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Abstract: The calculated intermolecular and intramolecular indirect NMR spin—spin coupling constants
and NMR shifts were used for the discrimination between the inner-shell and the outer-shell binding motif
of hydrated divalent cations Mg?" or Zn?* with a guanine base. The intermolecular coupling constants
1J(X,06) and *J(X,N7) (X = Mg?", Zn?") can be unambiguously assigned to the specific inner-shell binding
motif of the hydrated cation either with oxygen O6 or with nitrogen N7 of guanine. The calculated coupling
constants *J(Mg,06) and *J(Zn,06) were 6.2 and —17.5 Hz, respectively, for the inner-shell complex of
cation directly interacting with oxygen O6 of guanine. For the inner-shell coordination of the cation at nitrogen
N7, the calculated coupling constants *J(Mg,N7) and *J(Zn,N7) were 5.6 and —36.5 Hz, respectively. When
the binding of the cation is water-mediated, the coupling constant is zero. To obtain reliable shifts in NMR
parameters, hydrated guanine was utilized as the reference state. The calculated change of NMR spin—
spin coupling constants due to the hydration and coordination of the cation with guanine is caused mainly
by the variation of Fermi-contact coupling contribution while the variation of diamagnetic spin—orbit,
paramagnetic spin—orbit, and spin—dipolar coupling contributions is small. The change of s-character of
guanine sigma bonding, sigma antibonding, and lone pair orbitals upon the hydration and cation coordination
(calculated using the Natural Bond Orbital analysis) correlates with the variation of the Fermi-contact term.
The calculated NMR shifts 3(N7) of —15.3 and —12.2 ppm upon the coordination of Mg?™ and Zn?* ion are
similar to the NMR shift of 19.6 ppm toward the high field measured by Tanaka for N7 of guanine upon the
coordination of the Cd?* cation (Tanaka, Y.; Kojima, C.; Morita, E. H.; Kasai. Y.; Yamasaki, K.; Ono, A,;
Kainosho, M.; Taira, K. J. Am. Chem. Soc. 2002, 124, 4595—4601). The present data indicate that
measurements of NMR intermolecular coupling constants may be used to discriminate between the specific
inner- and outer-shell binding of divalent cations to nucleobases in DNA and RNA.

1. Introduction zymes! spliceosomal RNA&,viral pseudoknot85S rRNA Loop
E,” and other motifs. Dozens of hexacoordinated magnesium
cations with variable binding arrangements were revealed by
crystal structures of small and large ribosomal subunithe
magnesium cations appear to be especially important in mediat-

ing key tertiary interactions and stabilizing non-Wats@rick

Divalent cations play prominent roles in nucleic acids, ranging
through neutralization of the anionic nucleic acids through
specific stabilization of three-dimensional structures of RNA
and DNA molecules up to their effect as cofactors in RNA-
mediated catalysis. The active structural role of theé"Mgation
was first evidenced by high-resolution X-ray crystallography
of tRNA! followed by a number of structures such as the
hammerhead and intron ribozyn¥e%,lead-dependent ribo-
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segments. A substantial role was also suggested for divalent The calculations of NMR spiaspin coupling constants and
cations in DNA-mediated catalysisand some noncanonical NMR shifts in fragments of large biomolecules become feasible
DNA forms are stabilized by divalent metal catidfs. thanks to the progress which has been done in implementation

The observed metal binding geometries are very variable andof the calculation methods within the density functional theory
include essentially all possible binding patterns. In general, the (DFT) framework!® In this study, we present the first attempt
cations interact with nucleic acids via either inner-shell (direct to use QM methods to predict the effect of metal cation binding
solute-cation contact) or outer-shell (only water-mediated to nucleic acids on selected NMR parameters. In this manner,
solute-cation contacts) binding motifs. The preferable sites for QM calculations could substantially improve the ability of the
binding include anionic oxygens of the phosphate groups and NMR experiments to distinguish between different binding
major acceptor positions of bases, i.e., mainly N7/06 of guanine patterns of the metals. As noted above, the nucleic aciuzal
and exocyclic oxygens of uracil and thymine. cation interactions are highly variable. In a given nucleic acid

The complexes between divalent cations and nucleic acidsstructural motif, the actual binding patterns of metal cations
can be very difficult to isolate and structurally characterize. In result from a delicate balance of numerous contributions. The
crystallographic studies, it is often not straightforward distin- N7 inner-shell binding is a characteristic (but not exclusive)
guishing between metal cations bound to a biologically relevant binding for transition divalent metals, while ¥ig binds in
position and cations related primarily to the crystallization numerous ways and does not appear to have any preferred
process and stabilization of the crystal unit. Therefore, the binding pattern. Thus, the possibility to distinguish between
information from solution studies is highly desirable, and the inner- and outer-shell binding to bases through NMR experi-
role of metals in nucleic acids has been clearly evidenced by ments would be very important. Therefore, the present calcula-
recent NMR studie¥! NMR spectroscopy is the technique tions are carried out for hexacoordinatedZand Mg cations
which has been used during the past decades for the structureénd include three distinct binding motifs to the guanine base:
determination of macromolecuf@sand for the detection of  inner-shell binding to N7, inner-shell binding to O6, and outer-
intermolecular interactions. The experimental studies on shell binding to the major groove edge of guanine. These three
nucleic acids can often be successfully complemented by structures belong to the leading cation-binding patterns occurring
computational approaches. Unfortunately, in contrast to many in nucleic acids. The binding motifs of guanine complexes with
other aspects of nucleic acid structure and dynamics, binding hydrated cation examined in this study represent only a limited
of metal cations to nucleic acids is very difficult to predict via number of all possible guanireation complexes. Nevertheless,
computer modeling tools such as the molecular dynamics they include the most common and biologically relevant binding
approach. This is due to drastic approximations inherent to the patterns of small divalent cations to guanine that are well
simple pair additive force fields that do not allow proper documented by the experiments. A more extended study on
description of the balance of soluteation and solventcation guanine binding motifs including not only its canonical form
interactions3 A dication is considered as a point double charge but also several guanine tautomers is in progress and will be
with no charge transfer from an electron donor. Such ap- published elsewhere. We assume that these three binding
proximations are evidently not realistic. Further, the time scale patterns are distinct enough to evaluate the dependence of the
of present simulations-1100 ns is not sufficient to achieve calculated (and measured) NMR parameters to the cation
any significant redistribution of hydrated divalent catiéh$he binding geometry.
metal cation interactions, on the other hand, can be well 2 Methods
described using quantum chemical (QM) methods. QM calcula-
tions were in recent years intense|y used to Study structures and Calculation Procedure.All molecular Complexes were fuIIy gradient
energies of complexes between nucleic acid bases and hydrateaptimized using the DFT method with _the B3_LYP exchange-correlation
divalent cationd® The QM calculations, however, are not functionat”and the 6-31G(d,p) atomic basis set.
sufficient to determine the actual binding sites of metals in Interaction energy AE) for guanine (Gy-ion (x) (eq 1) andl

. . . ) G---X---water (W) (eq 2) complexes were determined as follows:

nucleic acids, as the calculations are feasible only for small
model gas-phase clusters.

