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Figure 6

Criteria for Establishing Functional Roles of a Protein Phosphorylation

1979 Phosphorylation Relevance Criteria — paraphrased from (Krebs and Beavo,
1979)

« Demonstration that a protein can be phosphorylated
stoichiometrically and dephosphorylated by protein phosphatases.

« Demonstration that functional changes correlate with the degree of
phosphorylation.

 Demonstration that phosphorylation/dephosphorylation occurs in an
intact cell system with accompanying functional changes.

« Demonstration that the levels of protein kinase/phosphatase effectors
correlate with the extent of phosphorylation in the cell type being
studied.

New Expanded/Revised Criteria for Relevance of a Phosphorylation
Event.

* Does the stoichiometry and rate of
phosphorylation/dephosphorylation of a site make sense for the
regulation of the physiological process(es) postulated for the site?
(Note this does not require a complete 1:1 stoichiometric event and
should be appropriate to the time course of the response).

« Does an increase or decrease in the “immediate function” of the
protein being phosphorylated occur as a result of phosphorylation in
a reconstituted system (i.e. in vitro)? Immediate function likely does
not mean the overall process being examined, but rather just the step
altered/catalyzed by the protein being phosphorylated.

 Does the phosphorylation occur in an intact cell system with an
appropriate “immediate functional” change? (Again, the emphasis is
on immediate function not overall process).

* Does the increase or decrease in phosphorylation correlate
appropriately to the stimulus being given?

» Is the phosphorylation/dephosphorylation time dependent in an
appropriate manner?

* Does genetic conversion of the phosphorylation site (e.g. serine to an
alanine or glutamic acid) alter the immediate function of the protein in
an appropriate manner?




Figure 7

Approaches for determining functional role(s) of a phosphorylation event

In vitro approaches —

« The classic in vitro approach has been to measure alterations in enzyme activity upon
phosphorylation. This approach is still relevant if the phosphoprotein function can be
measured in a reconstituted system. However, many phosphosites are on proteins of
unknown function or affect processes not testable using in vitro systems. Similarly, since

phosphorylation can alter stability, localization, protein interactions and other properties, in
vitro assessment is often challenging.

*Changes in_structure, conformation, or susceptibility to proteolysis/denaturation can be
measured as an indirect index that a phosphorylation event might change function (Schopper

et al., 2017; Zhao and Xiao, 2019). Generally, these methods serve to reduce the size of the
initial list of phosphosites to further test.

+ Informatic approaches are beginning to be applied to prediction of phosphorylation function.
For example, artificial neural networks like SAPH-ire (Dewhurst and Torres, 2017) and machine
learning algorithms (Ochoa et al., 2020) have shown increasing promise in narrowing down
which of the more than 200,000 phosphorylated sites identified to date in phosphoproteomic

studies are likely to be functionally important to the organism. Again, exact function is
usually lacking.

In vivo/in situ approaches —

+ Measurement of the overall effect of a phosphorylation event on a specific function of the
cell, is the classic approach. For example, measurement of steroidogenesis in a steroid
producing cell. As discussed, in most cases this approach will need to be applied to
measurement of the exact step catalyzed by the phosphoprotein and not the overall
process. The problem remains how to set up these measurements.

» Genetic approaches, are showing great promise, especially if the partial reaction can be
measured. One example uses CRISPR techniques to ablate the kinase purported to the
event, for example (Datta et al., 2020). A second utilizes this method to either knock-out the
purported kinase substrate or change the putative phosphorylation site into an alanine or
glutamic acid, see for example (Shimizu-Albergine et al., 2016). Both methods require cell lines
without multiple copies of chromosomes and assays that can measure the most immediate
step catalyzed by the phosphoprotein. Genetic techniques can also be applied to whole

animal germline manipulation but with more work involved in the knock-out/knock-in
process.

» Antibody immunoprecipitation and phosphoantibody arrays (Brumbaugh et al., 2011; Xiao et al.,
2010) applied to cell culture or in vivo models can confirm that phosphorylation occurs in an
intact cell in response to stimuli. Generally, this method requires prior knowledge of the
phosphorylation site(s) sequence, but arrays of increasing specificity and complexity are
becoming available. Occasionally the phosphorylation event causes a shift in gel mobility
which can then be used to assess relative stoichiometry. If the function of the
phosphoprotein can be assessed on the immunoprecipitated solid phase antibody, then
measurement of the function may also be established.
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