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Abstract—Protein kinases participate in a myriad of cellular
processes of major biomedical interest. The in vivo substrate
specificity of these enzymes is a process determined by several
factors, and despite several years of research on the topic, is still
far from being totally understood. In the present work, we have
quantified the contributions to the kinase substrate specificity of
i) the phosphorylation sites and their surrounding residues in the
sequence and of ii) the association of kinases to adaptor or scaffold
proteins. We have used position-specific scoring matrices (PSSMs),
to represent the stretches of sequences phosphorylated by 93 families
of kinases. We have found negative correlations between the number
of sequences from which a PSSM is generated and the statistical
significance and the performance of that PSSM. Using a subset
of 22 statistically significant PSSMs, we have identified specificity
determinant residues (SDRs) for 86% of the corresponding kinase
families. Our results suggest that different SDRs can function as
positive or negative elements of substrate recognition by the different
families of kinases. Additionally, we have found that human proteins
with known function as adaptors or scaffolds (kAS) tend to interact
with a significantly large fraction of the substrates of the kinases to
which they associate. Based on this characteristic we have identified
a set of 279 potential adaptors/scaffolds (pAS) for human kinases,
which is enriched in Pfam domains and functional terms tightly
related to the proposed function. Moreover, our results show that
for 74.6% of the kinase—pAS association found, the pAS colocalize
with the substrates of the kinases they are associated to. Finally, we
have found evidence suggesting that the association of kinases to
adaptors and scaffolds, may contribute significantly to diminish the
in vivo substrate crossed-specificity of protein kinases. In general, our
results indicate the relevance of several SDRs for both the positive
and negative selection of phosphorylation sites by kinase families and
also suggest that the association of kinases to pAS proteins may be
an important factor for the localization of the enzymes with their set
of substrates.
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I. INTRODUCTION
HOSPHORYLATION is the most common

post-translational modification of proteins, and is
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also an important mechanism for the regulation of protein
function.[1] Protein phosphorylation is a reversible and fast
reaction that have been conserved in evolution as a mechanism
for regulating proteins in a non transcription-dependent
manner.[2] The addition (or removal) of a phosphate group,
can regulate different characteristics and properties of the
affected protein such as its conformation, its activation
state, its interactions with other proteins or its cellular
localization.[3]

Protein kinases are the enzymes that catalyze the
phosphorylation reaction. In human there have been described
518 protein kinases, which constitutes one of the largest
families of proteins and accounts for nearly 2% of our
genes.[4] Kinases are key players in several cellular processes
and their deregulation have been tightly related to pathologies
such as cancer [2], [5] and diabetes [6], [7]. Most protein
kinases share a common fold of the catalytic domain, but
despite their similarities at the catalytic region, kinases
have achieved a remarkable sequence diversity by combining
different classes of protein domains.[4], [8] Indeed, this
diversity plays a major role in the substrate specificity and
functional aspects observed in vivo for these enzymes.[9],
[10], [11] In general, the in vivo substrate specificity observed
in kinases, is known to be determined by several contextual
factors such as the sequence vicinity of the phosphorylation
site, cellular localization, cell-type specific coexpression and
interactions of kinases and their substrates with adaptor or
scaffold proteins. [12], [13]

Advances in high-throughput phosphoproteomic
methodologies, have provided valuable data of experimentally
determined phosphorylation sites for hundreds of kinases
from yeast, human and other organisms.[14], [11], [15],
[16], [17] Based on the aforementioned data, several
authors have studied the kinase specificity by analyzing
different sequence motifs that are targeted by the kinases
in their substrates.[18], [13], [9], [19] These motifs —
often termed phosphorylation motifs — have been generally
represented in position-specific scoring matrices (PSSMs),
which allow the probabilistic modeling of signals in sequence
alignments.[20] PSSMs have been previously used for
the prediction of novel phosphorylation sites and for the
assignment of experimentally determined phosphorylation
sites to kinases.[21], [22] Other more sophisticated methods
for the prediction of phosphorylation sites implement complex
algorithms such as hidden Markov models, artificial neural
networks or expert systems to integrate several sources of
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information (e.g., structural disorder, sequence conservation,
positional correlations of residues).[23] However, in those
cases it is more difficult to infer the decisions that support
the predictions, as opposed to the cases of PSSMs, where
it is much easier to pinpoint the determinant residues of a
functional phosphorylation site.[23]

