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Abstract

Acidophilic kinases are serine/threonine protein kinases that preferentially phosphorylate
substrates bearing negatively charged determinants near the phosphoacceptor site. These
determinants may be encoded by aspartate or glutamate, or introduced by prior phospho-
rylation of serine, threonine, or tyrosine residues. CK2 is the most representative of this
historically small group of kinases because of its high basal activity, broad localization, and
extensive substrate repertoire. Kinome-wide specificity profiling covering more than 84% of
the active human S/T kinome has now provided a near-comprehensive view of acidophilic
kinases across several families. Here, we compare these enzymes through three intercon-
nected features: subcellular localization, substratome size, and consensus-motif specificity.
We broadly categorize them as D/E-directed kinases or phosphate-directed/primed kinases,
while recognizing that these preferences are not mutually exclusive. We then compare
intrinsic preferences measured with peptide libraries with those observed in bona fide
substrates. Despite their shared preference for negative charge, acidophilic kinases display
markedly different positional requirements for acidic or phosphorylated determinants. For
kinases that rely strongly on consensus-sequence recognition, these preferences can gener-
ate distinctive kinase-specific fingerprints that can support the attribution of experimentally
validated phosphosites, particularly when combined with subcellular localization.
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1. Introduction
Reversible phosphorylation of serine, threonine and tyrosine residues is a widespread

mechanism of protein regulation and frequently occurs at multiple sites within the same
protein [1]. In humans, these reactions are catalyzed by more than 500 protein kinases,
collectively referred to as the human kinome [2]. The scale of the process is reflected in the
annotated phosphoproteome: PhosphoSitePlus currently lists approximately 300,000 non-
redundant phosphorylation sites, yet the upstream kinase remains unknown for most of
them [3]. Protein kinases vary greatly in substrate selectivity, from enzymes acting on a re-
stricted set of targets to highly pleiotropic kinases that phosphorylate hundreds of proteins.
Substrate recognition depends on the local sequence surrounding the phosphoacceptor,
distal docking interactions, subcellular localization, and scaffolding proteins [4,5]. Among
these determinants, the kinase consensus sequence is particularly informative and, when
sufficiently distinctive, can provide a molecular fingerprint of the activity of a specific
kinase [6,7]. S/T kinases are commonly grouped according to their preferred sequence
features into proline-directed, basophilic, and acidophilic classes. Proline-directed kinases,
including many MAPKs and CDKs, are characterized by a strong requirement for a proline
residue immediately downstream of the phosphoacceptor site, generating the canonical
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S/T-P motif. Basophilic kinases, such as PKA, AKT, and PKC, preferentially recognize
basic residues around the target serine or threonine, where the requirement of arginine at
the −3 position is shared by multiple basophilic kinases. Acidophilic kinases, exemplified
by CK2, select negatively charged environments generated by aspartate, glutamate, or
pre-existing phosphoserine, phosphothreonine, and phosphotyrosine [5,8].

The most common determinants of kinase substrate recognition in the phosphopro-
teome can be readily visualized by comparing residues surrounding annotated phospho-
serine and phosphothreonine sites with a background of random S/T-containing peptides.
The two-sample logo in Figure 1 was generated from the −7 to +7 window surrounding
more than 200,000 non-redundant human phospho-S/T sites. This logo highlights residues
that are enriched or depleted at each position relative to the phosphoacceptor site, with
symbol size reflecting the relative contribution of each amino acid [9]. Its major features
are consistent with an earlier analysis of approximately 35,000 sites [8], indicating that the
principal global signatures have remained stable as phosphosite coverage has increased.
The most prominent and conserved feature is the strong enrichment of proline at the
+1 position, highlighting the major contribution of proline-directed kinases to the cellular
phosphoproteome. A second major feature is the enrichment of basic residues upstream
of the phosphoacceptor site, particularly arginine at the −3 position, which represents a
hallmark of many basophilic kinases [8]. A third pattern, but less conserved, is represented
by acidophilic phosphorylation sites, characterized by enrichment of acidic residues, mainly
downstream of the phosphoacceptor residue. Another recurrent feature emerging from
the global phosphosite analysis is the enrichment of serine residues at multiple positions
around the target site, likely reflecting the prevalence of multisite phosphorylation clusters.
Unlike proline-directed motifs, in which proline at +1 can be incompatible with phosphory-
lation by most other kinase classes, such as CK2 [10], AGC, and CAMK kinases [11], the
distinction between basophilic and acidophilic motifs is less sharply defined. Basic residues,
although preferentially selected by basophilic kinases, can in some cases be tolerated in
substrates of acidophilic kinases, and acidic residues may occur in substrates of kinases not
primarily classified as acidophilic [12]. This partial overlap has two important implications.
First, although the linear motif remains a major determinant of kinase recognition, similar
sequence features may be compatible with more than one kinase and therefore may not
allow an unambiguous kinase assignment. Second, the same phosphoacceptor residue can
be targeted by different kinases, providing functional redundancy or enabling its regulation
by distinct signaling pathways and under different cellular conditions. In such cases, kinase
activation, localization, and substrate availability determine which enzyme predominates,
as illustrated by α-synuclein Ser129 phosphorylation (see below).