_ GX G X
AE= EG,X - (EG,X + EGX) 1)
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complex determined in the basis set of the-& dimer. In the case of

larger complexes, the interaction energy was determined analogously.

Evaluation of interaction energies along eqs 1 and 2 ensures the
complete elimination of the basis set superposition error (BSSE).

The indirect NMR spir-spin coupling constants)(A,B), wheren
is the number of bonds connecting nuclei A and B, were determined
using the coupled perturbed DFT metkbdith the B3LYP exchange
correlation functional. Thd constants are calculated as a sum of the
diamagnetic spirrorbit (DSO), paramagnetic spitorbit (PSO), Fermi
contact (FC), and the spin dipolar (SD) contributidhs.

The NMR isotropic shieldings(A) were calculated using the GIAO
method! with the BSLYP functional. The NMR shifi(A) = o(A)hdrated
— o(A)°" is calculated as a shift of the shielding calculated for the
guanine complex containing the ion from the shielding calculated in
hydrated guanine.

The NMR parameters were calculated for the isotdipgs3C, 1N,
170, °Mn, and®"Zn; however the notation without isotope specification
is used in the text.

The atomic basis set used in calculation of NMR parameters was
the (9s,5p,1d/5s,1p) [6s,4p,1d/3s,1p] basis for carbon, nitrogen, and
oxygen and the (5s,1p) [3s,1p] basis for hydrogen developed by
Kutzelnigg?? For the divalent ions Mg and Zri#*, the (14s,6p) [5s,2p]
Ahlrichs basis sét was used.

The hydration of guanine was modeled by adding explicit molecule-
(s) of water, which interact via hydrogen bonds with guanine. This
hydration model was used for the reference calculation of NMR shifts.
The complex of hydrated guanine was further embedded into the
dielectric cavity simulating the continuum water solvent using the
COSMO method# This model of solvent was used as a hydration
model for calculation of the NMR spinspin coupling constants in a
way described elsewhete.

The natural bond orbital (NBO) analy&isvas used for monitoring
the spy hybrid character of sigma bonding)( sigma antibondingof*),
and lone pair (LP) orbitals in different complexes of guanine with water
and with cation. Further, the perturbati&(?) energy was calculated
for describing the hyperconjugation effects.

All calculations were done with the Gaussian 98.7 program paékage
except the calculation of indirect NMR spispin coupling constants,
when the COLOGNE 99 program packa&yeas used.
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Figure 1. Guanine base with numbering of atoms used as NMR probes.

3. Results and Discussion

The variation of calculated indirect NMR spispin coupling
constants and NMR shifts of hydrated guanine and complexes
of guanine interacting with the divalent cations Mand Zr#™
were used for elucidation of the ion binding motif. In particular,
we calculate the NMR spectroscopy parameters to distinguish
betweerthe direct inner-shell configuratioaf the metal cation
with oxygen O6 or nitrogen N7 of guanine, shown in Figure
3a and b, respectively, aride outer-shell configuratioof the
metal ion with the contact between guanine and the ion shielded
by water solvent shown in Figure 3c.

The nuclei C6, 06, C5, N7, C8, and H8 of guanine depicted
in Figure 1 were chosen as the NMR probes in this work. When
the oxygen O6 or the nitrogen N7 of guanine occurs in direct
interaction with the ion, the geometry parameters as well as
the electronic charge distribution of hydrated guanine may
change substantially. When the geometry and electron distribu-
tion of guanine differ upon its interaction with water and the
ion, then the change of NMR parameters can be attributed to
the specific binding motif of ion and should be also detectable
experimentally. We designed the molecular complexes of
guanine with an ion in such a way that the abovementioned
NMR probes are saturated either by explicit water molecules
or by a hydrated ion.

Each of the complexes containing the divalent cation has the
net charget2 electron (€). The magnitude of net charge may
influence NMR parameters significantly due to the polarization
of molecular orbitals and the charge transfer between the ion
and DNA base. The net charge compensation of the complex
of DNA base with the divalent cation could occur due to the
proximity of the phosphate group in DNA molecule. Thus, we
further estimated the effect of the charge screening on the NMR
parameters for the complexes of guanine with the directly
coordinated ion. For this purpose, we optimized the geometry
of the complexes shown in Figure 3a and b with one water
molecule of the hydration shell replaced by the Cahion. We
have shown before that this model complex shows a very similar
effect on base pairing structures and energies as larger nucleotide
complexes where the hydrated metal cation is screened by the
full sugar-phosphate segmetft

The NMR experiments for NA molecules are usually
performed in the native environment of water solvent. To
calculate the reliable shifts of guanine NMR parameters due to
the direct coordination of metal cations ftgand zZri#+, we
calculated for the first time the shifts dando NMR parameters
using the hydrated guanine as the reference state. The use of
isolated guanine as the reference system would bias any
comparison with experiments. The explicit hydration of guanine
is shown in Figure 2a and b.

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 665
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(a) Guanine interacting with water molecule. (b) Guanine
interacting with two water molecules. (c) Guanine interacting with bare
cation (green).

Figure 2.

The second-order interaction eneigf2), the natural atomic
charge, and the analysis of the' siybrid character of the sigma
bonding orbitals, sigma antibonding orbitals, and the lone pair
orbitals were calculated in the framework of NBO analysis.

3.1. Calculation of NMR Parameters for the Hydrated
Guanine and for the Complexes of Guanine with the Non-
hydrated Mg?" and Zn?* lon. Figure 2a and b show the
guanine molecule hydrated by one and two water molecules
(2aand2b, respectively), which represents one of our reference
structures. Figure 2¢ shows the complex of guanine with a bare
ion (2¢). The coordination number of Mg in biomolecules is

666 J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004

Table 1. Bond Distance, R, Isotropic Shieldings, o, and
Spin—Spin Coupling Constants, J,2 Calculated for the Guanine in
Vacuo and Hydrated Guanine and Guanine in Direct Contact with
the Bare Mg?" or Zn2* lon

Gh G“‘H20° G---ZHZOd G...Mg2+e GeeeZn?tt
Geometry
R(N1-C6) 1.441 0.009 0.013 0.074 0.078
R(C5—-C6) 1.439 0.001 0.003 0.049 0.052
R(C6—06) 1.218 -0.005 —-0.006 —0.073 —0.081
R(C5—N7) 1.383 0.001 0.001 -0.009 —0.004
R(N7—C8 1.307 —0.001 —0.002 —0.024 —0.026
NMR Shielding
o(C5) 58.5 58.6 59.3 66.2 67.4
o(C6) 24.7 23.3 23.1 17.0 16.4
o(06) —54.1 —42.5 —-31.5 147.3 123.9
o(N7) —40.7 —31.7 —26.6 70.8 76.8
o(C8) 47.7 46.5 45.1 30.9 30.3
NMR Spin—Spin Coupling