Adaptors and scaffolds are multidomain proteins involved
in the dynamic spatio-temporal organization of large signaling
complexes and cellular structures. [24] Due to their roles in
cellular signaling, some of these proteins have be implicated in
cancer and tumorigenesis. [25], [26] The specificity of many
signal transduction events is modulated by adaptors and/or
scaffolds, which can recruit signaling enzymes to proper
cellular locations [27], [28]. Indeed, the associations of kinases
with adaptors and scaffolds can enhance efficient catalytic
activation and accurate substrate selection. This is the case
of the PKA kinase, which is targeted to discrete cellular
environments by the A-kinase anchoring protein (AKAP) [29].
Other two examples are the kinase suppressor of Ras (KSR)
and IQGAP, which function as platforms and regulators of the
mitogen-activated protein kinase (MAPK) pathway. [30], [25]
Adaptors and scaffolds are extremely diverse proteins which
lack common sequence signature motifs. Therefore, their
identification based only on sequence is currently not possible.
Nevertheless, these proteins often contain protein-protein
interaction domains (e.g., SH2, SH3 and PD) and it has
been suggested that some scaffolds interact with at least
two signaling proteins [24]. Based on these characteristics,
Ramirez and Albrecht devised a computational method from
which they identified 250 potential human signaling scaffolds
[31]. However, in their analysis the authors excluded proteins
with intrinsic catalytic activity as potential scaffolds, a criteria
that may constitute a limitation of their method [32], [33].

In this work we have studied these two elements of
the substrate specificity of human protein kinases. First,
we focused on the identification of SDRs in the sequences
phosphorylated by several kinase families families, and we
quantified their contribution to the specificity of those families.
Second, we studied how the association of kinases to adaptor
and scaffold proteins may influence the cellular colocalization
of kinases and their substrates, and also how these associations
may diminish the substrate crossed-specificity of kinases.

II. MATERIALS AND METHODS

A. Integration of human phosphorylation data

We compiled a local database of experimentally
determined phosphorylation sites by integrating data from
the public resources HPRD [34], PhosphoSitePlus [35] and
Phospho-ELM [36]. We kept only those phosphorylation sites
for which the responsible kinase was known and we filtered
out those without a supporting publication. Our integrated
set increases by 18%, 58% and 59% the numbers of kinases,
substrates and phosphorylation sites (respectively), with
respect to the average contained in the three source databases
(see Appendix A).

B. Construction of the position-specific scoring matrices

For generating the PSSM for each kinase family, we used
sequence alignments of peptides with a length of nine residues,
which contain the phsophorylation site in the central position.
For computing the score of each residue we used (1), which
is based in the log-odds of the residues at each position of the
alignment and considers the frequencies of the residues in the
human proteome. [37] The cut-off p-value for matches to the
PSSMs was set to 1e™ %4,

Srp = log(qﬂ), p=1tow €))

fr
S': score of residue r at position p; g: frequency of
residue r at position p; f: frequency of residue r in the
reference proteome and w: length of the sequence alignment.

C. Evaluation of the position-specific scoring matrices

We have used the information content (IC) the percent
of recall (recall) and the area under the receiver operating
characteristic curve (AUC-ROC) to evaluate the statistical
significance and the performance of the PSSMs. By percent
recall we mean the fraction of seed phosphorylation sequences
that match the cognate PSSM with a statistically significant
score. The statistical significance tests were based on empirical
p-values for both the IC and the recall. For this, we used sets
of 100’000 PSSMs that have been generated from random
sequences, and that also respect the cardinality of seed
sequences of the PSSM being assessed. For computing the
IC we have used the KullbackLeibler distance [38], where the
IC is the sum of the expected self-information of each element,
see (2).

10 ==Y g x log(2) )
< f

IC: information content; ¢: frequency of residue 7 in
position p of the sequence alignment; f: frequency of the
residue r in the reference proteome.

D. Identification of specificity-determinant residues

The number of phosphorylation events available for each
kinase family in our set is not uniform. In order to count
with enough data to conduct the identification of SDRs, we
have selected a subset 22 kinase families with at least 100
phosphorylation events. For each family, we have attempted
the identification of residues that could contribute significantly
to the specificity of the corresponding kinases (i.e., the SDRs).
Based on the corresponding PSSMs, we have classified as
SDRs those residues with a score equal or higher than half the
score of the phospho-acceptor residue. Finally, we computed
the frequency of each SDR across the phosphorylation events
of each family in the experiment.

E. Identification and analysis of known adaptors and scaffolds
We collected from UniProtKB/Swiss-Prot all human
proteins annotated with either adaptor or scaffold terms in
their Function field. By using the high confidence human
interactome from Interactome3D [39], we filtered out the
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adaptors and scaffolds without evidence of binary interaction
with at least one human protein kinase. Finally, we obtained
a set of 191 known adaptor or scaffold (kAS) proteins, which
associate to 287 human protein kinases.