Historically, acidophilic S/T phosphorylation was associated mainly with a limited
number of kinases, most notably CK2, CK1, and GSK3 kinases. This view progressively
changed with the recognition that other kinases, including PLK1, PLK2, PLK3 [13,14],
and FAM20C [15] also exploit negatively charged determinants for substrate recognition.
A major advance came from the peptide-library profiling of 303 human S/T kinases by
Johnson and colleagues, covering more than 84% of the active human S/T kinome. This
study provided a near-comprehensive specificity landscape and identified acidophilic
features in CK1, CK2, GSK3, GRK, FAM20C, PLK, and TGFβ/BMP receptors, as well as
ALPK1 and STK32 kinases [16].
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Figure 1. Global sequence determinants of human S/T phosphorylation sites. Two-sample logo
showing amino acid enrichment and depletion in the −7 to +7 sequence window surrounding anno-
tated human phosphoserine and phosphothreonine sites (PhosphoSitePlus database [3]), compared
with randomly selected S/T-containing peptides from the human proteome. To generate a back-
ground dataset, random human peptides of the same length (positions −7 to +7) were extracted
from the Swiss-Prot database using a custom BioPerl script and UNIX text processing commands.
Non-redundant sequences were then randomized using the UNIX shuf command as described in [8].
Residues above the central axis are enriched, whereas residues below the axis are depleted.

In this review, we discuss acidophilic kinases through three interconnected parameters:
subcellular localization, substratome size, and consensus-motif specificity. Localization
defines the accessible substrate space; the number of experimentally annotated substrates
provides a first approximation of kinase pleiotropy; and finally, the consensus motif deter-
mines how confidently a phosphorylation event can be assigned to a given kinase.

2. Localization and Substratome Size Define the Functional Space of
Acidophilic Kinases

Subcellular localization and substratome size provide complementary information
on acidophilic kinase biology. Localization defines the accessible substrate pool, whereas
the number of experimentally annotated phosphosites offers a first, although biased, es-
timate of kinase pleiotropy. Table 1 reports the predominant localization and number
of experimentally annotated human phosphosites assigned to each acidophilic kinase,
based on PhosphoSitePlus entries in which both kinase and substrate were human. These
values are not absolute measures of biological importance, but help distinguish broadly
acting, compartment-restricted, and poorly characterized kinases. The first group com-
prises broadly distributed nuclear and/or cytoplasmic kinases, including CK2, CK1α/δ/ε,
GSK3α/β, PLK1/2/3, ALPK1, and STK32B/STK32C. CK2 represents the most promi-
nent example of pleiotropy. Its ubiquitous expression, high basal activity, and distribu-
tion between cytoplasm and nucleus are mirrored by the exceptionally large number of
CK2-dependent phosphorylation events. CK2α is associated with 590 human annotated
phosphosites in Table 1, the highest number among the acidophilic kinases. Although
PhosphoSitePlus assigned a lower number of substrates to CK2α′, this difference is unlikely
to reflect a true isoform-specific disparity, because most CK2-dependent phosphorylation
events cannot be unambiguously attributed to either catalytic isoform (Table 1). This
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ambiguity reflects CK2 biology: the enzyme commonly forms tetrameric holoenzymes
containing two catalytic subunits, CK2α and/or CK2α′, and a CK2β dimer; the catalytic
domains of CK2α and CK2α′ are highly conserved, and mixed holoenzymes may coex-
ist [17,18]. The CK2β subunit should not be viewed as a classical regulatory subunit that
simply switches on the catalytic activity of CK2. CK2α and CK2α′ are active as isolated
enzymes, whereas CK2β modulates the biological output of CK2 [17,18]. How CK2β
directs CK2 toward specific substrates remains incompletely understood and is unlikely to
rely on a single universal docking motif. CK2β may act as an adaptor or scaffold, linking
the CK2 catalytic subunits to selected substrates and protein complexes [18]. Accordingly,
CK2β-deficient cells retain substantial catalytic activity but show reduced phosphorylation
of several endogenous CK2 substrates [19].

