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Since their first observation in 1998,1 indirect electron-mediated
interactions between nuclear spins across hydrogen bonds in
biomolecules have become an important tool for the structural
characterization of biological macromolecules (see reference 2
for a review). These couplings have also become the focus of
quantum-chemical investigations.3-7 Recently, experimental three-
bond3hJ(31P-15N) (3hJPN) and two-bond2hJ(31P-1H) (2hJPH) scalar
couplings across N-H‚‚‚-O-P hydrogen bonds of protein-
nucleotide complexes were reported by Mishima et al.8 and by
Löhr et al.9 In the former work, a strong dependence of these
couplings on the hydrogen-bond geometry in the complex between
GDP nucleotide and Ras p21 protein was found.8

We present calculations of3hJPN and 2hJPH couplings for this
protein-nucleotide complex using the DFT-based methodology
of Malkin et al.,10 which is well-suited to study spin-spin
couplings in sizable systems,11,12 and compare the results with
experimentally determinedJ couplings by Mishima et al.8 An
analytical parametrization of calculated couplings is derived that
reflects their distinct dependence on the hydrogen-bonding
geometry and which facilitates the structural interpretation of these
new types of NMR parameters.

DFT calculations were applied to coordinate sets of model
compounds, which were generated as follows. Coordinates of
amino acid residues Gly13, Gly15, Lys16, and Ser17 of Ras p21
(including side-chain atoms) that form hydrogen bonds with the
phosphorus of GDP were extracted from the 2.2 Å resolution

X-ray structure (PDB entry 1Q21).13 Coordinates were also
extracted for Ala18, which is hydrogen-bonded to the phosphorus
of GDP.13,14 Each residue was truncated at its N terminus with
an acetyl group and at its C terminus with aN-methylamino group
with atoms placed at the positions of atoms of the neighboring
residues in the crystal structure.13 To speed up calculations,
simplified models for the phosphorus-containing fragments of
GDP were used. TheR-phosphorus of GDP and its covalently
bonded neighbor atoms were modeled as magnesium methyl
phosphate (Mg[PO4(CH3)], see Figure 1a), while theâ-phosphorus
of GDP and its environment were represented as dimethylester
of phosphoric acid anion ([PO4(CH3)2]-, Figure 1b).

Calculations of trans-hydrogen bond scalarJ-coupling constants
were performed, including the Fermi-contact (FC) term, para-
magnetic spin-orbit (PSO) term, the diamagnetic spin-orbit
(DSO) term using the deMon-NMR code10,15,16 adopting the
procedure that was successfully applied to biomolecular systems.5,7

The Perdew and Wang17 semilocal exchange functional and the
correlation functional of Perdew18 were employed. The PSO term
was calculated with the Loc.1 approximation of SOS-DFPT19

using a grid consisting of 32 points of radial quadrature. In the
FC calculations, a grid with 64 radial points and the perturbation
of 0.001 at the position of phosphorus nucleus were applied. The
IGLO-III basis set20 was used, except for magnesium which was
treated with the small effective-core potential valence basis of
ref 21.

NMR measurements of the GDP complexes of the wild-type
Ras protein and the human Ras p21 Q61L-substituted protein yield
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Figure 1. (a) Model of Gly15 together with Mg[PO4(CH3)] as used for
calculations of3hJPN and 2hJPH couplings in the residues Gly13, Gly15,
Lys16, and Ser17. The P-O-H arrangement, which departs from
linearity, in the N-H‚‚‚-O-P fragment is shown. (b) Model of Ala18
together with [PO4(CH3)2]- as used for DFT calculations of geometrical
dependence of3hJPN and2hJPH couplings in GDP-Ras p21 complex. The
nearly linear P-O-H arrangement in the N-H‚‚‚-O-P fragment is
shown.
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rather weak spin-spin couplings (below 1 Hz) between acceptor
groups of GDP and amidic (1H and15N) nuclei of Gly13, Gly15,
Lys16, and Ser17.8 This is confirmed by our DFT calculations
of the corresponding model structures where computed3hJPN and
2hJPH couplings do not exceed 0.37 Hz and-0.90 Hz, respectively.
The situation differs for Ala18 for which sizable3hJPN and2hJPH

couplings of 4.62 and 3.36 Hz were measured. They are nearly
quantitatively reproduced by the calculations (Table 1). It should
be noted that both Ala18 couplings are computed to be negative,
while experimentally the sign of the two couplings was found to
be the same, but the absolute sign could not be determined.8

There are distinct differences in the contributions of FC, PSO,
and DSO terms to the3hJPN and 2hJPH couplings in Ala18. The
PSO and DSO terms both have positive signs whereas the FC
terms is always negative.3hJPN couplings are dominated by the
FC term: for all structures investigated, the sum of PSO and DSO
contributions amounts to less than 3% of the FC value. In contrast,
PSO and DSO terms contribute on average about one-third of
the total2hJPH value. In the case of Ala18 the FC, PSO, and DSO
terms are-4.54 Hz,+1.03 Hz, and+0.25 Hz, respectively, which
illustrates the importance of noncontact terms for the accurate
prediction of this coupling (experimental value in the Ras(Q61L)-
GDP complex is (-) 3.36 ( 0.09 Hz.8).