1J(C5,N7) 3.8 2.6 1.6 -2.9 —6.2
1J(C6,N1) —5.8 —7.8 —8.6 —20.8 —22.2
1J(C6,C5) 103.5 101.2 101.0 87.1 87.6
1J(C6,06) 33.3 32.9 31.9 33.3 36.8
1J(N7,C8) 2.6 1.0 0.3 —10.8 —12.4

aBond distance in A, shieldings in ppm, and coupling constants in Hz.
The bond length shortening-j or lengthening ) is relative to the bond
distance calculated for guanine in vacuo shown in the first column.
b Guanine in vacuo, Figure ®.Guanine hydrated by one water molecule,
Figure 2a.d Guanine hydrated by two water molecules, FigureZZBuanine
in direct contact with Mg" ion, Figure 2cf Guanine in direct contact with
Zn?* ion, Figure 2c.
strictly 6 (hexacoordination), while coordination of the?Zn
ion is more flexible and varies between 4 antf 6levertheless,
for comparative reasons, the first part of our analysis was carried
out assuming binding of bare cations to the nucleobase (Figure
2c). This simplified molecular model is used to highlight the
limit case of the ion binding effects on the NMR parameters.
The calculated geometry and NMR parameters of guanine,
hydrated guanine, and the complex of guanine witt?Viand
Zn?* jons are shown in Table 1.

3.1.1. Geometry.The variation of guanine geometry upon
hydration and complexation at oxygen O6 and nitrogen N7 with
the Mg?* or Zrét ion is shown in Table 1. The G606 bond
length of guanine lengthens gradually upon the hydration and
coordination of the Mg" or Zr?" ion, while the N+-C6 and
C5—C6 bond lengths gradually shorten. Formation of the=C6
06:--HOH hydrogen bond (H-bond) is reflected by the change
of sp hybridizatior#® of the G=0 bond; the p-character of the
(C6—06) o orbital increases what results in weakening and
elongation of the bond length. The (€®6) o orbital of guanine
is the linear combination of the two orbitals localized at carbon
C6 and oxygen O6. The calculated $yybrid character of the
orbital localized at oxygen O6 is 1.52, 1.54, and 1.98 for
guanine, hydrated guanine in Figure 2b, and the guanine
complex with the Mg" ion (G---Mg?"), respectively. The $p
character of the orbital localized at carbon C6 is 1.82, 1.85,
and 2.15 for the same series of complexes. Thus the s-character
of the (C6—06) o bond decreases gradually upon the hydration
and coordination of the Mg ion since the sphybrid character
of both orbitals localized at carbon C6 and oxygen O6
simultaneously increases.

The interaction of the bare ion with guanine shown in Figure
2c gives rise to the new mesomeric state of guanine. The guanine

(29) Bock, C. V.; Katz, A. K.; Glusker, J. Rl. Am. Chem. Sod995 117,
3754-3763.

(30) Alabugin, I. V.; Manoharan, M.; Peabody, S.; WeinholdJFAm. Chem.
Soc.2003 125 5973-5987.
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double bond C&06 becomes a single bond, whereas theN1 increase upon hydration toward the values obtained for com-
C6 bond of guanine becomes a double bond. This remarkableplexation with a bare ion (Table 1). The withdrawal of electron
change of the guanine electronic structure represents the limitdensity from the guanine molecule due to the formation of an
case of the ion interaction with guanine. The same mesomericH-bond between the water and oxygen O6 and nitrogen N7 of
structure of guanine as found for the compBswas also found guanine is represented by the decrease of the calculated negative

for the similar N7/06 inner-shell complex with the Kfgion
hydrated by four water molecules. Formation of the mesomeric
structure upon a simultaneous N7/O6 inner-shell binding of a
dication in DNA was actually anticipated befo¥eTo our
knowledge, however, the simultaneous inner-shell binding of
small dications to oxygen O6 and nitrogen N7 of guanine was
not found so far by X-ray crystallography, and thus the like-
lihood of their occurrence in nucleic acids should be negligible
compared to the binding motifs studied primarily in this paper,
especially for the zinc dication. The N7/0O6 simultaneous inner-

natural charge for oxygen O6 and nitrogen N7 (frer®.57 to
—0.61 e and from —0.40 to —0.45 e, respectively). The
increasing electronegativity at oxygen O6 and nitrogen N7 of
guanine and the polarization afelectrons lead to the increase
of calculated NMR shieldings(06) ando(N7) in hydrated
guanine. This effect further increases upon complexation with
an ion. The calculated NMR shieldinggO6) ando(N7) of
guanine shifts by 201.4 and 111.5 ppm upon the coordination
of the Mg ion. The large NMR shift calculated for oxygen
06 and nitrogen N7 of guanine due to the contact with théMg

shell binding can nevertheless be expected, e.g., for the largejon is accompanied by further decreases of natural charge of

barium dication due to its coordination number o¥8.

Hydration and complexation of guanine with an ion leads to
the increase of s-character of the (N@6) o bonding orbital
which results in the strengthening of the bond and its contraction.
The variation of the sphybrid character of the (C5C6) o
orbital in the complexes of guanine with water and ion is rather
ambiguous when compared to the variation thatarbitals
(C6—06) and (NE-C6). The NBO analysis unveils the increase
of s-character of the orbital localized at carbon C5, while the
calculated s-character of the orbital localized at carbon C6
decreases. Consequently the-GE6 bond length shortens less
than the N3-C6 one (Table 1). The C5N7 bond of guanine
shortens upon hydration, while complexation with an ion results
in lengthening. Detail NBO analysis of the (E5I7) o orbital
unveils the smooth decrease of s-character of the orbital
localized at carbon C5 upon hydration and complexation. The
sp hybridization amounts to 2.10, 2.11, and 2.34 in guanine,
hydrated guanine, and complex-@1g%", respectively. The $p
hybridization of the orbital localized at nitrogen N7 was 2.28,

oxygen O6 and nitrogen N7 from0.57 to—0.81 e and from
—0.40t0—0.72 e, respectively. The changes of NMR shielding
0(06) ando(N7) by 11 and 5 ppm, respectively, calculated for
the differently hydrated guanin2a and 2b indicate the large
sensitivity of guanine nuclei O6 and N7 with respect to the
different models of solvent. The NMR shielding$O6) and
o(N7) shift by —23.4 and 6.0 ppm when the Nigion is
replaced by the Zt ion. The NMR shieldings(C5) increases,
while a decrease in(C6) ando(C8) shieldings was found in a
series guanine, hydrated guanine, and guanine in complex with
the ion. The calculated NMR shifts due to the guanine
interaction with the Mg" ion are 7.7,—7.7, and—16.8 ppm

for carbon C5, C6, and C8, respectively. The magnitude of NMR
shift calculated for carbon C5, C6, and C8 of guanine correlates
with the change of the natural charge. The natural atomic
charges—0.08, 0.61, and 0.17ecalculated for carbon C5, C6,
and C8 change te-0.10, 0.59, and 0.31 eupon coordination

of the Mg?* ion to guanine. All carbon NMR shieldings of Table

1 change by less than 1.2 ppm when #ds exchanged by

2.22, and 2.35 for the same series of complexes. Also, the zp2+.

