
Dynamic Effects on J-Couplings Across Hydrogen Bonds in Proteins

Phineus R. L. Markwick,* Remco Sprangers, and Michael Sattler*

European Molecular Biology Laboratory, Meyerhofstrasse 1, 69117 Heidelberg, Germany

Received October 9, 2002 ; E-mail: marwick@embl.de, sattler@embl.de

Hydrogen bonds are of fundamental importance in stabilizing
biomolecular structure and play a key role in nearly all enzymatic
reactions.1 The recent observation of largeJ-couplings across
hydrogen bonds by NMR2 has prompted considerable experimental3

and theoretical research4 in this field due to the potential that these
couplings hold for the determination of secondary and tertiary
structure in biological systems. Recent improvements in the
theoretical treatment ofJ-couplings5 have allowed accurate quan-
titative correlations to be established betweenJ-coupling magnitude
and molecular structure. In a detailed study4d of the structural
dependence of interresidue3hJNC′ scalar couplings inR-helices and
â-sheets in proteins, Barfield found that the magnitude of these
J-couplings is explicitly dependent on the local geometry of the
hydrogen bond (H-bond), in particular, theΗ‚‚‚O internuclear
separation, the CdO‚‚‚H angle and the N-CdO‚‚‚H dihedral angle.
Despite the fact that the computed coupling constants for the 1.1
Å X-ray structure of protein G are in reasonable agreement with
the experimental data, the discrepancy between theory and experi-
ment is considerably larger than one would expect. We consider
that this discrepancy arises from the fact that all studies performed
to date are based on static structures and neglect the effects of
conformational motion. There has been considerable work in
establishing the effect of conformational averaging on measured
observables associated with a distribution over an ensemble of
microscopic states.6 Recent simulations of proteins7 have demon-
strated that it is possible to obtain ensemble averages compatible
with a particular microscopic state from the trajectory of a single
molecule. In the present work, we combine molecular dynamics
simulation with density functional theory (DFT)/finite perturbation
theory (FPT) to obtain the Fermi contact contributions to3hJNC′

scalar couplings in the SMN Tudor domain. For this 55-residue
â-barrel-shaped protein both a 1.8 Å resolution X-ray structure and
a well-defined NMR structure are available.8 Experimental3hJNC′

scalar couplings were measured as described.3b The observed
J-couplings vary from 0.0 to-0.45 Hz with an estimated
experimental error of 0.02 Hz.

To include the effects of conformational motion, we have
performed a MD simulation using the AMBER program suite.9 A
generalized Born (GB) solvation model was used with a modified
set of Bondi radii and screening parameters adopted from the Tinker
programs.10 Starting from the 1.8 Å resolution X-ray structure for
the initial coordinate geometry, a short 20-ps conjugate gradients
energy minimization was performed. The system was then slowly
heated from 0 to 300 K over 50 ps with a time constant for heat-
bath coupling of 0.2 ps. This was followed by another 50-ps MD
run in which the coupling to the heat bath was slowly removed.
After these equilibration procedures, a 500-ps MD run was
performed with constant total energy dynamics using a 1-fs time-
step. For all simulations a nonbonded electrostatic cutoff of 20 Å
was employed, and no constraints were placed on the chemical
bonds. Protein structures were saved every 0.5 ps during the
simulation for the calculation of the3hJNC′ scalar couplings.

The dominant term in theJ-coupling interaction is the Fermi
contact (FC) contribution, which is very sensitive to the effects of
exchange correlation.5b For this reason DFT methods are readily
employed, particularly when studying large systems. In the DFT/
FPT11 formalism, theJ-coupling is expressed in terms of the
derivative of the spin density matrix elements, computed in the
presence of a single hypothetical magnetic moment at a given
nucleus A with respect to this magnetic moment. The wave function
is perturbed by the presence of the magnetic moment at nucleus A
which is represented by a Fermi contact perturbation of magnitude
λ. As a result, couplings between the nucleus A and all other
magnetic nuclei in the molecule are obtained in a single calculation.
Using finite difference methods, theJ-coupling between nucleus
A and any other magnetic nucleus B in the system is given by:5b