Mishima et al.8 et al. noticed that the large variation in the
3hJPN and 2hJPH couplings between Ala18 and Gly13, Gly15,
Lys16, and Ser17 does not correlate with changes in hydrogen-
bond lengths: according to the crystal structure13 the NO distance
for Ala18 is shorter than for Ser17 but longer than for Gly13,
Gly15, and Lys16 (Table 1). As judged from backbone15N
relaxation measurements, this difference also cannot be attributed
to effects of fast dynamics.14,22 Their conclusion8 that the
approximately linear hydrogen-bonding arrangement as expressed
by the POH angle (and not by the OHN angle, which remains
fairly constant for all five residues, see Table 1) is a prerequisite
for the presence of large3hJPN and 2hJPH couplings is fully
supported by the present calculations. A dramatic increase in3hJPN

and2hJPH values is observed by setting the POH angle to 175° in
the complexes involving Gly13 and Gly15 (which is the value of
this angle for Ala18 in the X-ray structure), while keeping the
NO distance fixed at 2.76 and 2.74 Å, respectively (see Table
S1).

Two-dimensional surfaces of the3hJPN and2hJPH couplings were
calculated for the Ala18 model as a function of the NO distance
and the POH angle (Figure 2) and parametrized by an expression
that factorizes radial and angular parts:

For the3hJPN couplings (n ) 3, X ) N) the optimal parameters
area0 ) -9628.6 Hz,a1 ) 2.7232 Å-1, a2 ) 2.4761,Roffset )
3.1853 rad, while for the2hJPH couplings (n ) 2, X ) H) they
are a0 ) -28446 Hz,a1 ) 3.1969 Å-1, a2 ) 1.9133,aoffset )
3.1068 rad. For the 25 computed3hJPN and 2hJPH couplings the
sum of squared differences between DFT and eq 1 isø2 ) 0.125
Hz2 andø2 ) 0.476 Hz2, respectively, with maximum deviation
of only 0.18 and 0.19 Hz, respectively.

The 3hJPN and2hJPH couplings sensitively probe the hydrogen-
bond angle and distance in a way that is well captured by eq 1.
They exponentially decrease with increasing NO distance, which
is consistent with previous experimental23 and theoretical5,24

findings for3hJNC’ trans-hydrogen bond couplings in proteins and
2hJNN couplings in nucleic acids.3,4 The combined application of
the parametrizations of eq 1 to experimental3hJPN and 2hJPH

couplings, in a way analogous to the widely used Karplus-type
relationships, provides useful constraints for the determination
of the structures of protein-nucleotide complexes in solution.
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Table 1: Hydrogen Bond Lengths and Angles of Ras
p21-Nucleotide Complex Together with3hJPN and2hJPH Coupling
Values

residue rNO [Å] RPOH [deg] ROHN [deg] 3hJPN[Hz]a,b 2hJPH[Hz]a,b

Gly13 2.76 108 171 -0.24 (<0.27) -0.90 (<0.52)
Gly15 2.74 110 162 -0.07 (<0.53) -0.88 (<0.92)
Lys16 2.77 116 165 +0.37 (<0.35) -0.38 (<0.98)
Ser17 3.05 119 157 +0.31 (<0.29) +0.18 (<0.26)
Ala18 2.85 175 149 -4.00 -3.26

(4.62( 0.01) (3.36( 0.09)

a Calculated couplings together with experimental couplings in
parentheses.b Signs of experimental3hJPN and2hJPH data have not been
determined.

Figure 2. 3hJPN couplings in the model of Ala18 as a function of therNO

distance and theRPOH angle. The surface shows the data fitted to the
DFT values (using eq 1 ) represented as stems. An analogous figure for
the2hJPH coupling together with Tables of calculated couplings are given
in the Supporting Information.

nhJPX(rNO, RPOH) ) a0 e-a1rNO{cos(RPOH - Roffset)}
a2 (1)
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