calculated weight of the orbital localized at nitrogen N7

increases by 56.5%, 56.9%, and 58.5% for the same series ofc

complexes. The orbital localized at nitrogen N7 thus controls
the character of the (C5N7) o orbital in different complexes
of guanine. This probably explains the small -@%7 bond

length shortening upon hydration and the bond lengthening upon

coordination of an ion to guanine.
The N#~=C8 bond lengthens upon hydration and complexation

3.1.3. NMR Couplings.The calculated one-bond coupling
onstant'J(C6,06) of guanine decreases gradually upon the
interaction of guanine with one and two water molecules by
0.4 and 1.4 Hz, respectively. The decrease by 1.4 Hz of the
1J(C6,06) coupling constant is mainly due to the decrease of
its FC contribution by 1.8 Hz. Since the FC oper&qrobes
the s-electrons at the sites of coupled nuclei, the decreasing
s-character of the (C606) ¢ orbital (see above) explains the

with the ion. The calculated s-character of the orbital localized gecrease of the FC contribution of thC6,06) coupling. When
at carbon C8 decreases smoothly upon guanine hydration andpe r-character of the G606 multiple bond decreases the
ion complexation, while the s-character increase was calculatedys)ute value of SD contribution decrea&®sThe SD con-

for the orbital localized at nitrogen N7. The weights of the
orbital localized at nitrogen N7 in the linar combination of the
(N7—C8) o orbital were 57.7%, 58.0%, and 60.5% for guanine,
hydrated guanine, and complex-@g%". The dominating part
of the (N7—C8) o orbital localized at nitrogen N7 is thus

tribution of thelJ(C6,06) coupling calculated for guanine and
hydrated guanin€b is —1.8 Hz and—1.5 Hz, respectively,
indicating the small weakening of the €®6 bond. The
n-character of the G606 bond in the guanine compleic
decreases upon complexation with the ion, and the bond

responsible for decreasing the double bond character of thepocomes a singler bond. Consequently, the bond length

guanine N#C8 bond which explains the bond lengthening in
hydrated guanine and in complex-@g?+.

3.1.2. NMR Shieldings.The calculated NMR shieldings
0(06) ando(N7) of guanine are negative, and their values

(31) Egli, M.; Gessner, R. \WProc. Natl. Acad. Sci. U.S.A995 92, 180-184.
(32) Gao, Y. G.; Sriram, M.; Wang, A. H. Blucleic Acids Red.993 21, 4093~
4101.

increases. Surprisingly, however, the value of ¥6,06)
coupling remains the same. The calculated SD and PSO
contributions of théJ(C6,06) coupling change from 1.8 Hz

to 0.5 Hz and from 11.9 to 9.5 Hz, respectively, reflecting the
change of bond multiplicity. Since the variation of the SD and
PSO contribution of théJ(C6,06) coupling compensates and
the FC contribution is the same in guanine and in the guanine
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complex with the M§" ion, the1J(C6,06) coupling constant  guanine2b, and complex @-Mg?". The NBO analysis unveils
remains the same. The magnitude of the FC term is known to the pure decrease of the s-character of the<{I8%) o orbital
decrease with the decreasing s-character of orbitals probed ain the complex G-Mg?" (see above). The decrease of s-
the position of coupled nuclei and with the increase of the energy character of the (C5N7) orbital due to the coordination of the

gap between occupied and virtual molecular obit&l3he Mg?* ion to guanine is however compensated by lowering of
change of multiplicity of the C&06 bond leads to the fairly  the energy gap between the (€87) o ando* orbitals and by
large decrease of s-character of the (@) o orbital which an even more pronounced lowering of the energy gap between

is however compensated by the decrease of the calculated energthe (C5-N7) o and nitrogen LP(N7) orbitals. The more effective
gap between the (C806) o ando* orbitals and between the coupling of the (C5-N7) o orbital with the LP(N7) orbital due
(C6—06) orbital and the oxygen LP(O6) orbital. This explains to the energy gap lowering explains the increase of the absolute
the same value of the FC term calculated in guanine and in value of the FC contribution of tHg(C5,N7) coupling constant.
G---Mg?" complex. The energy gaps between the {CB) o The calculated lowering of the energy gap between the{(N7
ando* orbital and between the (G606) o orbital and oxygen ~ C8) ¢ orbital and the nitrogen LP(N7) orbital in hydrated
LP(O6) orbital further decrease when the Mgon is replaced guanine and in the &Mg?" complex makes the coupling
by the Zr#* ion. This probably yields the increase of the betweens and LP orbitals more effective as in the case of the
1J(C6,06) coupling constant mediated via FC contribution C5—N7 bond. The s-character of the guanine {N8) o orbital
calculated for the G-Zn?* complex. The impact of the double  localized at nitrogen N7 increases while the s-character of the
charged ion is crucial for the change of guanine mesomeric state.orbital localized at carbon C8 decreases upon hydration and
When thelJ(C6,06) coupling constant is calculated for the guanine complexation. The effect of the energy gap lowering
nonrelaxed geometry of the guanine complex in Figure 2c with between the (N7C8) o and LP(N7) orbitals is even more
the Mg?* ion removed, its value increases to 53.5 Hz with the enhanced by the increase of the s-character of the-(08) o
PSO, FC, and SD contributions 13.8, 41.7, and.8 Hz, orbital at the site of the nitrogen N7. This explains the larger
respectively. decrease of the FC contribution of #3N7,C8) coupling than

