotropy (CSA, Δσ) was defined in the usual way:


σ 11 þ σ 22
Δσ ¼ σ 33 2
where σnn are the σ-tensor principal values defined such that σ11
< σ22 < σ33.
To test the quality of diﬀerent atomic basis sets, we ran NMR
calculations for the ethyl methyl phosphate molecule (ePm)
optimized on the same level as all complexes in this study.
The convergence test included the use of IGLO-II/III,54
Dunning’s cc-pVnZ55,56 (n = D, T, Q, 5), (aug-)ccpCVnZ55-58,61 (n = D, T, Q), Jensen’s (aug-)pcJ-n62-64 (n =
0-3), and Pople’s 6-31þG(d)46-49 and 6-311þþG(d,p)49,65,66
basis sets. All the basis sets were downloaded from the EMSL
Basis Set Exchange web portal.67,68 A possibility to save computer time in NMR calculations by applying locally dense basis
sets69 was also tested.
The eﬀect of atomic basis set on NMR parameters of the
phosphate group was summarized in Figure 2. The cc-pVnZ basis
without the tight-core functions converged very slowly with the
number of atomic basis functions; inclusion of these functions in
the cc-pCVnZ basis dramatically improved the convergence. The
cc-pCVTZ calculations got very close to the basis set limit with
the computations being still aﬀordable. Keeping the tight core
basis functions in the cc-pCVnZ basis only for the phosphorus
and all carbon atoms in the ePm molecule (the cc-pxVnZ
calculations) actually resulted in the same trends as with the
complete cc-pCVnZ basis but with slightly lower computational
demands. Addition of diﬀuse functions on all atoms (the aug-ccpxVnZ calculations) improved the cc-pxVnZ results even further
at somewhat higher computational cost. The popular NMR basis
sets IGLO-II/III performed rather well and IGLO-III represents
a reasonable choice for bigger systems. Surprisingly, Jensen’s
basis sets pcJ-n and aug-pcJ-n designed speciﬁcally for J-coupling
NMR calculations converged slower than some other generalpurpose basis sets. The reason for that might be that our
optimization of the pcJ-n and aug-pcJ-n basis sets was based on
calculations of one-bond scalar couplings in selected molecules63
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with a bonding situation diﬀerent from that in NA phosphate.
Very good results for all monitored NMR parameters were
obtained with rather small 6-311þþG(d,p) basis set of triple-ζ
quality. The cost-eﬀectivness of this basis encouraged us in using
it further in dynamical averaging of NMR parameters.
Dynamical Solvent Averaging. NMR parameters of polar or
charged groups are known to be significantly influenced by
molecular environment,70,71 and dynamical averaging over the
solvent reorientation is, therefore, necessary for their reliable
calculation. Consequently, static picture was complemented by
calculation of dynamical motion of the solvent with MD method.
GpU dinucleotide monophosphate with A-RNA backbone conformation (Table 1) was arbitrarily selected as a model system.
Three phosphate solvation patterns were considered: direct
coordination of pentahydrated Mg2þ ion (Mg-5w) to the OP1
oxygen further denoted “mg1”, coordination of Mg-5w to the
OP2 oxygen denoted “mg2”, and the hydrated phosphate
denoted “nomg”. Each starting structure was embedded in an
orthogonal box of water molecules (for details, see Supporting
Information). The MD simulations were performed using standard Amber 99 force ﬁeld72 with parmbsc073 reﬁnement for NAs
as implemented in the Amber 10 program package.74 The MD
protocol consisted of initial solvent minimization, full system
minimization, solvent heating to 300 K, NPT equilibration (300
K, 1 atm), and 2 ns NPT production run (300 K, 1 atm). Further
details are given in the Supporting Information.
The NMR parameters depend both on the solvent orientation/coordination and on the adjacent torsion angles of the
phosphate.30-32,75 To calculate separately, the exclusive eﬀect of
the solvent positions of backbone atoms were restrained to
A-RNA geometry using a 500 kcal mol-1 Å-2 Cartesian force
constant (Supporting Information).
Snapshots were taken every 50 ps from the three MD
trajectories (mg1, mg2, nomg) resulting in 3  41 MD geometries in total. In the subsequent NMR calculations only the
nearest layers of the solvent surrounding the phosphate group
were preserved, i.e., only those water molecules with oxygen
atoms appearing within the deﬁned sphere of radius r around the
phosphorus atom. Furthermore, the G and U bases of GpU
molecule were replaced by hydrogen atoms at the C10 carbon.
Validity of this approach was tested previously for all backbone Jcouplings in an ApU dinucleotide;75 the eﬀect of removing NA
bases on nJ(P,X) coupling constants calculated with inclusion of
PCM hydration was smaller than 0.3 Hz.
Convergence of NMR parameters with the thickness of the
solvent shell around the phosphate was carefully tested for r = 0,
4.5, 5.5, 6.5, 7.5, and 8.5 Å (Figure 3). The resulting set of MD
geometries was directly, i.e., without any geometry relaxation,
subjected to NMR calculation including implicit PCM hydration
on top of explicit solvent layer (the level of theory is described
below). The contributions to NMR parameters due to extension
of explicit hydration by including individual solvent layes in
Figure 3 are de facto equal to errors that one would make by
substituting explicit hydration with implicit PCM solvent.
Water molecules inside the sphere with r = 4.5 Å covered the
ﬁrst hydration shell of the phosphate. Because its eﬀect is
apparently large, this level of explicit hydration must be included
in the NMR calculations. Higher layers of explicit solvent with r >
4.5 Å had only a minor eﬀect on the NMR parameters. We
anticipate that after averaging over MD snapshots (Figure 3) the
overall eﬀect of explicit treatment of higher solvent layers can be
suﬃciently modeled with PCM.
2388
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Figure 3. Contributions of individual solvent layers to isotropic 31P NMR shielding (σi; in ppm), 31P shielding anisotropy (Δσ; in ppm) and the two
2
J(P,C) spin-spin coupling constants (in Hz) evaluated for ﬁve selected MD snapshot geometries (depicted with diﬀerent colors), calculated as a
diﬀerence between the values for rmax and rmin.