where γI is the gyromagnetic ratio of nucleus I,â is the Bohr
magneton,a0 the Bohr radius, and FC(B) is the Fermi contact
coupling energy at nucleus B after the SCF (self-consistent field)
calculation has been performed. At every 0.5-ps interval during
the MD simulation, each3hJNC′ scalar coupling constant was
calculated using DFT/FPT at the UB3LYP/6-311G** level of theory
with a FC perturbation of magnitudeλ ) 0.002 au. As these
J-couplings are only dependent on the local geometry of the
system,4d molecular fragments containing just the two hydrogen-
bonded residues were considered. The resultingJ-couplings were
then averaged over the 500-ps MD trajectory. All DFT calculations
were performed using the Gaussian 98 program suite.12

The correlation between the experimentalJ-coupling data and
the MD/DFT/FPT results is shown in Figure 1. We observe a
dramatic improvement in the predictedJ-couplings (average rmsd
between theory and experiment 0.04 Hz) compared to the calcula-
tions performed using the static X-ray (rmsd 0.35 Hz) and the
lowest-energy NMR (rmsd 0.19 Hz) structures. The principle source
of uncertainty in the DFT calculations arises from errors in the
wave function. We calculated severalJ-couplings using different
functionals (B3PW91, BLYP) and found an average difference of
0.05 Hz, which we assume to be the associated theoretical error.

On analyzing the calculated3hJNC′ couplings over the MD
trajectory, the cumulativeJ-coupling averages for H-bonds in the
â-sheet regions remain ostensibly constant after the first 200 ps.
In comparison, the cumulative3hJNC′ coupling averages associated
with more flexible regions at the edges of theâ-sheets vary over
the 500-ps trajectory. This provides a qualitative insight into the
degree of conformational freedom in different regions of the protein.
In principle, one could progress to longer trajectories until the
cumulative average for theJ-couplings in these flexible regions
also converges.

The results shown in Figure 1 require a large number of DFT
calculations demanding extensive CPU time. However, from a
practical point of view, it is important to note that theJ-coupling

JAB ) (µ0/4π)2(h/4π2)(8πâ/3)2a0
-6γAγBλ-1FC(B)
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values calculated for the MD-averaged H-bond geometries are also
in excellent agreement with the experimental data (rmsd 0.11 Hz)
and are significantly better than the results obtained using static
structures (rmsd 0.35 and 0.19 Hz) as shown in Figure 2.

Our results show that the effect of conformational motion plays
a significant role in the accurate prediction of3hJNC′ scalar couplings.
Figure 2 shows a representative skewedJ-coupling distribution
function. TheJ-coupling magnitude varies from 0 to-1.5 Hz,
which demonstrates a considerable variation in the local molecular
geometry about the H-bond. The probability distributions for both
the average H-bond length and geometry are very similar to those
obtained by M. Buck and M. Karplus.13

The variations over H-bond geometry observed in the MD are
reflected in the dynamically averagedJ-couplings. This suggests
that the H-bond network which stabilizes the secondary structure
is compatible with substantial conformational freedom in the peptide
backbone. The backbone dynamics presumably reduces the entropy
loss that is associated with H-bond formation and therefore stabilizes
the folded conformation of a protein.14 Our results indicate, that
the inclusion of conformational motion is necessary for the accurate
theoretical prediction of any physicochemical property which is
dependent on local molecular geometry in the peptide backbone.
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Figure 1. Correlation between experimental data and the MD/DFT/FPT
results. The rms deviation is 0.04 Hz. The solid squares areJ-couplings in
theâ-sheet regions averaged over a 200-ps trajectory. The open circles are
J-couplings involving residues at the edges of theâ-sheets averaged over
a 200-ps trajectory. The open squares areJ-couplings involving these
residues averaged over a 500-ps trajectory. After 200 ps, the cumulative
J-coupling averages in theâ-sheet regions remain constant.

Figure 2. Distribution function for theJ-coupling constant between Ala36

(N) and Val46 (C′) over the 500-ps MD trajectory. The solid line shows the
experimental result (-0.45 Hz), the dashed line is the distribution average
(-0.41 Hz), and the dot-dashed line shows the result obtained for the
geometrical average over the 500-ps MD simulation (-0.38 Hz).
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