The absolute value of the calculatéd(N1,C6) coupling  that of thetJ(C5,N7) coupling in the same complex.
constant gradually increases with the increasing s-character of The calculated NMR parameters exhibit a monotonic increase
the (N1-C6) o orbital in the hydrated guanine and upon Or decrease in a series guanine, hydrated guanine, and guanine
complexation of guanine with the ion. The increase of the in complex with an ion. In contrast, th&l(C6,06) coupling
calculatedJ(N1,C6) coupling constant is driven by the FC constant calculated for the complex of guanine with thé*Zn
contribution decreasing from7.8 Hz in guanine to-25.4 Hz ion attached to G/O6 gives rise to the increase of the coupling
in the guanine complex with the Zhion. The calculated G5 constant when compared with the decrease induced by hydration.
C6 bond distance of guanine shortens upon its hydration andAlso the guanine NMR shif6(O6) was larger in the guanine
complexation. The shortening of the €66 bond indicates the ~ complex with Mg* than in the complex with the Zn ion.
increase of s-character of the (€86) o orbital which should The charge transfer from guanine to water or ion occurs
give rise to the increase of the FC contribution of tH5,C6) exclusively from the LP orbitals of G/O6 and G/N7 to the
coupling. However the calculatéd(C5,C6) coupling constant  orbital of water or LP* orbital of ion. Th&E(2) energies for
decreases due to its FC contribution in the hydrated guanineLP(O6) — ¢*(O—H) of water or LP* of ion were 2.3, 5.8,
and upon the coordination of the Kfgion to guanine. The final ~ 23.2, and 61.4 kcal/mol in GH;0, G+-2H,0, G---Mg?*, and
sp' hybridization of the (C5C6) o orbital is affected by the G---Zn?" complexes, respectively. For N7, the energies for
decrease of sthybridization of the orbital localized at carbon  LP(N7) — ¢*(O—H) of water or LP*(ion) were 3.5, 8.3, 18.6,
C5 and by the increase of spybrid character of the orbital ~ and 40.9 kcal/mol for the same series of complexes. The reverse
localized at carbon C6. The FC contribution of #l#C5,C6) charge transfer (i.e., from ion or water to guanine) withEéR)
coupling constant of the guanine constant decreases by 2.3 Hznergy greater than 1 kcal/mol occurs only for ion complexes:
(2% of totallJ(C5,C6)) upon hydration, and the"sgharacters ~ core (CR) (M@") and CR(ZiAt) — BD*(N7—C8) with E(2)
of the orbital localized at carbon C5 and C6 change from 1.87 values equal to 1.9 and 3.7 kcal/mol, respectively. The inter-
to 1.86 and from 1.62 to 1.64, respectively. In the case of action energies calculated for-&H,0, G---Mg?*, and the
complex G--Mg2?", the FC decreases by 15.1 Hz when G---Zn?** complexis 13.4,210.2, and 252.7 kcal/mol. Note that
compared with its value in guanine, and th&lsgbrid characters  the difference of the M and Zr#* interaction energies is due
calculated for the orbital localized at carbon C5 and C6 are 1.82to specific 3d (Zny-lone pair (base) interaction which is
and 1.75, respectively. The s-character increase of the-(C5 responsible for the preferential binding of zinc to nitrogen
C6) o orbital at the site of carbon C6 which clearly dominates atoms!3
in the G--Mg?" complex explains the decrease of the FC 3.2 Calculation of NMR Parameters for the Complexes
contribution of thelJ(C5,C6) coupling even though the €5 of Guanine with Hydrated Mg?2* and Zn?" lons. The NMR
C6 bond shortens. parameters were calculated in the complexes of the hydrated

The calculatedJ(C5,N7) andJ(N7,C8) coupling constants ~ Mg?* ion interacting directly with the oxygen O84) or with
of guanine decrease gradually upon hydration and complexationthe nitrogen N7 of guanine8p) shown in Figure 3a and b and
with the ion. The decreasing trend of these couplings is driven in the complex where the interaction of the ¥gion with
by the increase of the absolute value of the respective FC guanine is mediated through water molecules as shown in Figure
contributions. The calculated FC contributions are 6-4,7, 3c.
and—5.5 Hz for the'J(C5,N7) coupling and-2.0, —4.3, and The NMR spin-spin coupling constants calculated for the
—14.8 Hz for thelJ(N7,C8) coupling in guanine, hydrated hydrated guanine and for the complexes of guanine with the
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Figure 3. (@) Inner-shell coordination of cation (green) with oxygen O6
of guanine. (b) Inner-shell coordination of cation (green) with nitrogen N7
of guanine. (c) Outer-shell coordination of cation (green) with guanine.

Table 2. NMR Spin—Spin Coupling Constants? Calculated for the
Inner-Shell Binding Complex of Hydrated Mg?* lon with Guanine
and for the Outer-Shell Complex of Mg?* lon with Guanine

G"'ZHzob G/o@...Mg2+/1+c G/N7...Mg2+/1+d G...(Mg2+) e
1J(C5,N7) 0.5 —1.6/-0.4 —3.5~3.1 -1.8
1J(C6,N1) —-9.7 —15.9/-14.4 —-15.3+13.3 —14.8
1J(C6,C5) 98.1 99.2/99.2 95.8/96.8 98.8
1J(C6,06) 28.7 22.1/22.8 33.1/33.2 30.4
1J(N7,C8) -0.9 —4.21-2.6 —5.51-4.7 -3.6
1J(C8,H8) 212.9 216.7/214.5 209.3/219.3 212.9
2J(C5,N1) —9.4 —6.7-7.8 —7.5/-8.1 7.1
2J(C6,N7) —7.3 —5.9+6.7 —5.3~5.8 —6.0
2J(N7,H8) —11.9 —10.7~11.1 —10.5~9.7 —10.9
J(Mg,C5) —-0.1/-0.1 -0.2/-0.3 0.0
J(Mg,C6) —-1.1~0.9 -0.1~0.1 0.0
J(Mg,06) 6.2/4.6 0.0/0.0 0.0
J(Mg,N7) 0.1/0.0 5.6/4.6 0.1
J(Mg,C8) 0.0/0.0 —-0.5/-0.3 0.0

aThe coupling constants in H2.Guanine hydrated by two water
molecules (Figure 2b) embedded into the dielectric cavity modeled using
the COSMO approach. For details, see the Methods seétlaner-shell
binding of hydrated Mg" to guanine O6 (Figure 3a). The second number
in each row is calculated for a hydrated cation having one @hion in
its coordination shell, leading thus to a total chargetdfe™. For details,
see the Methods sectiotinner-shell binding of hydrated Mg to guanine
N7 (Figure 3b). The second number in each row is calculated for a hydrated
cation having one OH anion in its coordination shell, leading thus to a
total charge of+1e . For details, see the Methods secti®@uter-shell
configuration of hydrated M ion with water-mediated contact between
the Mg?" ion and guanine (Figure 3c).

Table 3. NMR Shift? Calculated for the Guanine in Direct Contact
with the Hydrated Mg2* lon and for the Outer-Shell Hydrated Mg2*™
lon Complex with Guanine

G/OS"'Mgz*/“b G/N7...M92+/1+c G...(Mgz+) d
5(C5) —5.4/-3.1 —4.41-4.2 —4.4
0(C6) 3.3/2.8 6.6/5.5 5.7
5(06) —-133.1/92.8 —75.0~61.3 —-106.5
O(N7) —35.0~20.6 —48.337.0 —32.9
5(C8) 6.9/3.7 5.3/8.7 6.5
5(Mg)e 3.1/11.3 6.7/14.7 7.1

2The NMR shifts in ppm relative to the hydrated guanine (Figure 2b).
b Inner-shell binding of hydrated Mg to guanine 06 (Figure 3a). The
second number in each row is calculated for a hydrated cation having one
OH™ anion in its coordination shell, leading thus to a total charge bé .
¢ Inner-shell binding of hydrated Mg to guanine N7 (Figure 3b). The
second number in each row is calculated for a hydrated cation having one
OH™ anion in its coordination shell, leading thus to a total charge bé .
d Outer-shell configuration of Mg ion with no direct contact between ¥ty
jon and guanine (Figure 3cJNMR shift obtained as shielding of Mg
ion in cluster of six molecules of water in the absence of guanine base
minus the shielding of Mg ion in complex with guanine.

hydrated M@" ion are shown in Table 2. The coupling constants
of hydrated guanine shown in the first column of Table 2 were
calculated for the complegb embedded into the dielectric
cavity simulating the continuum water solvent using the
COSMO method. The polarization of the compx by con-
tinuum solvent leads to the further saturation of the calculated
NMR coupling constants as can be seen from the NMR coupling
constants calculated for the complexasb, shown in Table 1.
The continuum solvent described by the COSMO method was
successfully used for the calculation of the hydration effect on
NMR coupling constants in the DNA hairpin molecdfeThe
calculated NMR shifts for the complexes of guanine with the
hydrated M@" ion 3a—c are shown in Table 3. The NMR shifts
were calculated as shifts from the NMR shieldings obtained
for the hydrated guaningb, shown in Table 1.