Table 1. Acidophilic kinases: subcellular localization and experimentally annotated phosphosites.
UniProt accession numbers and subcellular localization were obtained from UniProt for human
proteins; when localization information was unavailable, it was retrieved from the literature. Local-
ization is abbreviated as N, nucleus; C, cytoplasm; PM, plasma membrane; and GL, Golgi lumen.
Annotated phosphosites were obtained from the PhosphoSitePlus kinase-substrate dataset [3] (June
2026 release), considering only experimentally supported phosphorylation events in which both
the kinase and substrate were human. Abbreviations: Sub. Loc.: Subcellular localization, and Ann.
P-sites: annotated phosphosites. * the numbers assigned to individual CK2 and GSK3 isoforms
should be interpreted cautiously because overlapping substrate specificity and annotation bias may
prevent unambiguous attribution to a single isoform.

Official Gene Alternative Names/Aliases Uniprot Entry Kinase Name Sub. Loc. Ann. P-Sites

ACVR2A ACVR2; ACTR-IIA P27037 Activin receptor type-2A PM -

ACVR2B ACTR-IIB Q13705 Activin receptor type-2B PM -

ACVR1 ACVRLK2; ALK2; ACTR-I Q04771 Activin receptor type-1 PM -

ACVR1B ACVRLK4; ALK4; ACTR-IB P36896 Activin receptor type-1B PM 2

ALPK1 KIAA1527; LAK; AlphaK3 Q96QP1 Alpha-protein kinase 1 C 1

BMPR1A ACVRLK3; ALK3; BMPR-1A P36894 Bone morphogenetic protein
receptor type-1A PM -

BMPR1B ALK6; BMPR-1B O00238 Bone morphogenetic protein
receptor type-1B PM 6

BMPR2 BMPR-II; PPH1 Q13873 Bone morphogenetic protein
receptor type-2 PM -

CSNK1A1 CK1A; CK1α P48729 Casein kinase I isoform alpha N/C 149

CSNK1A1L CK1α-like Q8N752 Casein kinase I isoform alpha-like N/C 1

CSNK1D CK1D; CK1δ P48730 Casein kinase I isoform delta N/C 93

CSNK1E CK1E; CK1ε P49674 Casein kinase I isoform epsilon N/C 53

CSNK1G1 CK1G1; CK1γ1 Q9HCP0 Casein kinase I isoform gamma-1 PM 8

CSNK1G2 CK1G2; CK1γ2 P78368 Casein kinase I isoform gamma-2 PM 7

CSNK1G3 CK1G3; CK1γ3 Q9Y6M4 Casein kinase I isoform gamma-3 PM 4

CSNK2A1 CK2A1; CK2α P68400 Casein kinase II subunit alpha N/C 590 *

CSNK2A2 CK2A2; CK2α′ P19784 Casein kinase II subunit alpha prime N/C 21 *

FAM20C DMP4; Golgi casein kinase Q8IXL6 Extracellular serine/threonine-protein
kinase FAM20C GL 10

GRK1 RHOK; rhodopsin kinase Q15835 Rhodopsin kinase PM 4

GRK2 ADRBK1; BARK1 P25098 G protein-coupled receptor kinase 2 C/PM 79

GRK3 ADRBK2; BARK2 P35626 G protein-coupled receptor kinase 3 C/PM 18

GRK4 GPRK2L P32298 G protein-coupled receptor kinase 4 C/PM 12
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Table 1. Cont.