Table 2. NMR Parametersa Calculated with B3LYP/IGLOIII Method in the sPs Molecule with Diﬀerent Models of
Hydration
complexb

δi(31P)

Δσ(31P)

J(P,C30 )

2

2

J(P,C50 )

-1.3

243

-9.2

-8.6

2.7

189

-8.2

-8.2

B-6w
B-6w-PCM

-1.3
0.0

158
143

-8.1
-8.1

-7.8
-8.2

B-OP1-3w

-1.7

207

-7.3

-8.8

1.3

170

-7.8

-8.4

-1.4

215

-9.6

-7.2

1.6

172

-8.5

-7.9

B
B-PCM

B-OP1-3w-PCM
B-OP2-3w
B-OP2-3w-PCM
A-5w-PCM

-0.5

154

-7.3

-7.1

A-6w-PCM

1.5

144

-6.1

-7.0

The isotropic chemical shift δi in ppm (referenced to the B-6w-PCM
isotropic shielding σiref = 294.3 ppm), the chemical shielding anisotropy
Δσ in ppm, and the indirect spin-spin coupling 2J(P,X), X = C30 , C50 in
Hz. b Characterization of the models: B: sPs molecule in B-DNA
conformation in the gas phase; B-PCM: B immersed in PCM model
of water solvent; B-6w: explicit hydration of B-DNA from crystal data;
B-OP1-3w: explicit hydration of the OP1 oxygen only; B-OP2-3w:
explicit hydration of the OP2 oxygen only; A-5/6w-PCM: explicit
hydration of A-RNA with ﬁve and six water molecules respectively
immersed in PCM.
a

The results encouraged us to use a rather economic solvent
model in dynamical averaging of NMR parameters. The solvent
sphere with r = 5.5 Å covered the ﬁrst hydration shell of both the
phosphate and coordinated Mg2þ ion. This solvation model
including PCM hydration was used in the B3LYP NMR calculations for the 3  41 MD snapshot geometries. The 6-311þþG**
basis set was used for the atoms of solute, 6-31þG* for the Mg2þ
ion, and 6-31G for the water molecules. All DFT calculations in
MD part of this work were carried out using Gaussian 09, revision
A02.76

Optimal MD geometry of NA backbone could diﬀer from that
obtained with DFT methods due to inherent diﬀerence between
classical force-ﬁeld potential and quantum-mechanical energy
surface. Even a small diﬀerence in geometry could then result in a
substantial variation of calculated NMR parameters. We, therefore, calculated NMR parameters for both the unrelaxed MD
snapshot geometries and the MD geometries with partially DFT
optimized NA backbone (Supporting Information).