The interaction energies calculated for the complex of the
hydrated M@" ion interacting directly with the oxygen O6 of
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guanine, with the nitrogen N7 of guanine, and for the complex coupling constant decreased to 4.7 Hz. The two-bond coupling
with the outer-shell configuration of the Mgion amount to constant?J(Mg,C6) decreases from 0 te1l.1 Hz due to the
377.6, 368.5, and 390.4 kcal/mol, respectively. The small direct contact of the Mg ion with the oxygen O6 of guanine
variation of the interaction energy calculated for the three (Figure 3a), and th&)(Mg,C8) coupling constant decreases from
complexes indicates the near equivalency of all complexes with 0 to —0.5 Hz upon coordination of Mg ion to nitrogen N7 of

the little preference for the complex of Migion coordinated guanine (Figure 3b).

at the nitrogen N7 of guanine. Also the calculated intramolecular coupling constants of
When the effect of the Mg ion on the calculated NMR  guanine change due to the direct contact of thé“Mgn with
parameters of guanine in the outer-shell ion complex is guanine. The calculated coupling consthl{€6,06) decreases
negligible and the hydration model of guanine is complete, the py 11.0 Hz upon the coordination of the Rfgion to oxygen
difference between th&constants shown in the first and in the 06 of guanine Compared to the value calculated for the outer-

last column of Table 2 is negligible. Also, the calculated NMR  shell configuration of the ion. For the M{ion coordinated to
shifts for the outer-shell ion configuration shown in the last nittogen N7 of guanine, it increases only by 2.7 Hz. The
column of Table 3 should approach zero in this case. However, cglculated decrease or increase of #13C6,06) coupling
some of NMR parameters calculated for the hydrated guanine constant correlates with the calculated' $ybrid character

and for the guanine complex with the outer-shell ¥1don values of the (C6,06) orbital at the site of carbon C6 which
differ. In particular, the'J(C5,N7),%J(N1,C6), and'J(N7,C8) were 1.54, 1.76, and 1.74 for the compleges3b, and3c. In
couplings and thé(0O6) NMR shift indicate the possible non-  the case of direct contact of the Kfgion with oxygen O6 of
negligible effect of the outer-shell ion on NMR parameters of gyanine, the trend is further enhanced by the decrease of the
guanine or the unsaturated hydration of guanine. When thé Mg energy gap between the (€©6) o bonding orbital and the

ion was removed from the comple3c and the geometry of  gxygen LP(06) orbital. The coupling constah#éC5,N7) and
guanine and the water cluster of the com@exvas keptrigid,  13(N7,C8) of guanine decrease due to the coordination of the
the calculatedJ(C5,N7),1J(N1,C6),1J(N7,C8) andJ(C6,06) Mg2* ion to the nitrogen N7 by 1.7 and 1.9 Hz, respectively,
coupling constants change to 2.811.8, 1.4, and 39.5 Hz,  compared with the couplings in the complex with outer-shell
respectively. Work is in progress to clarify whether the jon configuration. When the Mg ion is coordinated to oxygen
interaction of the outer-shell ion with guanine is shielded entirely g of guanine, théJ(N7,C8) coupling constant decreases only
by water solvent or not. For comparison of the calculated NMR by 0.6 Hz and théJ(C5,N7) coupling constant increases only
parameters with experiment, the guanine complex with th&Mg  y 0.2 Hz compared to the couplings obtained for the outer-
ion coordinated in the outer solvent shell was taken as a gpg| ion complex. For the coupling constai#C5,N7) and
reference system rather than the complex of hydrated guaninelJ(N7,C8)' the calculated decreases of the energy gap between

2b. _ o _ the o ando* orbitals ando and LP(N7) orbitals dominate the
3-2-1;NMR Coupling Constants.The direct interaction of  modest variation of the phybrid character of (nitrogen
the Mg?* ion with oxygen O6 of guanine in the compl@a carbon)o orbitals which gives rise to the increase of the absolute

gives rise to the increase of the calculated coupling constantyaiye of both couplings.
1J(06,Mg) from 0, when the interaction is water shielded, to
6.2 Hz. Similarly, the calculatet)(N7,Mg) coupling constant
increases from 0 to 5.6 Hz upon the direct coordination of Mg
ion to nitrogen N7 of guanine. The scalar coupling constant
between the nitrogen N7 of guanine base of hammerhead
ribozyme and the Cd ion was not observed by Tanaka,
although the large NMR shift measured for nitrogen N7 of
guanine toward the high field was attributed to the coordination
of Cc#* ion to nitrogen N7 of guanin®f It was argued by
Tanaka that if the coupling between N7 ancd®Cibn is present,
its value would be smaller than 20 Hz due to an NMR signa
line width resolution of 22 Hz. Also the direct coupling between
the inosine nitrogen N7 and Kg ion was not observed,
although a large NMR shift toward the high field measured for .
the nitrogen N7 indicated the coordination of the?Hgpn to N7, the coupling decrgases only by 0.5 Hz. )

the nitrogen N7 of inosiné The fact that the coupling between The calculated CO“P"”Q constad(C8,H8) remains the same
the Cd+ and guanine N7 was not observed by Tanaka might for thg hydrated'guanme and for the ou'.[er-sh.ell complex of the
be possibly explained by its small value which is supported by M3”" ion. The direct contact of the Mg ion with oxygen 06
the modest value of the direct coupling constai{N7,Mg) of guanine in the compleRa causes the increase t{C8,H8)

calculated here. When the Nfgcation binds simultaneously ~ cUPling by 3.8 Hz, while, in the case of ion contact to nitrogen
to oxygen O6 and nitrogen N7 (Figure 2c), the calculated N7, the coupling decreases by 3.6 Hz. The variation of the

coupling constants}(06,Mg) and:J(N7,Mg) were 2.8 and 15.5 calculatedlJ(C8,H8) coupling constant could be explained by
Hz, respectively. For the complexc with the Mg+ cation the variation of the calculated %gybrid character of the

hydrated by four water molecules (figure not shown), the (C8:H8)o orbital since the energy gap between the (C8,518)

The coupling constarit)(C5, C6) decreases by 3.0 Hz upon
the contact of the M ion with nitrogen N7 compared with
the value calculated for the outer-shell ion complex, while it
increases only by 0.4 Hz in the case when the ion is attached to
the oxygen O6 of guanine. The "shybrid character of the
(C5,C6) 0 bond at the carbon C6 increases to 1.66 when the
ion is attached to nitrogen N7, while it decreases to 1.60 for
the contact of the ion with oxygen O6 compared to the value
1.62 calculated for the outer-shell coordination of the ion to
| guanine. When the Mg ion is coordinated to oxygen 06 of
guanine, théJ(N1,C6) coupling constant decreases by 1.1 Hz
compared to the value calculated for the outer-shell ion
coordination, while, in the case of ion contact with the nitrogen

