Cell biology

Motifs mapped for almost
allhumankinase enzymes

Sean J. Humphrey & Elise J. Needham

A computational resource can identify candidate protein
targets for almost all members of a major class of kinase
enzyme in humans, withimplications for understanding
cell signalling in health and disease. See p.759

Protein phosphorylation — the selective
addition of phosphate groups to proteins
—is aregulatory mechanism that is funda-
mental to life. Conversely, dysregulated
phosphorylation has been implicated in
conditions such as Alzheimer’s disease,
cancer and diabetes’. The enzymes that
catalyse phosphorylation, known as kinases,
are major targets for drugs?, so understand-
ing their regulatory roles could provide new
therapeutic opportunities. Advances in our
ability to identify and quantify phosphoryla-
tionusing mass spectrometry hasled to arapid
risein the number of known phosphorylation
sites in human proteins (collectively known
as the phosphoproteome), from hundreds at
the turn of the century to more than100,000
today?. However, linking these sites with their
associated kinases has been a laborious pro-
cess®. Onpage 759, Johnson et al.* take a major
step towards resolving this problem, describ-
ingacomprehensive resource that defines the
potential substrates for almost allmembers of
one major class of human kinase.

The phosphoproteome is highly complex,
comprising tightly interconnected networks of
hundreds of protein kinases and tens of thou-
sands of their substrates. Together, they form
cell-signalling networks that can function like
microprocessors, by encoding, processing and
integrating cellular information and regulat-
ing outputsinthe form of myriad cellular pro-
cesses, from gene expression to cell division®.
Such capabilities are possible only because
different kinases have different specificities
for the many possible protein substrates.

The specificity of akinase arises from many
extrinsicand intrinsic factors. Extrinsic factors
include whether the kinase and its substrate
are expressed in the same cell type or in the
same part of the cell, and interactions with
other molecules, such as scaffolding proteins.
Intrinsic factors arise from the biochemical
and structural properties of the kinases and
substrates. For example, the presence of elec-
trically charged or bulky amino-acid residues
in the vicinity of the phosphorylation site

might promote or impede a kinase’s ability
to phosphorylate a given protein. Intrinsic
specificity results in kinases having a pre-
ferred motif — an ideal sequence of residues
that surround the phosphorylation site.

Johnsonetal.*useacell-freetechniquecalled
positional scanning peptide array analysis® to
determine theintrinsic substrate specificities
ofalmostallkinasesthat target the aminoacids
serine and threonine — representing roughly
99% of the phosphorylation sites in human
cells’. The approach involved screening a
library of 303 humankinases to determine how
capable each kinase is of transferring a phos-
phate group tothe central serine or threonine
residue of hundreds of different short strings
ofaminoacids (Fig.1).Remarkably, theauthors
find that almost two-thirds of phosphorylation
sites couldbe assignedto one of asmallhandful
of kinases.

The study also emphasizes theimportance
of ‘negative selectivity’ in defining substrate
selection. Just as some kinases favour certain
amino-acid residues at specific locations in

ATP

L 4 \?OO

Screen 303 kinases

©

their target, the converse — selection against
such residues — also occurs. This had been
known for some kinases®, but the authors show
thatitisageneral property drivingmuch of the
overallsubstrate selectivity of the ‘kinome’ (the
complete repertoire of human kinases).

By systematically defining intrinsic
substrate specificities for most human
serine/threonine kinases, the authors present
awide-ranging comparison of these enzymes.
The kinase superfamily had previously been
classified into more than 100 families, mainly
on the basis of sequence comparisons of
their catalytic domains®. Intrinsic substrate
specificity was assumed to follow these family
groupings, given that the sequence (and, by
extension, the structure) of the catalytic
domain determines substrate accessibility.
ButJohnsonand colleagues’ findings lead the
authorstoreclassify thesekinasesinto at least
38 motif-based classes. They find that kinases
fromdisparate phylogenetic families converge
on similar substrate sequence specificities,
and they define key specificity-determining
amino-acid residues in the kinase that are
responsible for some (but not all) of the
observed selectivity.

The increasing availability of structural
models as a result of developments such as
the computational tool AlphaFold, which pre-
dicts protein structures', will allow structural
information onkinases and their putative sub-
stratestobeincorporatedinto predictions of
specificity. Crucial to the accuracy of these
predictions will be the inclusion of modifica-
tions to the enzymes themselves in models
of kinase structure (and, indeed, all protein
structures), because many of these enzymes
are active only when their catalytic region
itselfis phosphorylated.

These newly defined kinase specificities
could also be used to predict the functions of
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Figure1|Large-scale analysis of kinase-enzyme substrate specificities. To investigate the specificity of
kinase enzymes for their protein substrates, Johnson et al.* generated arrays of peptide substrates — short
strings of amino acids that included serine (Ser) or threonine (Thr) at their centres. They then screened

303 kinases for their effectiveness in phosphorylating Ser or Thr residues, using a phosphate group (P)
donated by an ATP molecule. This allowed the authors to discover the sequence of amino-acid residues most
preferred by each kinase (its preferred motif). They then combined these data with those of a repository of
protein-phosphorylation sites previously identified by mass spectrometry® to predict and rank putative

phosphorylation sites for each kinase.
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the more than100 ‘dark’kinases — those with-
outany reported substrates®. Assembling the
potential substrates of each kinase and inte-
grating certain features (such asthe tissuesin
which they are expressed, their function and
how they are regulated) into various biologi-
cal contexts could reveal the biological roles
of these under-studied enzymes. This possi-
bility should motivate researchersto venture
‘into the dark’, to better characterize these
elusive proteins. That would be particularly
beneficial because biomedical research tends
to focus on certain ‘favoured’ proteins, even
though these are not necessarily moreimpor-
tant than any others, either for biological or
medical research™.

Today, mass spectrometry can measure
tens of thousands of changes to proteinsin
minuscule biological samples®. Yet, despite
the resulting deluge of information, research-
ershave ofteninterpreted changes to cell-sig-
nalling networks on the basis of the responses
of as few as 5% of phosphorylation sites
whose kinases have been identified>. To deal
with this shortcoming, numerous studies
(forexample, refs13,14) have set out to predict
substrates for some (but not all) kinases, using
the limited available experimental data. By
contrast, Johnsonetal. used their experimen-
tally derived data to computationally rank the
kinases most likely to act onmost of the human

phosphoproteome (Fig. 1). Researchers can
now use these predictions when analysing
cell-signalling data sets, to obtain a broader
viewof the potential networkactivity occurring
inbiological samples.

As biomedical fields continue to
generate profiles of biological molecules at
an accelerating rate and scale, advances in
methods to contextualize these data are cru-
cial.Johnsonand colleagues’ database will ena-
bleresearcherstopredictregulatory mediators
of amolecule of interest in various biological
contexts. Theapproach could be extended to
analysis of tyrosine kinases (the largest kinase
family notincluded here), or to other types of
modification such as the addition of ubiqui-
tin or acetyl groups, or even to the interplay
betweenmodifications, providingamoreholis-
tic view of cellular signalling.

Althoughintrinsic aspects alone canresolve
potential substrates of the kinome remarkably
well, kinase specificity is also influenced by
other factors. Ideally, these factors — which
include protein-protein interactions, tissue-
and cell-specific expression and cellular
localization — could be incorporated into top-
ological models of cell-signalling networks.
However, this would require huge amounts
of dataon many cell types and biological con-
texts. Fortunately, mass-spectrometry-based
proteomics is rising to meet this challenge.

Continued improvements in how we map
regulatory kinases will enhance our ability to
interpret the language of cell signalling.
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