Some adaptors and scaffolds are known to associate to both
the kinases and their substrates. We have tested whether the
kAS proteins interact with a statistically significant number of
the substrates of the kinases to which they are associated. We
have used as the test statistic the number of interactions of
proteins in a subnetwork of the interactome. For constructing
the backgrounds for the statistical test, we first selected the
kinases with at least five substrates (156 kinases in total)
and using those substrates as seeds we generated a first level
subnetwork of the human interactome. We generated different
backgrounds depending on the cardinality of substrates (S)
of each kinase. For generating the backgrounds we started
by randomly selecting a node (K) having at least S partners.
Later, for a number S of randomly selected K’s partners,
we identified the first neighbors (P). Finally, we counted the
number of interactions between each P and all K’s partners.
While randomly rewiring the subnetwork, we repeated the
process 10’000 times for each background set. For testing the
initial hypothesis, we conducted a right tale Fisher’s exact test.

F. Identification of kinases sharing a significant number of
substrates

We have investigated if there exist a relationship between
the association to common adaptors or scaffolds and the
substrate cross-specificity of kinases. We have approached the
identification of kinases sharing at least one kAS protein and
also sharing a significant number of in vivo substrates. The
size of the overlap between the sets of substrates was used as
a test statistic. For estimating the statistical significance of the
overlaps, we computed empirical p-values for sets of kinases
with cardinality two and three. We performed the analysis only
for the 111 kinases for which we known at least five in vivo
substrates.

III. RESULTS AND DISCUSSION
A. Position-specific scoring matrices

We have analyzed the performance and statistical
significance of the PSSMs corresponding to the 93 kinase
families for which we count with at least one phosphorylation
site. Regarding their performance, we have found negative
correlations between the number of seed phosphorylation sites
and i) the recall (R = —0.48, p-value = 1.2¢799), ii) the IC
(R = -0.33, p-value = 0.0013) and iii) the AUC-ROC (R =
—0.47, p-value = 1.6e=96). These results suggest that in our
data, the increase of the sequence diversity generated by the
increase of the number of seed phosphorylation sites, can exert
a negative effect in both the performance and the level of
self-information of a PSSM (see Fig. 1). We suggest that the
substrate specificity of some kinases and kinase families might
be represented best by multiple PSSMs, a concept that have
been previously applied in the analysis of DNA recognition by
transcription factors [40]. Although not covered in the work
here presented, we consider that in such cases, multiple PSSMs

TABLE I
COMPARISON OF SIGNIFICANT AND NOT SIGNIFICANT SETS OF PSSMs

Total PSSMs IC % recall AUC-ROC Psites
Significant 69 7.13 46.60 0.77 52.00
Not significant 24 9.49 100.00 1.00 4.50
p-value 0.177  1.89¢7 %  1.36e7%*  8.57¢7%°

The table shows the median values of the parameters used for comparing the two sets
of PSSMs. The last row shows the results of the Mann-Whitney U test, which is based
on the differences of the medians (significance level ac < 0.05). Psites stands for seed
phosphorylation sites.

could be useful for modeling fairly different phosphorylation
motifs that are targeted by the same kinase or kinase family.

The IC can be used as a statistic to estimate how
different is that PSSM from a uniform distribution. From
our analysis, 69/93 (74.2%) of the PSSMs were found to
be statistically significant; and the two sets of PSSMs —
significant and not significant — differ in their median values
of the percent recall, the AUC-ROC and the number of seed
phosphorylation sites. Our results show that PSSMs with a
statistically significant IC were generated from sets of seed
phosphorylation sites larger than the ones from not statistically
significant PSSMs. In agreement to what was previously
mentioned, significant PSSMs show significantly lower values
of recall and AUC-ROC (see Table I and Fig. 2). Surprisingly,
we have not found significant differences between the two
sets of PSSMs based on their median IC values. However,
in an equivalent comparison using PSSMs from independent
kinases, we have found significant differences if the median IC
values between sets of significant and non significant PSSMs
(Mann-Whitney U test p-value = 6.2e~%%),

Based on the results of the current analysis, we selected a
subset of significant PSSMs to conduct the identification of
specificity-determinant residues (SDRs) for the corresponding
families of kinases.