1J(06,Mg) coupling constant was 2.6 Hz, while t¢N7,Mg) and o* orbitals remains similar in all complexes of guanine.
The calculated sphybrid character 1.91 of the orbital localized
(33) Buchanan, G. W.; Bell, M. Tan. J. Chem1983 61, 2445, at carbon C8 in the complex with outer-shell coordination of
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the M¢?" ion increases to 1.92 and decreases to 1.89 when thevalues were—2.4 and 0.9 ppm for coordination of the Kig

Mg?" ion is coordinated to oxygen O6 and nitrogen N7 of
guanine, respectively. Since the orbital localized at hydrogen
H8 is of 100% s-character in all complexes, the hybrid character
of the (C8-H8) ¢ orbital is determined by the change of the
orbital localized at carbon C8. The increase or decrease of the
s-character explains the variation of th#C8,H8) coupling
constant with respect to the ion coordination. The increase from
215 to 220 Hz was measured for tR&(C8,H8) coupling
constant of guanine in the d(TGGT) oligonucleotide upon the
interaction of Pt" with the guaniné* However, the increase
of the 1J(C8,H8) coupling constant measured in the d(TGGT)
oligonucleotide cannot be related directly to the coordination
of the P#' ion to O6 of guanine since (a) a large NMR shift
was measured for N7 of guanif&(b) the negative phosphate
group of d(TGGT) can affect the coupling value as indicated
by calculation for comple®b with the total charge+1e-, and
(c) the C8-H8 group of guanine is not fully hydrated in our
theoretical models which could also affect the coupling vabue.
The variation of the calculated two-bond coupling constants
shown in Table 2 is smaller than 1 Hz for all complexes of
guanine containing an ion. Nevertheless the calculated two-bond

coupling constants slightly decrease in the complexes of guanine

with a directly coordinated ion except tR&C5,N1) coupling.
The larger difference ranging from 1 to 2.3 Hz was calculated
between the two-bond couplings of hydrated guanine and the
couplings of guanine with outer-shell ion coordination.

3.2.2. NMR Shifts. The NMR shifts of guanine nuclei due
to the direct coordination of cation discussed in this section are
calculated as a NMR shift of nucleus in the respective inner-
shell complex (Table 3) minus the NMR shift of nucleus in the
outer-shell complex (Table 3). The NMR shifts discussed in
the text are thus considered with respect to the outer-shell ion
configuration in contrast to the shifts related to the hydrated
guanine shown in Table 3.

An NMR shift of —15.4 ppm was calculated for the nitrogen
N7 of guanine due to the direct coordination of the adpn
at nitrogen N7 in complegb. When the Mg" ion is coordinated
at oxygen O6 of guanine, th& N7) NMR shift is only —2.1
ppm. The calculated(N7) nicely corresponds to the shift by
19.6 ppm toward the high field measured by Tanaka for nitrogen
N7 of guanine in the hammerhead ribozyme upon the coordina-
tion of the Cd™ ion to nitrogen N7 of guanin&f The similar
values of NMR that shift toward the high field were also
measured by Buchanan and Stothers for the nitrogen N7 of
guanosine upon the addition of the Figand Zr¥™ ions®® and
for the nitrogen N7 of inosine upon the addition of the2Hg
and Zr#+ ions33 The NMR shifts—26.6 ppm and+31.5 ppm
were calculated for the oxygen O6 of guanine due to the direct
contact of the Mg ion with the oxygen O6 in the complea
and upon contact with the nitrogen N7 of guanine, respectively.

The calculated shifty(C5) is 0 and—1.0 ppm upon the
coordination of the Mg ion with the nitrogen N7 and with
the oxygen O6 of guanine. NMR shifts ef2.50 and—1.77
ppm were measured for carbon C5 of guanine bases in the
d(TGGT) oligonucleotide upon coordination of 2Ptwith
nitrogen N7 of guanine by Mukund&hThe calculated(C6)

(34) Mukundan, S.; Xu, Y.; Zon, G.; Marzilli, L. Gl. Am. Chem. S0d.99],
113 3021-3027.
(35) Buchanan, G. W.; Stothers, J. ®an. J. Chem1982 60, 787.

ion to O6 and N7 of guanine, respectively. NMR shi{C8)
values weret-0.2 ppm and-1.2 ppm for the interaction of the
Mg?" ion with oxygen O6 or nitrogen N7 of guanine. Mukundan
measured the resonance of carbon C8 shiftedtBy24 and
+1.07 ppm for guanine bases in the d(TGGT) molecule due to
the coordination of Pt at N7 of guaniné* Tanaka measured
the carbon C8 shift of-0.5 ppm in guanine of the hammerhead
ribozyme due to the binding of the Mtion to the nitrogen
N7 of guaninéX The small variation of calculated carbon NMR
shifts for C5, C6, and C8 due to the direct contact of an ion is
of the similar order as the experimental NMR shifts. The
theoretical model must be further improved, e.g., by inclusion
of the base pairing effect and complete hydration of complex,
to account for such subtle NMR shifts.

The NMR shifts of—4.0 and—0.4 ppm were calculated for
the Mgt ion directly interacting with oxygen O6 or nitrogen
N7 of guanine, respectively, which is in agreement with the
decrease of NMR shift for the Hgion interacting with nitrogen
N7 of inosine as observed by Buchartén.

The change of calculated NMR coupling constants and NMR
shifts when the total charge of the inner-shell complex-2&~
is reduced tot+1le  is shown in Tables 2 and 3, respectively.
The absolute values of the one-bond coupling constants decrease
or remain the same when the total charge of the complex is
reduced tot-1e, except the increase of tA&(C6,C5) coupling
constant by 1 Hz in the comple3b. The two-bond coupling
constants slightly decrease in the complexes with the total charge
+1e-, except the increase of tR(N7,H8) coupling constant
by 0.8 Hz in the complex in Figure 3b. The largest variation of
the coupling constant due to the charge reduction was calculated
for 1J(C8,H8) andJ(Carbon,N7) coupling constants. The
1J(C8,H8) coupling constant increases by 10.0 Hz in complex
3b with the total charge-1e~ compared with the complex with
the charget+2e . The calculated $phybrid character of the
(C8—H8) ¢ bond at C8 changes from 1.92 in compxwith
the charget2e™ to 1.86 in the complex with the chargele™
which explains the increase of th#§C8,H8) coupling constant.
On the contrary, théJ(C8,H8) coupling constant decreases by
2.2 Hz in complex3awhen the charge changes froh2e™ to
+1e” which correlates with the increase of the" dp/brid
character of (C8H8) ¢ bond at C8 from 1.89 to 1.91. The
calculated coupling constant¥{(C5,N7) and'J(N7,C8) increase
by 1.2 and 1.6 Hz in compleB8a when the charge of the
complex is reduced fromt2e™ to +1e". The increase of those
coupling constants in comple8a is driven by the decrease of
the absolute value of the FC term which is caused by the
increase of the energy gap between thand o* (carbon—
nitrogen) orbitals and the gap between thend LP orbitals
rather than by the change of the s-character oftlfearbon-
nitrogen) orbitals. The absolute values of the calculated NMR
shifts shown in Table 3 decrease upon the change of the total
charge from+2e to +1e in complexes3a and 3b, except
the shiftd(C8) in complex3b and thed(Mg) shift. The change
of carbon NMR shifts due to the change of total molecular
charge is smaller than 3.5 ppm excluding the fairly large change
calculated for oxygen O6 and nitrogen N7 of guanine. The
0(06) increases by 40.3 and 13.7 ppm when the total charge
changes from+2e~ to +1le” in complexes3a and 3b,
respectively. Thed(N7) increases by 14.4 and 11.3 ppm in
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Table 4. Change of NMR Spin—Spin Coupling Constants and
NMR Shifts? When Interchanging an Mg?" with a Zn?* lon in
Complexes with Guanine