’ RESULTS AND DISCUSSION
Effect of Hydration on NMR Parameters, the Static Model.
The calculations included various combinations of explicit and
implicit PCM hydration of the sPs molecule in B-DNA and
A-RNA conformations. Models starting with “B-” in Table 2
show pure electronic effect of different theoretical hydration
models on NMR parameters since geometry of the sPs molecule
in all models was identical with that optimized with explicit
hydration (Figure 1a) and PCM. The explicit hydration in A-5w
and A-6w models was optimized by unconstrained relaxation
(Methods).
The isotropic chemical shielding σi(31P) of hydrated complexes was referenced to the value σiref = 294.3 ppm calculated for
the B-6w model including PCM. The isotropic chemical shifts
δi(31P) reported in Table 2 were thus calculated as δi = σiref - σi.
The δi(31P) calculated with both explicit and implicit PCM
hydration ranged from -0.5 to þ1.6 ppm; values calculated with
explicit hydration only ranged from -1.7 to -1.3 ppm (Table 2).
Surprisingly, the gas-phase value of -1.3 ppm was in the explicithydration-only interval. The PCM-only value þ2.7 ppm was
more than 1 ppm oﬀ from any other hydration model (Table 2),
which points to the necessity of explicit treatment of phosphatewater interactions that are omitted in the PCM-only model.
In contrast to δi(31P), the chemical shielding anisotropy
Δσ(31P) depended systematically and more signiﬁcantly on
the level of hydration. The calculated Δσ(31P) ranged from
2389
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143 to 154 ppm for full explicit hydration with PCM, from 170 to
172 ppm for site-speciﬁc explicit hydration with PCM, and from
207 to 215 ppm for site-speciﬁc hydration without PCM. The
explicit-hydration-only value was 158 ppm, the PCM-only value
rose to 189 ppm, and the gas-phase value was 243 ppm. The large
span of the calculated Δσ(31P) values contrasts with a modest
range calculated for chemical shifts δi(31P). This could be
attributed to the changes in 31P shielding tensor induced by
the solvent environment, which were mutually compensated in
the case of δi(31P), whereas the same changes led to a large
variation of Δσ(31P). A similar eﬀect occurring upon variations
of both phosphate conformation and hydration was observed
earlier by Precechtelova et al.30 We, therefore, propose that the
notable Δσ(31P) sensitivity is a general property of the phosphate 31P chemical shielding tensor exploitable in experimental
31
P NMR.
Calculated scalar spin-spin coupling constants 2J(P,C30 ) and
2
J(P,C50 ) ranged from -9.6 to -6.1 Hz and from -8.8 to -7.0
Hz, respectively. The gradual extension of the phosphate hydration was accompanied by decrease of both J-coupling magnitudes. We noted a selective increase of the diﬀerence between
2
J(P,C30 ) and 2J(P,C50 ) couplings when only one of the two
prochiral oxygens (OP1 or OP2) was explicitly hydrated (models
B-OP1/2-3w in Table 2). The lack of hydration when one of
these oxygens was sterically blocked by the folded part of the NA
molecule or by another molecule, such as an interacting protein,
could, thus, be in principle detectable with NMR.
Variations of δi(31P) (2.0 ppm), Δσ(31P) (11 ppm), and 2J(P,C)
(2.0 Hz) calculated with the three rather equivalent explicit
hydration models (B-6w, A-5w, A-6w, all including PCM,
Table 2) are not negligible. We anticipate that only a relevant
dynamic model of the phosphate hydration could provide more
realistic values of the NMR parameters. Nevertheless, calculations utilizing static models of hydration derived from crystals
provided useful trends for NMR parameters in representative NA
phosphate geometries.
Explicit hydration of the phosphate group cannot be readily
modeled by PCM, as seen for the δi(31P) calculations in B-PCM,
B-6w, and B-6w-PCM models (Table 2). Additionally, the eﬀect
of PCM hydration surrounding the explicit phosphate ﬁrst
hydration shell was not negligible. The two 2J(P,C) spin-spin
couplings were much less sensitive to the particular level of
hydration than δi(31P).
NA Phosphate Solvated by Mg2þ Ion. Coordination of Mg5w complex to sPs phosphate induced geometry changes that
were specific for the A- and B-forms (Supporting Information).
In both forms, the P-O30 and P-O50 bonds shrank and the POPn bond adjacent to the Mg-5w complex lengthened upon the
ion coordination.
Coordination of Mg-5w in the B-form was slightly hindered by
two water molecules coordinated at the same OPn that were
absent in the A-form. This small solvation pattern diﬀerence
resulted in a signiﬁcantly larger Mg-OPn distance and much
smaller Mg-OPn-P valence angle in the B-form. The observed
phosphate geometry variations were reﬂected in the Mulliken
atomic charges (Supporting Information) and mainly in the
response of NMR parameters to the Mg-5w coordination that
was qualitatively diﬀerent in the two forms.
In this section, we aimed to obtain NMR parameters close to
the basis set limit. On the basis of our atomic basis set
convergence check, we used the cc-pCVTZ basis set as an
accurate yet aﬀordable alternative.
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Table 3. NMR Parametersa Calculated with the B3LYP/ccpCVTZ Method Including PCM in the sPs Complexes with
Mg-5w
complexb