B. Specificity-determinant residues

From the previously identified group of significant PSSMs,
we selected 22 for which we count with at least 100
phosphorylation events. For 19/22 (86.4%) of the families
analyzed we identified at least one SDR. For these 19 families
we have successfully classified as SDRs residues that have
been reported to play important roles in the specificity of
the corresponding kinases (e.g., MAPKp, i, PIKKq.1, AKTg3
and CK2g,3) *. The quantification of the relevance of the
SDRs — based on their frequency among the phosphorylation
events of each family — shows a wide variation across the
different families. For example, the four SDRs previously
mentioned have relatively high frequencies that range between
88.86% and 45.83%; however, other SDRs show much lower
frequencies (e.g., PKCky, = 19.79%, CAMKLN,3 = 18.03%
and CK2p,, = 15.54%, see Table II).

Based on our data, we hypothesize that the combination of
multiple SDRs of low frequencies contribute in an additive
way to the recognition of the phosphorylation sites by the

*SDRs are shown as the acronym of the kinase family, followed by the
residue (one letter code) and its position relative to the phosphorylation site.
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Number of phosphorylation sites

with the number of seed phosphorylation sites. X-axes are displayed in logarithmic scale.
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Correlations of measurements with the number of seed phosphorylation sites. The IC, percent recall and AUC-ROC display negative correlations

TABLE II
‘%‘ ‘%‘ SPECIFICITY-DETERMINANT RESIDUES OF KINASE FAMILIES
2 % ””””” { 2 % Kinase family SDR % freq. % cross-freq.
g g CDK P+1 81.72 5.95
GSK S-4 38.49 14.01
z z GSK P+l 53.96 5.95
g ] } ,,,,,,,,,,,, { 2 } ,,,,,,,,,, { GSK S+4 48.56 1151
3 3 MAPK pP-2 31.37 5.83
MAPK P+1 88.86 5.95
‘ ‘ T T ‘ ‘ ‘ ‘ ‘ PIKK Q+1 80.83 3.98
4 6 8 10 12 16 5 10 20 50 100 AKT R-3 84.13 514
Information content Percent recall AKT W+1 3.85 0.66
CAMKL R-3 31.15 5.14
CAMKL K-3 21.31 5.65
g 5 CAMKL N+3 18.03 3.83
£ } H } ] { PKC R-3 23.19 5.14
2 2 PKC R-2 24.32 5.09
: - PKC R+2 27.71 457
_ y PKC K+2 19.79 3.88
& g CKl1 S-3 28.5 8.08
-0 | { g % ””” % e CK1 S+3 31.09 9.85
CK2 D+2 15.54 6.17
‘ , ——— ‘ — — — CK2 E+3 45.83 6.15
04 05 06 07 08 1.0 1 5 50 500 In the table, % freq.: frequency of the SDR among the phosphorylation events of
AUC-ROC Number of phosphorylation sites current kinase family. % cross-freq.: frequency of the SDR among the complementary
phosphorylation events, that is, the ones from kinase families without the current SDR.
Fig. 2. The PSSMs were classified based on the significance of their IC.

The two groups of PSSMs were later compared based on their IC, percent
recall, AUC-ROC and number of seed phosphorylation sites. The thick lines
in the boxes represent the medians.

kinases. In contrast, we consider that SDRs of high frequencies
have a larger contribution to the kinase specificity. Moreover,
we have noted that the frequency of any given SDR is low
— 6.0% on average — among the phosphorylation events
of the kinase families that do not count with that SDR. To
our opinion, this suggests that SDRs may also function as
elements of negative selection to avoid the phosphorylation of
non-cognate sequences.

We have identified SDRs that, to the best of our knowledge,
have not been previously reported as determinants of the
specificity for the corresponding kinase families. These are
the cases of CAMKLy,3 and AKTw,, with frequencies of
18.03% and 3.85% respectively. The SDR N+3, is present in

the sequences targeted by the microtubule affinity-regulating
kinases (MARK) — CAMKL family members — within
the repeat regions of the human TAU protein, which is
implicated in Alzheimer’s disease [41]. Besides, N+3 have
a low frequency (3.83%) among the phosphorylation events
of the other 21 kinase families in the analysis. Given that
the repeat regions of TAU are responsible for the binding to
the microtubules [42]; we consider that the presence of N+3
in these regions is an important element for the recognition
by MARK kinases, and therefore for the regulation of the
association of TAU to the microtubules. The identification
of W+1 as an SDR for the AKT family is an interesting
result, given that tryptophan is rarely found in the close
sequence vicinity of phosphorylation sites — 0.66% among
the phosphorylation events of non AKT kinase families —.
W+1 was identified as an SDR even when occurring at low
frequency (3.85%) among the phosphorylation events of AKT
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kinases, which prompted us to research further about the
biological relevance of the finding. Interestingly we found
reports in the literature showing that, by phosphorylating
sequences containing a conserved W+1, some AKT kinases
are implicated in the regulation of transcription factors of
the FOXO family [43]. To our opinion, this result supports
the utility of our approach for the identification of SDRs,
even for residues that occur at low frequency among the
phosphorylation sites of the kinase of interest.

