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Contact shifts have been seldom used in the determination of solution structures, although the theory describing the origin of this effect is as well developed as that for other paramagnetic effects, such as pseudocontact shifts and enhancement of nuclear relaxation rates. The contact shift has been shown to be proportional to the amount of unpaired electron spin density delocalized on the observed nucleus. Unfortunately, the latter parameter is difficult to relate to structural parameters. This problem can be circumvented by developing empirical relationships, which are specific for each particular system. For example, contact shifts of propionate alpha-protons can be used as furtehr structural constraints in solution structure determination of low spin iron(III) heme proteins. Heme propionates are thought to be important for the biological function of heme proteins. In heme systems, the porphyrin carbon to which the propionate alpha-carbon is bound can be approximated to a sp2-hybridized carbon whose pure p-orbital is orthogonal to the heme plane. The latter orbital bears the delocalized unpaired electron spin density due to the presence of the paramagnetic low-spin iron(III) ion. The following relationship between the contact shift values and the dihedral angle theta between the pz-C-C(alpha) plane and the C-C(alpha)-X (where X is the observed nucleus) plane holds:
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This equation can be rewritten as a function of the angle alpha between the heme plane and the C-C(alpha)-X plane:
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A and B are unknowns. Their value can be determined by best fitting to the experimental contact shift values. Through geometric considerations, the values of alpha provide constraints for the dihedral angle formed by the heme plane and the C-C(alpha)-C(beta) plane for the propionates. These constraints can be used as such in DYANA, with no need for additional modules in the program.

Pseudocontact Shifts

A paramagnetic molecule is characterized by the presence of unpaired electrons which bear a magnetic moment. In an external magnetic field the latter partially orients itself in such a way as to give a non-zero time average, i.e. an induced magnetic moment. The effect of this induced magnetic moment on nuclei is that of creating a dipolar magnetic field which adds to the external one. A nucleus will sense this new magnetic field depending on its position within the dipolar field. This picture neglects other mechanisms of interaction between the unpaired electrons and the nuclei and is referred to as dipolar or through-space interaction. The orientational average of this interaction is zero. However, the electron magnetic moment is constituted by a spin and an orbital contribution. Whereas the former is isotropic, the latter is anisotropic. In the presence of sizeable orbital contributions to the electron magnetic moment, the induced magnetic moment changes in intensity upon molecular rotation in an external magnetic field and the magnetic susceptibility tensor associated with the molecule becomes anisotropic. Under these circumstances, the above dipolar energy does not average to zero, and the average magnetic field that is added to the external magnetic field (expressed in terms of chemical shift) is:
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where lij, mij and nij are the direction cosines of the position vector of atom i with respect to the j-th magnetic susceptibility tensor coordinate system, and rij is the distance between the j-th paramagnetic center and the atom i. This contribution to the chemical shift is called pseudocontact shift. It can be used as restraint for protein structural determination. A minimization procedure is applied to determine the tensor parameters, the direction cosines and possibly the origin of the tensor by starting from a structural model. The form of the pseudopotential which was added to the target function is:
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The metal ion and the relative anisotropy tensor are free to orient themselves during the calculation so as to give the lowest value of the target function, making it unnecessary to input the direction cosines of the principal axes of the magnetization into the program. Pseudocontact shifts provide longer-range distance constraints with respect to the NOEs, and are particularly useful in the vicinity of the paramagnetic metal ion. They further allow to relate the position of the metal ion to those of the protein protons. Since metal ions are important parts of metalloproteins, their correct location in the protein frame is a major goal.
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