δi(31P) Δσ(31P)

J(P,C30 )

2

J(P,C50 ) θ11

2

θ22

θ33

B-6w

0.0

148

-7.3

-7.4

3.8

3.3

1.8

B-Mg1-9w

1.5

109

-7.0

-9.1

5.7

8.8

8.0

5.8

6.4

1.7

107

-9.1

-7.9

3.4

B-Mg1-10w

-1.9

113

-7.4

-9.1

6.9 11.4 10.1

B-Mg2-10w
A-5w

-0.9
0.3

110
159

-10.1
-6.6

-7.8
-6.4

3.7
2.5

B-Mg2-9w

8.0
4.9

7.9
4.3

1.9

148

-5.4

-6.3

2.6

3.3

2.1

A-Mg1-8w

-4.0

126

-5.4

-6.6

1.3

1.4

0.5

A-Mg2-8w

-5.6

121

-6.1

-5.7

3.5

3.5

1.6

A-6w

The isotropic chemical shift δi in ppm (referenced to B-6w isotropic
shielding σiref = 285.8 ppm), the chemical shielding anisotropy Δσ in
ppm, the indirect spin-spin coupling 2J(P,X), X = C30 , C50 in Hz, and
the θnn angles between the σnn principal shielding tensor components
(σ11 < σ22 < σ33) and the respective z-, x-, y-coordinates in the
phosphate-frame coordinate system77 in degrees. b The complexes are
speciﬁed in the Methods.
a

Figure 4. Isotropic values δi (yellow) and principal components δ11
(red) > δ22 (green) > δ33 (blue) of the 31P chemical shift tensor
calculated with the B3LYP/cc-pCVTZ method including PCM in
hydrated and solvated sPs complexes referenced to isotropic chemical
shielding σiref = 285.8 ppm in B-6w complex (δnn = σiref - σnn).

The chemical shifts δi(31P) in Table 3 were referenced to the
B-6w isotropic shielding σiref = 285.8 ppm in analogy with the
previous section. The three hydrated models provided values
dispersed similarly (0-1.9 ppm) to the results with IGLO-III
basis set in Table 2. The δi(31P) calculated for the ion coordination to OP1 (-1.9, þ1.5, -4.0 ppm) and to OP2 (-0.9, þ1.7, 5.6 ppm) in the three subclasses of complexes solvated by Mg-5w
(-10w, -9w, -8w) indicated that the ion coordination eﬀect on
δi(31P) also reﬂected the phosphate solvation pattern and backbone conformation, as discussed above.
The principal components δnn (nn = 11, 22, 33) of the 31P
chemical shift tensor, δnn = σiref - σnn, responded sensitively to
ion proximity and local arrangement of solvent molecules
(Figure 4, Supporting Information). Upon Mg-5w coordination,
all the δnn changed toward the isotropic value δi(31P) (Figure 4),
which was consistent with our previous analysis implying mutual
compensation of the molecular environment induced changes in
31
P shielding tensor principal components. Δσ(31P) necessarily
decreased with increased isotropy of the chemical shielding
tensor upon Mg-5w coordination (Table 3). Orientations of all
the δnn components with respect to the phosphate-frame coordinate system77 changed upon Mg-5w coordination by 8° at
the most (Table 3).
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dx.doi.org/10.1021/jp1114114 |J. Phys. Chem. A 2011, 115, 2385–2395

