Effect of phosphorylation on intrinsic conformational preferences of serine, threonine and tyrosine. A computational study.
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Phosphorylation of serine, threonine and tyrosine ranks among the most frequent and crucial post-translational modifications (PTM) of proteins. Approximately one-third of all proteins in an eucaryotic (human) cell are estimated to be phosphorylated by at least one of 500 putative kinases and de-phosphorylated by 150 phosphatases. A large portion of phosphorylation sites are located in disordered regions, and intrinsically disordered proteins themselves are preferred substrates of protein kinases.

We studied effects of phosphorylation on behavior of a protein chain by molecular dynamics and enhanced sampling methods (metadynamics). The current biomolecular force fields such as amber and charmm contain parameters for phosphorylated serine, threonine and tyrosine enabling simulations of these frequent PTM residues. However, quality of these parameters is the critical point because they have stood aside the extensive force-field testing.

We utilized terminally capped amino acids (dipeptides) as the simplest model molecules for intrinsically disordered regions in proteins. Our simulations revealed a large heterogeneity of the conformational ensembles sampled by all model dipeptides. We analyzed the net effects of phosphorylation on population of backbone conformers and side-chain rotamers, as well as their dependence on the particular force field involved in our study. 

We found that phosphorylation induced quantitative changes of different magnitudes in the populations of individual conformers in the simulated ensembles. Indeed, we identified these effects as a mechanism how the net structural trends can be affected by PTM. However, the force fields involved in our study produced rather distinct ensembles and, therefore, non-consistent structural trend. The ability of a force field to describe correctly the ensemble of preferred conformers in quantitative manner seems to be critical for its performance. Nevertheless, even the net structural trends are difficult to extract from experimental measurements and they provide only a indirect guidance for further force field development. Additionally, we discuss other routes for the parametrization and the limits of the currently used functional forms.