C. Association of kinases to known adaptors and scaffolds

As previously described, we have compiled a set (kAS) of
191 human proteins that are known to function as adaptors
or scaffolds (available on request). These 191 kAS proteins
associate to 287 (55.4%) — via 1281 binary PPIs —- protein
kinases, which represent a total of 94 (72.3%) kinase families
and also comprise the nine major groups in which human
kinases are classified. To our opinion, these findings suggest
that the association to adaptors or scaffolds is a widespread
mechanism among human protein kinases. The results from
the analysis of enrichments in Pfam domain families [44] and
molecular function terms (MF) of the Gene Ontology [45]
show that 14/23 (60.8%) of the enriched Pfam domains are
known to be directly involved in promoting PPIs (e.g., PDZ,
SH2 and SH3); and that 100% of the enriched MF terms are
related to protein binding, adaptor or scaffolding functions (see
Fig. 5 and Fig. 6 in Appendix B). Together, these results
support the biological role as adaptors or scaffolds of the
proteins in the kAS set.

Adaptors and scaffolds can function as linking elements
between the kinases and their substrates by recruit the enzymes
to cellular compartments where they gain spatial proximity to
its relevant set of substrates. We have searched for evidence
supporting that kAS proteins could interact with a large
number of the substrates of the kinases to which they associate.
The result of our analysis suggests that, compared to any
random kinase partner, kAS proteins are five times more likely
to interact with a significantly large number of the substrates of
their corresponding kinases (p-value = 1.08e~15). This result
supports our initial assumption and therefore we decided to use
this property of kAS proteins to identify potential adaptors and
scaffolds of proteins kinases in the human interactome.

D. Potential adaptors and scaffolds of protein kinases

We have identified a total of 706 associations
kinase—potential adaptor/scaffold (K—pAS, available on
request). These include 279 pAS proteins — 25.4% of them
is present in the kAS set — that are known to interact with
78 (50%) of the 156 kinases initially considered for the
experiment. The 78 kinases cover 44 (33.8%) of all human
kinase families. Analysis of Pfam domains composition show
enrichment 10 Pfam families, all of them known to mediate
PPIs or to be present in proteins involved in cellular signaling
(see Fig. 7 in Appendix B). Half of these ten Pfam families
enriched in the set of pAS proteins were also enriched
in the kAS set, a finding that supports the hypothesis of
common biological functions. Additionally, we have found

Proteins Pfam families MF terms

109 'A_ms 2 M s 12 A s

known adaptorsscafiolds (kAS)
® potential signaling scaffolds (Ramirez and Albrecht, 2010)
@ potential adaptors/scaffolds (pAS)

Fig. 3. Comparison of the sets of adaptors and scaffolds.

39 MF terms to be overrepresented in the pAS set (see
Fig. 8 in Appendix B). A considerable fraction of these
terms (24/39, 61.5%) refer to ‘protein binding’ functions
of signaling-related molecules such as receptors, kinases,
phosphatases and transcription factors. This suggests pAS
proteins could be able to mediate PPIs for different classes of
signaling-related proteins. In contrast with the kAS set, for
the pAS proteins we do not find enrichments in MF terms
directly related to adaptor nor scaffolding functions; a result
that supports the pAS proteins as a novel set of potential
adaptors and scaffolds.

We have compared the three sets of adaptors and scaffolds
(i.e., KAS, pAS and the set identified by Ramirez and Albrecht)
in terms of their protein composition and enriched MF terms
and Pfam domains (see Fig. 3). We have found a relatively low
average overlap of proteins between the three sets (18.4%),
which highlights the lack of a consensus criteria for the
computational identification of adaptors and scaffolds. In
contrast to our methods, Ramirez and Albrecht considered that
scaffolds lack intrinsic enzymatic activity [46]. We consider
this criteria to be inaccurate, given the cases of the focal
adhesion kinase (FAK) [33] and the kinase suppressor of Ras
(KSR) [32], which are both scaffolds with reported catalytic
activity. Differences in the Pfam families and the MF terms
enriched can be partially attributed to differences in sets of
proteins defined as the backgrounds. Nevertheless, for all
the three sets the Pfam domains and MF terms enriched
support the hypothesis of adaptor or scaffolding roles. Finally,
differences in the definition of human interactome can also
influence the results of the identification strategies.