The Journal of Physical Chemistry A

ARTICLE

Figure 5. Statistical representation of σi and Δσ (in ppm) and 2J(P,C) (in Hz) calculated for unrelaxed snapshot geometries taken along nomg, mg1,
and mg2 MD runs (Methods). Parameters of the Gaussian functions, added for better clarity, were mean and standard deviation of the respective
statistical distribution.

J(P,C30 ) and 2J(P,C50 ) spin-spin couplings calculated for
B-form models depended site-speciﬁcally on the ion coordination. The 2J(P,C50 ) coupling magnitude increased by 1.7 Hz in
the B-Mg1-10w/-9w complexes relative to the B-6w value, while
the simultaneous change of 2J(P,C30 ) coupling was smaller than
0.4 Hz (Table 3). Similarly, 2J(P,C30 ) coupling increased by 2.8
and 1.8 Hz for the ion coordination to OP2 (the B-Mg2-10w/-9w
complexes, respectively), while, at the same time, the calculated
variation of 2J(P,C50 ) coupling was smaller than 0.6 Hz. The
static NMR calculations in the B-form, therefore, suggested that
site-speciﬁc coordination of the ion in phosphates could in
principle be probed by the two 2J(P,C) couplings. However,
the 2J(P,C) spin-spin couplings calculated in the A-Mgn-8w (n
= 1, 2) complexes failed to display the site-speciﬁcity observed for
the B-form.
Variations in the phosphate geometry and, especially, the
solvation pattern altered signiﬁcantly the interpretation of the
static NMR calculations. Thus, dynamical modeling of the
phosphate solvation was the next logical step.
Effect of Solvent Dynamics on NMR Parameters. We
repeatedly observed in NMR calculations utilizing the solvation
patterns from crystals that the NMR parameters depended on the
local solvent geometry. In the dynamical regime, solvent fluctuations around solute induce variations of NMR parameters.
Magnitude of the NMR response to the solvent reorientation
increases locally at highly polar or charged groups of solute and
with the increase of solvent polarity. The fluctuations of solvent
molecules are typically several orders of magnitude faster than
the time-scale distinguishable in NMR experiment. Therefore, an
experimentally determined NMR parameter is typically a time
average over all solvent configurations and fast-enough solute
conformation changes. In this sense, static calculations of NMR
parameters could have provided misleading trends despite the
2

fact that they were determined for representative molecular
structures.
The eﬀect of solvent reorientation on NMR parameters was
calculated for the sPs molecule in the A-form and the mg1, mg2,
and nomg solvation model (Methods). We checked the geometry of the phosphate in the three MD runs (Supporting Information) and veriﬁed that the sPs conformation remained
conserved during the simulations. As a result, only the solvent
dynamics was reﬂected in subsequent DFT calculations of NMR
parameters. We emphasize that in mg1 and mg2 simulations the
ion remained coordinated at the same position throughout the
whole MD run (as documented by Mg-OPn distance and MgOPn-P valence angles, n = 1, 2, Supporting Information). The
agreement of the position and its stability with the crystallographically determined Mg2þ distribution around the phosphate veriﬁed the validity of the MD simulations.
The NMR parameters were calculated for unrelaxed
(Figure 5) and partially optimized (Figure 6) MD snapshot
geometries. The ensembles of NMR data were statistically
characterized in Table 4. The arithmetic mean (μ) of the Npoint data set (N = 41) provided a reasonable estimate of
experimentally probed long-time average. The mean values were
determined with the accuracy given by a standard deviation of the
mean sM = [(Σ(xk - μ)2/(N(N - 1)))]1/2. The long-time
average should lie within the μ ( 3sM interval with 99.7%
conﬁdence provided that the data distribution is normal. The
phosphate solvated by Mg2þ could, thus, be distinguished from
the hydrated phosphate with one of the NMR parameters when
the two corresponding conﬁdence intervals (μ ( 3sM) do not
overlap. The OP1 and OP2 coordination sites of Mg2þ ion could
in principle be distinguished by the same statistical criterion.
The NMR data for unrelaxed MD snapshot geometries
(Table 4) indicated that the phosphate solvation by Mg2þ is
2391
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Figure 6. Statistical representation of σi and Δσ (in ppm) and 2J(P,C) (in Hz) calculated for partially optimized snapshot geometries taken along nomg,
mg1, and mg2 MD runs (Methods). Parameters of the Gaussian functions, added for better clarity, were mean and standard deviation of the respective
statistical distribution.