Official Gene Alternative Names/Aliases Uniprot Entry Kinase Name Sub. Loc. Ann. P-Sites

GRK5 GPRK5 P34947 G protein-coupled receptor kinase 5 C/PM/N 23

GRK6 GPRK6 P43250 G protein-coupled receptor kinase 6 C/PM 12

GRK7 GPRK7 Q8WTQ7 G protein-coupled receptor kinase 7 C/PM 1

GSK3A GSK-3α P49840 Glycogen synthase kinase-3 alpha N/C 75 *

GSK3B GSK-3β P49841 Glycogen synthase kinase-3 beta N/C 383 *

PLK1 PLK; STPK13 P53350 Serine/threonine-protein kinase PLK1 N/C 338

PLK2 SNK Q9NYY3 Serine/threonine-protein kinase PLK2 N/C 15

PLK3 CNK; FNK; PRK Q9H4B4 Serine/threonine-protein kinase PLK3 N/C 30

TGFBR1 ALK5; SKR4; TβR-I P36897 TGF-beta receptor type-1 PM 10

TGFBR2 TβR-II; TGFR-2 P37173 TGF-beta receptor type-2 PM 16

STK32A YANK1 Q8WU08 Serine/threonine-protein kinase 32A PM -

STK32B YANK2 Q9NY57 Serine/threonine-protein kinase 32B N/C -

STK32C YANK3 Q86UX6 Serine/threonine-protein kinase 32C N/C -

Functional enrichment analysis shows that CK2 substrates are enriched in processes re-
lated to transcriptional regulation, chromatin remodeling, gene-expression control, protein
stabilization, apoptosis, and circadian rhythm regulation (Table S1A). This broad profile is
consistent with the involvement of CK2 in numerous cellular pathways [6,18,20–23]. Not
surprisingly, CK2 deregulation has been implicated in several pathological conditions, in-
cluding inflammation [24–26], neurodegenerative disorders [27,28], viral infections [29–31],
and cancer [28,32–35]. Its role in oncology is particularly well established: CK2 supports
multiple hallmarks of tumor progression, including sustained proliferation, resistance to
apoptosis, DNA-damage tolerance, angiogenesis, and metastatic behavior, making it an
attractive pharmacological target [28,32–37].

PLKs provide a different model. The human family comprises PLK1-PLK5. PLK1-4
contain an N-terminal S/T kinase domain and C-terminal polo-box motifs (PBDs), although
the polo-box architecture of PLK4 is markedly divergent from that of PLK1-3. Human PLK5
retains a polo-box domain but lacks a functional kinase domain [38]. Within this family, only
PLK1, PLK2, and PLK3 display a clear acidophilic substrate preference [13,39,40]. PLK1
has by far the largest annotated substratome among PLK acidophilic kinases in Table 1, but
its substrates are not broadly distributed across cellular functions. Gene Ontology analysis
shows a strong enrichment in cell-cycle and mitotic processes, including chromosome
segregation, sister chromatid segregation, and chromosome organization (Table S1B). This
focused substrate repertoire is explained by the modular structure of PLKs. Their catalytic
domain determines which site can be phosphorylated, while the PBDs recruit the kinase to
substrates and to specific cellular structures [41]. Importantly, the PBDs of different PLK
isoforms are not functionally equivalent and can confer distinct target specificities within
the family [41]. Thus, whereas CK2 exemplifies pleiotropy, PLKs illustrate a more spatially
and temporally constrained form of substrate selection, driven by catalytic specificity,
PBD-mediated recruitment and cell-state-dependent localization.

CK1 and GSK3 represent another mode of broad but regulated substrate access.
Human cells express CK1α, CK1α-like, CK1δ, CK1ε and the three membrane-

associated CK1γ isoforms, whereas CK1β is absent from the human kinome. Their catalytic
domains are highly conserved, whereas divergent terminal regions influence localiza-
tion, interactions, and pathway-specific functions [42,43]. CK1α, CK1δ, and CK1ε show
broad nucleo-cytoplasmic distribution and substantial substrate annotation. CK1α, the most
substrate-rich CK1 isoform in Table 1, shows enrichment in regulation of apoptosis, protein sta-
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bilization, protein ubiquitination, NF-κB signaling, and transcriptional regulation (Table S1C),
suggesting a substrate repertoire centered on stress-response and cell-fate control.