Taken together, we consider that our strategy have been able
to suggest a set of potential adaptor and scaffold of human
human protein kinases, whose functional annotations are in
agreement with the proposed biological roles.

E. Cellular colocalization of kinases, adaptors, scaffolds and
substrates

Adaptors and scaffolds can play a fundamental role in the
in vivo specificity of protein kinases by promoting the cellular
colocalization of these enzymes with their cognate substrates.
Here we have searched for evidence of colocalization of the
PAS proteins with the substrates of the associated kinases.
For this, we have used the 706 K—pAS relations previously
identified, and we have evaluated whether a given pAS is
annotated to a cellular component term (CC) — from the Gene
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M nucleus

M cytosol
nucleoplasm

B cytoplasm
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nuclear chromatin

B other compartments

Fig. 4. Cellular component terms shared by substrates and pAS proteins.
The slices represent the number of K—pAS pairs where the pAS protein is
annotated to the the given CC term. TF and PML stand for transcription factor
and nuclear bodies respectively.

Ontology database — that have been previously found to be
enriched in the set of substrates of its associated kinase.

For 527/706 (74.6%) of the K-pAS pairs, we found
evidence of colocalization between the pAS and the substrates
(available on request). This set of 527 K—pAS pairs accounts
for 41 kinases, 156 pAS proteins — corresponding to 52.6%
and 55.9% (respectively) of the ones in the initial 706
kinase-pAS pairs— and 35 unique CC terms. In Fig. 4 we
show a pie chart representation of the CC terms shared by
the pAS proteins and the sets of substrates; while in the
Table III we show cases of pAS proteins that are found
to colocalize with substrates of their corresponding kinases.
For example, the pair formed by the [-adrenergic receptor
kinase 1 (ARBK1) and the Na(+)/H(+) exchange regulatory
cofactor NHE-RF (NHRF1), where the later it has been
reported to be involved in the scaffolding of S-adrenergic
receptors — substrates of ARBK1 — at the plasma membrane
[47]. Another example is the case of the checkpoint kinase-1
(CHK1) and the 14-3-3 protein zeta (1433Z), where the later
it has been reported to be required for the nuclear retention
of CHK1 [48]. A third case is casein kinase a-1 (KCI1A),
for which we identified the catenin 5-1 (CTNBI1) as a pAS.
KCIA phosphorylates CTNB1 at serine 45, both proteins
are components of the canonical Wnt signaling pathway
and they are also part of the large APC-Axin-1-3-catenin
complex [49]. Interestingly, CTNBI1 contains 12 repeats
of the Armadillo (ARM) domain, which is implicated in
mediating PPIs. It has been recently suggested that proteins
containing ARM repeats, constitute an attractive modular
system as scaffolds for peptide-mediated PPIs [50]. Therefore,
we consider that CTNB1 may constitute a plausible scaffold
that may promote spatial proximity between KCI1A and its
substrates.

To our opinion, these results suggest that the association to
PAS proteins might play an important role in the colocalization
of the analyzed kinases with their cognate sets of substrates.
Nevertheless, we are aware that in many cases, the CC shared
by the substrates and the pAS proteins are too broad (e.g.,
cytosol, nucleoplasm, cytoplasm) and can not fully justify,
based on spatial constrains, the substrate specificity of the

kinases.

F. Association to adaptors and scaffolds diminish substrate
cross-specificity of kinases

We have analyzed the role that potential adaptors and
scaffolds may play in kinase specificity by promoting spatial
proximity between the enzymes and their substrates. However,
different kinases may associate to the same adaptors and
scaffolds and this could lead to substrate cross-specificity.
Here we have tested whether the association to common kAS
proteins would promote significant substrate cross-specificity
between kinases. For this, we have used the subset of K-kAS
associations where the kinases have at least five substrates and
for which the kAS in the analysis are known to interact with
at least two kinases. In total we analyzed 23 cases of two or
more kinases that associate to a common adaptor or scaffold,
and for non of the cases the kinases shared a number of in
vivo substrates larger than what would be expected due to
chance (see Table 1V). Nevertheless, we found the case of the
kinases MKO1 and MK0O3 — ERK?2 and ERK1 MAP kinases,
respectively — which share 73 in vivo substrates. Even when
it was not statistically significant, the number substrates in
common was very large when compared to other sets of
kinases in out analysis, and therefore we decided to explore
this particular case in more detail. In fact, ERK1 and ERK2
are very closely related kinases, with 82% and 89% of identity
in their full and catalytic domain sequences. ERK1 and ERK2
share many if not all functions [51] and despite numerous
efforts to establish differences, the detection of such distinctive
functions it has been difficult to pinpoint [52]. Therefore,
we consider that their large sequence identity, together with
their almost identical functions can explain the large substrate
overlap reflected in our data. To our opinion, these results
support the hypothesis that adaptors and scaffolds are able
to diminish in vivo substrate cross-specificity by recruiting
the kinases to specific macromolecular complexes or cellular
locations.