Table 4. Statistical Parameters of Calculated NMR Data
Distributions
unrelaxed MD

DFT optimized MD

geometries

geometries

a

NMR parameter /
MD run

μb

3sMc

μb

3sMc

σi(31P)
nomg

318.0

3.4

297.5

1.6

mg1
mg2

325.1
321.5

2.4
2.4

303.3
302.6

2.0
1.4

Δσ(31P)
nomg

133.9

6.1

126.5

6.2

mg1

130.8

5.7

137.0

5.6

mg2

137.7

6.7

142.5

5.5

0

2

J(P,C3 )

nomg

-6.66

0.37

-6.95

0.38

mg1

-5.28

0.33

-6.56

0.37

mg2

-5.81

-6.52

0.25

0.46
0

2

J(P,C5 )

nomg

-5.74

0.43

-6.83

0.38

mg1

-5.45

0.61

-5.73

0.32

mg2

-5.66

0.53

-5.91

0.34

The isotropic shielding σi(31P) in ppm, the chemical shielding
anisotropy Δσ(31P) in ppm, and the indirect spin-spin coupling
2
J(P,X), X = C30 , C50 in Hz. b Arithmetic mean. c Three times the
standard deviation of the mean sM = [(Σ(xk - μ)2/(N(N - 1)))]1/2.
a

observable through statistically signiﬁcant decrease of 2J(P,C30 )
spin-spin coupling magnitude. Similarly, the coordination of
Mg2þ to OP1 was manifested by increase of σi(31P), i.e., decrease