G/OB-++ion>*> GIN7-++ion?*¢ G-++ion*d
NMR Spin—Spin Coupling
AYJ(C5,N7) 0.5 2.2 0.6
AJ(C6,06) -3.2 0.3 0.2
AXJ(N7,C8) 0.3 1.6 —0.9
AYJ(C8,H8) —-0.5 -1.7 -0.7
NMR Shielding
AS(C5) -1.1 -1.1 —-0.4
AS(OB6) —-4.1 4.3 0.9
AS(N7) -3.1 —10.0 —-2.5

respectively. The intermolecular couplings approach zero when
the interaction between the cation and guanine is shielded by
water, i.e., in the outer-shell complex. The two-bond intermo-
lecular coupling constarit)(Mg,C6) decreases from 0 tel.1

Hz due to the inner-shell coordination of the ¥gon to OB,

and the?J(Mg,C8) coupling constant decreases from G-@.5

Hz upon complexation of the Mg cation to N7.

The intramolecular one-bond coupling constad{€5,C6),
1J(C5,N7),1J(N7,C8), andJ(C8,H8) decrease, and the coupling
constantJ(C6,06) increases upon the complexation of a cation
with N7. The decrease of the coupling constal{€6,06) and
the increase of the coupling consta#(tC8,H8) were calculated

The change of parameter was calculated as a difference between thewhen the cation is coordinated to O6 of guanine. The variation

parameter in complex with Mg ion minus the parameter calculated in
complex with Z@* ion. The NMR parameters varying less than 1 Hz for
J couplings and 1 ppm for the NMR shift in all three complexes were not

included. The change of direct couplings between the ions and oxygen O6

and nitrogen N7 of guanine is discussed in té&thner-shell binding of
hydrated cation to guanine O6 (Figure 3@nner-shell binding of hydrated
catioin to guanine N7 (Figure 3bJ.Outer-shell configuration of cation
(Figure 3c).

complexes3a and 3b, respectively, when the total charge
changes from+2e to +1e. Let us reiterate that the-1
complexes were utilized to estimate the upper limit of screening
of the system for example by the negative charge of the sugar
phosphate backbone.

The change of selected NMR parameters due to the replace
ment of the M@" ion by the Zi&* ion in the complexe8a, 3b,
and 3c is shown in Table 4. The opposite sign of the
magnetogyric ratio of"Mg and ®7Zn nuclei gives rise to the
opposite sign of the direct coupling constant between the ion
and oxygen O6 or nitrogen N7 of guanine. The values of the
calculated'J(Zn,06) andJ(zZn,N7) coupling constants were
—17.5 Hz and—36.5 Hz, respectively, when the Znion is
coordinated at oxygen O6 or nitrogen N7 of guanine.

4. Conclusion

The indirect NMR spir-spin coupling constants and the
NMR shifts calculated for the complexes of the guanine base
interacting with the hydrated cations Kfgor Zré* can be used
for the discrimination between the inner-shell and the outer-
shell coordination of the cation to the guanine base. To obtain
a reliable change of NMR parameters induced by the inner-
shell coordination of the cation with guanine, the calculations
were for the first time carried out assuming a hydrated rather

of calculated NMR spirrspin coupling constants due to the
interaction of water molecules or hydrated metal cation(s) with
guanine is driven mainly by the variation of the FC term. The
changes of the FC term were explained on the basis of the
calculated sp hybrid character of sigma bonding, sigma
antibonding, and lone pair orbitals and by considering the energy
gap between the orbitals in different complexes.

The calculated two-bond intramolecular coupling constants
vary less than 1 Hz when calculated for inner-shell and-outer
shell complexes.

The NMR shiftd(N7) of —15.3 and—14.8 ppm calculated
for nitrogen N7 of guanine due to the inner-shell contact of

Mg?+ and Z#" cations, respectively, is comparable with the
NMR shift of 19.6 ppm toward the high field measured for N7
of guanine upon the complexation with €dation!!f The same
trend was measured for the NMR shift of guanine N7 upon
complexation with H§"™ and Zr#* cations®® When the cations
Mg?+ and Zr#+ bind to 06 of guanine, the calculated shifts
O(N7) are only—2.1 and 6.3 ppm, respectively.

The interaction energies amount to 377.6 and 368.5 kcal/
mol for the inner-shell complex with the Mgion coordinated
to O6 and to N7, respectively. For the outer-shell complexes
of the M@?* cation, the interaction energy was 390.4 kcal/mol.
This is in agreement with literature daf® The comparable
interaction energies are not surprising, and as stated above, all
binding motifs investigated in this paper are commonly seen in
nucleic acids, depending on the balance of other contributions.
The possible presence of the binding motif with a cation
coordinated to oxygen O6 of guanine can be verified by
measuring théJ(Mg,06) coupling constant.

than an isolated guanine as the reference state. The stepwise The present study shows that the NMR method complemented

hydration of guanine presented in this study clearly shows the Py quantum chemical theory has high capability to detect
relevance of the inclusion of a water solvent reference in Se|eC'[IV€‘|y the SpeCIfIC coordination of metal cation with nucleic

particular for the nuclei involved in direct interactions with

surrounding molecules as O6 and N7. It was demonstrated that
the calculated change of NMR parameters due to the presencg

of an ion in the environment of water is more reliable when the
effect of hydration is taken into the account.

The intermolecular spiaspin coupling constants)(X,06)
and1J(X,N7) (X = Mg?t, Zrn?+) respond selectively to the direct
coordination of the cation with either oxygen O6 or nitrogen
N7 of guanine. The calculated coupling constaid(®1g,06)
and 1J(Zn,06) are 6.2 and-17.5 Hz, respectively, in the
complex of guanine with an ion coordinated at O6 of guanine.
When the ion is coordinated at N7 of guanine, the coupling
constantstJ(Mg,N7) andJ(Zn,N7) are 5.6 and-36.5 Hz,
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acid base.
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