GSK3α and GSK3β are both broadly distributed kinases with nearly identical catalytic
domains and largely overlapping substrate specificities [44]. GSK3 was originally identified
through its ability to phosphorylate and inhibit glycogen synthase, but it is now recognized
as a regulator of Wnt/β-catenin signaling, PI3K-AKT pathways, inflammatory responses,
and neuronal homeostasis [45]. Functional enrichment analysis of annotated GSK3β
substrates reveals a broad profile that includes transcriptional regulation, DNA-damage
responses, miRNA transcription, hypoxia responses, rhythmic processes, and apoptotic
regulation (Table S1D). This profile resembles that of CK2 in functional breadth, but the
underlying regulation is different. CK2 has high basal activity and broad pleiotropicity,
whereas GSK3 acts in a more context-dependent manner and preferentially phosphorylates
primed substrates, a feature shared with CK1 (see below).

ALPK1 represents a distinct example of a predominantly cytoplasmic acidophilic
kinase with a still limited substrate repertoire. ALPK1 belongs to the atypical α-kinase
family, a small group of protein kinases structurally distinct from conventional eukaryotic
protein kinases that includes ALPK1, ALPK2, ALPK3, eEF2K, and the kinase domains of the
TRPM6 and TRPM7 channels [46]. ALPK1 functions as an intracellular sensor of bacterial
ADP-heptose, and ligand binding activates its kinase domain, leading to phosphorylation
of TIFA, its best-characterized physiological substrate, at Thr9. This event promotes TIFA
oligomerization and downstream activation of NF-κB signaling [47,48]. Thus, in contrast
to broadly acting kinases such as CK2 or GSK3, ALPK1 appears to operate within a more
restricted signaling context. However, the small number of currently validated substrates
should be interpreted primarily as reflecting the still incomplete characterization of the
ALPK1 substratome rather than a necessarily narrow biological role.

The STK32 family comprises three poorly characterized members of the AGC kinase
group: the nucleo-cytoplasmic kinases STK32B and STK32C, and the plasma-membrane
associated STK32A. Their catalytic domains are closely related, with STK32A sharing
approximately 70% and 67% sequence identity with STK32B and STK32C, respectively,
but only about 36% identity with the closest kinases outside the family [49]. Despite this
conserved catalytic core, the three paralogues appear to have distinct biological roles.
STK32A regulates planar cell polarity and stereociliary-bundle orientation in inner-ear
hair cells [50], whereas STK32B has been genetically associated with essential tremor [51]
and reported to promote glioma growth [52]. STK32C has mainly been investigated in
cancer, where it has been linked to tumor-cell proliferation, migration, invasion, and
angiogenesis [53]. Nevertheless, the physiological functions and bona fide substrates of all
three kinases remain largely undefined.

A second major group is defined by predominant association with the plasma mem-
brane. This includes receptor kinases, whose function is intrinsically linked to ligand-
dependent signaling at the cell surface, and membrane-associated kinases, which are
recruited to, or enriched at, the plasma membrane but may also operate elsewhere.
TGFβ/BMP receptor kinases, including TGFBR1, TGFBR2, BMPR1A, BMPR1B, BMPR2,
ACVR1, ACVR1B, ACVR2A, ACVR2B, belong to the first category [54]. For these en-
zymes, membrane localization is not simply a spatial feature but a functional requirement:
phosphorylation occurs within ligand-dependent receptor complexes. Their curated sub-
stratome is comparatively small, with several members having few or no kinase-specific
human substrates annotated in Table 1. Their small substratome does not imply limited
biological importance; rather, they reflect a restricted mode of substrate selection. In these
pathways, signaling is transmitted mainly through SMAD proteins, although additional
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non-SMAD proteins can also be phosphorylated when recruited close to an activated
receptor complex [54].