of the 31P chemical shift. The results for the chemical shielding
anisotropy Δσ(31P) and 2J(P,C50 ) spin-spin coupling were
statistically inconclusive.
Partial DFT optimization of the MD snapshot geometries
brought the phosphate geometries in all three models much
closer to fully optimized structures in the A-form (Supporting
Information). The largest change of NMR parameters due to
the phosphate geometry relaxation was a decrease of σi(31P)
by about 20 ppm (Table 4). The mean values of σi(31P) increased upon the ion coordination by 5-6 ppm (Table 4), which
was consistent with static calculations for the A-form structures
(Table 3). Importantly, the sM values decreased considerably after geometry relaxation, which enabled us to
conclude that a phosphate coordinated by Mg2þ to either OP1
or OP2 should be distinguishable experimentally from the
hydrated-only phosphate by a signiﬁcant decrease of the 31P
chemical shift.
The Δσ(31P) mean values with relaxed phosphate geometry
indicated an increase of chemical shielding anisotropy upon
Mg2þ coordination, which was actually the opposite trend to
that calculated for static models (Table 3). However, the
statistical distributions of all three solvation patterns (Figure 6)
were suﬃciently wide to encompass the respective static values
thus explaining the apparent discerpancy.
Analysis of the calculated σ(31P) tensor unveiled an
increase of the largest σ33 principal component by about 1316 ppm upon Mg2þ coordination (Supporting Information),
which readily explained the Mg2þ-induced increase of σi(31P).
Interestingly, response of the two remaining components and the
three tensor orientations θnn to Mg2þ coordination was
negligible.
After the phosphate geometry relaxation, 2J(P,C50 ) spin-spin
coupling dereased upon Mg2þ coordination while 2J(P,C30 )
remained almost the same. Both couplings failed to respond
site-speciﬁcally to the ion coordination.
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’ CONCLUSIONS
This study focused on theoretical calculation of 31P shielding
tensor and 2J(P,C) coupling constants in dependence on solvation of nucleic acid phosphate by Mg2þ ion. The following
conclusions can be drawn on the basis of (i) NMR calculations
for solvation patterns determined with bioinformatic analysis of
B-DNA and A-RNA molecules in crystals and (ii) NMR calculations including dynamically averaged reorientation of solvent
with molecular dynamics.
The bioinformatic analysis unveiled two coordination
sites of the phosphate with Mg2þ lying symmetrically at the
distance of 1.9 Å from the two nonesteriﬁed phosphate
oxygen atoms. However, only one of the two sites can be
exclusively populated, which gives rise to site-speciﬁc coordination of the Mg2þ ion.
NMR calculations for the distinguished solvent patterns found
in B-DNA and A-RNA molecules, here called “the static calculations”, provided important insight into the NMR parameters
dependence on solvent variation because backbone conformations were practically the same, while local coordination of
solvent molecules diﬀered. In the static calculations for B-DNA
solvation 31P isotropic shifts varied unspeciﬁcally, 31P anisotropies decreased by 35-40 ppm and 2J(P,C30 ) and 2J(P,C50 )
coupling magnitudes increased site-speciﬁcally upon Mg2þ coordination. For the ion coordination found in A-RNA the
calculated 31P isotropic shifts decreased by more than 4 ppm,
31
P anisotropies decreased by 20-40 ppm, and 2J(P,C30 ) and
2
J(P,C50 ) couplings varied only slightly and nonspeciﬁcally. To
conclude, the NMR parameters obtained for the static model
depended more on particular coordination of solvent than on
whether the phosphate was only hydrated or solvated by Mg2þ
ion. In other words, the limited number of nucleic acid backbone
patterns, although selected reliably, cannot provide accurate
trends for the NMR parameters and averaging over solvent
reorientation is indispensable.
An important aspect of dynamical averaging concerned dependence of calculated NMR parameters on the thickness of
explicit water-solvent layer. It was veriﬁed here that the dominant
eﬀect on NMR parameters comes from the ﬁrst hydration shell
surrounding the phosphate and Mg2þ, while the eﬀect of higher
solvent layers can be modeled with PCM.
The dynamically averaged 31P chemical shift decreased by 29.5 ppm upon Mg2þ coordination, which is in excellent agreement with the 1.5-10 ppm decrease of phosphorothioate 31P
chemical shift upon Cd2þ coordination probed experimentally in
hammerhead ribozyme.39-41 The decrease of the 31P chemical
shift by 0.3 ppm measured42 in the native phosphate group of
minimal metal-binding motif upon addition of Mg2þ is also in
qualitative agreement with our results although its magnitude is
smaller. This could probably be attributed to the fast exchange
rate of Mg2þ in minimal metal-binding motif. We propose that
the inner-shell Mg2þ coordination to the nucleic acid phosphate
is detectable via decrease of the 31P chemical shift and the
magnitude of the decrease is modulated by the metal-ion
exchange rate and local mobility of solvent.
To the best of our kowledge the isotropic 31P chemical shift is
the only NMR parameter used so far for detection of phosphate
metalation. The dynamically averaged chemical shielding anisotropy increased by 0-20 ppm and the 2J(P,C50 ) coupling
magnitude decreased by 0.2-1.8 Hz upon Mg2þ coordination.
We propose that the 2J(P,C50 ) experiment represents an
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alternative approach for the detection of metal ion coordination
in site-speciﬁcally 13C-labeled nucleoside. We emphasize that
this experiment would allow NMR detection of the metal in
native nucleic acids, i.e., without introducing the thio-phosphate
which moreover prefers binding with other metals like Cd2þ.
None of the four dynamically averaged NMR parameters
distinguished unequivocally the site-speciﬁc Mg2þ coordination.
Considering the two limit cases of this study, the static and the
dynamic pictures of solvation, we can conclude that mobility of
solvent has a dramatic impact on NMR parameters of nucleic acid
phosphate and must be taken into account for their accurate
modeling.
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