IV. CONCLUSION

Protein kinases constitute one of the largest and more
diverse superfamilies of proteins in human and they are
implicated in several cellular processes and pathologies [6],
[1]. Despite most kinases share a highly conserved catalytic
domain, the observed in vivo substrate specificity of these
enzymes show little correlation with their primary sequences.
In this sense, is known that the in vivo specificity of
protein kinases is regulated by several factors. Here we have
approached the identification and the quantification of the
contribution of different elements to the substrate specificity of
human protein kinases. For this we have analyzed the residues
in the close neighborhood of the the phosphorylation site, the
association of kinases to adaptors and scaffolds and the cellular
colocalization of kinases and their substrates.

We have generated PSSMs from the sequences targeted by
93 families of kinases and we have analyzed their statistical
significance and performance. We have found negative
correlations between the number of seed phosphorylation sites
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TABLE III
CELLULAR COMPONENT TERMS SHARED BY POTENTIAL ADAPTOR/SCAFFOLD PROTEINS AND SUBSTRATES

Kinase CC description Enrichment ratio Adj. p-value PAS co-annot.
ARBK1 apical plasma membrane 15.7 4.08¢™ 2 NHRF1
CDK4 chromatin 16.12 3.76e 02 EP300
CDK4 transcription factor complex 20.92 1.67¢7 %2 E2F4,EP300
CDK9 PML body 61.38 4.19¢7%3 PIAS4
CHK1 nucleoplasm 10.16 1.30e™% 1433Z,CHK2,EP300,MDM2,UBC
CHK2 PML body 29.86 3.25¢7%3 RB,SIRT1,SUMO1
CSK membrane raft 33.87 2.74¢7% ERBB2
EGFR endosome 8.47 6.48¢ %4 FYN,GRB2,NTRK I
FYN cell junction 3.98 3.15¢ 702 PTNI12
INSR cytosol 12.11 5.41e~% ABI1,GRB2,IRS1,P85A,SRC,UBC
KCI1A lateral plasma membrane 38.75 3.46e 02 CTNBI1
KCIA APC-Axin-1-beta-catenin complex 275.94 4.18e72 CTNB1
KCC2G vesicle membrane 19.29 7.14e % GRB2,NCK1
PDPK1 mitochondrion 6.81 2.48¢7%2 1433Z,CASP3,MADI1,PDK1
PLK1 nucleus 4.33 7.49¢7 %4 ABL1,ANDR,GRB2,P53,VHL

CC description, description of the CC term enriched in the set of substrates of the kinase; Enrichment ratio, ratio of enrichment of the CC term; Adjusted p-value, multiple test
correction by Bonferroni’s method; pAS co-annot., pAS proteins associated to the current kinase, that are annotated to the corresponding CC term. Kinases and pAS proteins are

represented by their UniProt IDs. See full table of results in Supplementary Materials.

TABLE IV
STATISTICAL SIGNIFICANCE OF THE NUMBER OF SHARED SUBSTRATES
FOR KINASE-KNOWN ADAPTOR/SCAFFOLD PAIRS

Adap./Scaff. Assoc. kinases Shared subst.  p-value
APBB1 EGFR, ERBB2 2 1.00
BIRC5 AURKA, AURKB 4 1.00
CD2AP ABLI, FYN 1 1.00
DAGL1 FYN, SRC 13 0.52
DOK4 EGFR, ERBB2 2 1.00
DOK6 EGFR, ERBB2 2 1.00
ELP1 GSK3B, MK08 7 0.78
FRS3 MKO1, FGFR1 1 1.00