By contrast, CK1γ isoforms, STK32A, and GRKs represent membrane-associated
kinases whose localization is more dynamic and does not necessarily restrict their activity to
the plasma membrane. Among CK1 family members, the CK1γ isoforms have the smallest
annotated substratomes (Table 1), consistent with their more restricted cellular distribution.
Indeed, CK1γ kinases are targeted predominantly to the plasma membrane through lipid
modifications [55], distinguishing them from the nucleo-cytoplasmic CK1α/δ/ε isoforms.

STK32A is also subject to lipid-dependent membrane targeting. Although this kinase
remains poorly characterized, it undergoes N-terminal myristoylation, which promotes its
association with the plasma membrane [56]. This modification may restrict STK32A to a
more confined cellular environment and thereby limit the pool of accessible substrates.

GRKs, by contrast, are recruited specifically to activated G protein-coupled recep-
tors and phosphorylate receptor intracellular domains to regulate desensitization and
arrestin-dependent signaling [57]. GRK isoforms associate with membranes through dis-
tinct mechanisms. GRK2 and GRK3 are recruited through interactions with Gβγ and mem-
brane phospholipids. GRK1, GRK4, GRK6, and GRK7 are membrane-associated through
lipidation, whereas GRK5 binds membrane phospholipids through a C-terminal basic
region [58]. GRK2 is the most extensively annotated GRK in Table 1. Gene Ontology func-
tional enrichment analysis of its substrates identified biological processes strongly related to
GPCR signaling, including G protein-coupled receptor signaling, cyclic nucleotide-coupled
GPCR pathways, adenylate cyclase-inhibiting GPCR signaling and neuropeptide signaling,
smooth muscle contraction and vasoconstriction (Table S1E). Thus, GRK2 does not display
broad pleiotropy in the CK2 sense; rather, it has a receptor-centered substratome shaped by
ligand activation and membrane recruitment. Notably, GRK localization is not limited to
the plasma membrane. Several family members remain partly cytosolic, while GRK5 can
also enter the nucleus, allowing selected GRKs to act on substrates outside activated GPCR
complexes [57].

Finally, FAM20C defines a unique spatial model. It localizes predominantly to the
Golgi and can also be secreted, although the biological relevance of extracellular FAM20C
activity remains incompletely understood [15,59]. The limited number of FAM20C sub-
strates listed in PhosphoSitePlus largely reflects the way kinase–substrate relationships are
curated, rather than a restricted biological role. Indeed, phosphoproteomic studies have
shown that FAM20C is the principal kinase responsible for Ser phosphorylation of secreted
proteins [7,60]. Because its catalytic domain faces the lumen of the secretory pathway,
FAM20C may act on proteins that reside in topologically equivalent spaces. These include
luminal ER-Golgi proteins, membrane-protein domains facing the luminal compartments
or exposed to the cell surface, and secreted proteins. Thus, despite its restricted localization,
FAM20C acts on a broad but topologically defined substratome [7].

Overall, these comparisons show that acidophilic kinases occupy very different cellular
and functional spaces. CK2 combines broad nucleo-cytoplasmic distribution with the
largest annotated substratome, whereas PLK1 has many substrates concentrated mainly
in mitotic processes. CK1 and GSK3 also have broad substrate repertoires, but their
activity is more dependent on signaling context. TGFβ/BMP receptors and GRKs act
predominantly within membrane-associated signaling systems, while FAM20C is confined
to the luminal space of the secretory pathway. By contrast, the very limited substratome
of ALPK1 and STK32 kinases reflects the fact that their physiological substrates remain
largely unidentified.
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3. Consensus Specificity: From Acidic Motifs to
Kinase-Specific Fingerprints