FYB ABLI1, FYN 1 1.00
IMA2 SGK1, CHK2 1 1.00

JIP2 EGFR, ERBB2 2 1.00
KHDR1 LCK, SRC 14 043
NCK1 ABLI1, EGFR 3 1.00
PARGA KPCI, KPCZ 3 1.00
PAR6B KPCI, KPCZ 3 1.00
PKHO1 AKTI, CSK21 5 1.00
SCRIB MKO1, MKO03 73 0.10
SH2B1 EGFR, INSR 4 1.00
SHC1 EGFR, INSR 4 1.00
SHC2 EGFR, ERBB2 2 1.00
SHC3 EGFR, ERBB2 2 1.00
SQSTM KPCI, KPCZ 3 1.00
TGFI1 FAK1, FAK2 1 1.00

Proteins are represented by their UniProt Ids. Shared substrates, number of in vivo
substrates shared by the kinases; p-value, statistical significance of the number of
substrates shared by the kinases.

and a) the percent recall, b) the information content and c) the
AUC-ROC of the PSSMs. Based on the IC we have estimated
the statistical significance of the PSSMs. We have observed
that statistical and non-statistically significant PSSMs show
significant differences in the number of seed phosphorylation
sites and on their performance parameters (i.e., the percent
recall and the AUC-ROC). Our results show the negative effect
that the sequence degeneracy caused by the increase of the
seed phosphorylation sites can impose on the performance and
on the level of self-information of the PSSMs.

Starting from 22 statistically significant PSSMs, we have
identified several SDRs that function as positive (or negative)

elements for the substrate recognition by different kinases
families. The SDRs identified among the different kinase
families show high diversity in terms of the type of residue, the
position relative to the phosphorylation site and the frequency
among phosphorylated sequences available. Some kinase
families are very specific towards particular SDRs, which
occur in more than 80% of the sequences they target (e.g.,
AKTr.3, CDKp, i, MAPKp,; and PIKKq,). We have observed
that multiple SDRs are generally identified in families for
which the frequencies of the SDRs range approximately
between 15% and 55% of the target sequences (e.g., CKlg.3,
CK2p_j, GSKs4, GSKp,; and PLKg ;). Our opinion is that in
such cases cases, multiple SDRs may contribute cooperatively
to the recognition of the phosphorylation site. We have also
noted that the SDRs occur at low frequency (6.01% on
average) among the complementary target sequences (i.e., the
phosphorylation sites corresponding to those kinase families
that do not count with the given SDR). To our opinion, this
suggests that an SDR contribute as a negative selection factors
for non-cognate phosphorylation sites.

We have compiled a set of 191 proteins with known roles
as adaptors or scaffolds and that associate to 55% of the
human kinases, which account for 72.3% of all human kinase
families. When compared to random proteins in the human
interactome, this set of proteins was five times more likely to
interact with a large fraction of the substrates of the human
kinases to which they associate. To our opinion, these results
suggest that the association to adaptors or scaffolds is a
common mechanism among human kinases and also supports
the concept of adaptors and scaffolds as mediators in the
encounter of kinases with their cognate substrates.

We have devised a strategy for the identification of potential
adaptors and scaffolds of human protein kinases. For 50% of
the initial kinases in the analysis we identified a total of 279
potential adaptors/scaffolds. This set of proteins is enriched
in functional terms and in domain families that suggest a
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tight link to protein-protein binding functions involved in
cellular signalling events. We have also found that for 74.6%
of the kinase—potential adaptor/scaffold associations identified,
the adaptor/scaffold is annotated under cellular compartment
terms found to be enriched among the set of substrates of the
associated kinase. We consider that these results put forward
a role for the potential adaptors/scaffolds in promoting the
colocalization of the kinases and their sets of substrates.

Finally, we analyzed whether the association of different
kinases to common adaptors/scaffolds, may relate with the
in vivo substrate cross-specificity of that kinases. We have
not found any case of two or more kinases that, having an
adaptor or scaffold in common, also share a number of in
vivo substrates larger than what would be expected by chance.
To our opinion, these results suggest that the association of
kinases to adaptors and/or scaffolds may play important roles
in the localization of the enzymes with their set of cognate
substrates and also in diminishing substrate cross-specificity
in vivo.

APPENDIX A
TABLE V
PHOSPHORYLATION DATA OF HUMAN PROTEIN KINASES
Database Kinases  Substrates PSites P.Events
HPRD 291 938 3382 5896
Phospho-ELM 218 924 3125 2378
PhosphoSitePlus 318 1664 4711 4711
SBNB_PhosphoDB 325 1856 5946 8880

The first three rows contain the data from the source databases, while the last row
correspond to our integrated data. Kinases: number of kinases, Substrates: number of
substrates, P.Sites: total (non-redundant) number of distinct residues phosphorylated in
distinct substrates. P.Events: total number of phosphorylation events.
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