Although acidophilic kinases are commonly grouped according to their preference
for negatively charged determinants, this classification should not imply that they rec-
ognize identical motifs. They can be divided broadly into D/E-directed kinases, which
primarily read constitutive acidic residues, and phosphate-directed or primed kinases,
which recognize pre-existing phosphoresidues. According to kinome-wide profiling [16],
the first group includes CK2, FAM20C, PLK, and TGFβ/BMP receptor kinases, whereas
the second includes CK1, GSK3, GRK, ALPK1, and STK32 kinases. This classification is
not absolute but reflects the predominant mode of substrate recognition observed in the
kinase peptide-profiling assays of Johnson et al. [16]: D/E-directed acidophilic kinases
can, in some contexts, also use phosphorylated residues as positive determinants, whereas
phosphate-directed kinases may tolerate acidic residues in place of a priming phosphosite.
At the molecular level, recognition of negative charge generally relies on electrostatic com-
plementarity between negatively charged substrate determinants and basic residues in the
kinase substrate-binding region. Depending on the kinase, these residues may form an
extended electropositive surface able to interact with several acidic residues at different
positions, or a more localized pocket that recognizes a pre-existing phosphate group or
negatively charged determinants at a defined distance from the phosphoacceptor site. The
geometry of these interactions can also contribute to discrimination among Asp, Glu, and
phosphorylated residues. Importantly, these negatively charged determinants differ in
size, geometry, and ionization state and may therefore be recognized with different effi-
ciencies. For some kinases, the molecular basis of negative-charge recognition has been
defined by mutagenesis and structures containing peptide substrates [61–63], whereas
for others it remains largely inferred from sequence specificity. Acidophilic recognition
therefore represents a common physicochemical principle rather than a single conserved
structural mechanism.

3.1. D/E-Directed Acidophilic Kinases

Figure 2 compares D/E-directed kinase profiles generated from the peptide-library
dataset of Johnson and colleagues [16]. The figure includes CK2α, CK2α′, FAM20C, PLK1-
3, and TGFBR1 profiles (the other TGFβ/BMP receptor kinases are shown in Figure S1).
The most evident feature emerging from this comparison is that all these kinases prefer
negatively charged residues, although at different positions relative to the phosphoacceptor
site. CK2 displays a broad preference for acidic residues across the entire −5 to +4 window,
with the strongest determinants located downstream of the target residue, particularly at
positions +1 and +3. As expected, the specificity profiles of CK2α and CK2α′ are almost
identical (Figure 2), consistent with the high conservation of their kinase domains, and in-
dicating that isoform-specific substrates are more likely to be selected through interactions
involving non-catalytic regions. Moreover, in the in vitro phosphorylation assays, acidic
determinants can, in several positions, be replaced by phosphorylated residues. CK2 can
indeed act on primed substrates, and several examples of phosphorylation-dependent hier-
archical recognition have been reported [64–66]. This further illustrates that the distinction
between D/E-directed and phosphate-directed kinases should not be regarded as abso-
lute, but rather as a description of their predominant recognition mode. When the kinase
specificity inferred from peptide phosphorylation assays is compared with the specificity
observed analyzing the bona fide CK2 substrate dataset (Figure 3), a strong similarity is
apparent. In both cases, acidic residues are preferred throughout the analyzed sequence
window, with the most prominent enrichment occurring downstream of the phosphoaccep-
tor site. Notably, the +1 and +3 acidic determinants identified by kinome-wide specificity
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profiling are also evident in bona fide CK2 substrates, although the +3 position emerges
as the dominant contributor in the experimentally annotated CK2 substrate dataset. In
contrast, no clear enrichment of phosphorylated residues is evident at +1 or +3 in the bona
fide substrate profile, suggesting that, although CK2 can recognize primed substrates, this
mode of recognition likely accounts for only a limited fraction of CK2 phosphorylation
events in cells.

Figure 2. Positional preferences of D/E-directed acidophilic kinases. Sequence logos showing
the substrate-recognition profiles of representative D/E-directed acidophilic kinases. Data from
the peptide-library specificity dataset of Johnson et al. [16] were rescaled and plotted using Logo-
maker [67]. The logos display amino acid preferences from −5 to +4 relative to the phosphoacceptor
residue, with the phosphoacceptor S/T fixed at position 0. TGFBR1 is shown as a representative
TGFβ/BMP receptor kinase (the specificity profiles of the other members of this receptor kinase
group are shown in Figure S1).
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Figure 3. Sequence signatures of bona fide substrates of representative acidophilic kinases. pLogo
analysis [68] of experimentally validated phosphorylation sites annotated in PhosphoSitePlus. Se-
quences surrounding bona fide phosphosites were compared with the same background dataset
described in Figure 1, consisting of randomly selected S/T-containing peptides from the human
proteome. At each position, amino acid enrichment or depletion was evaluated by pLogo using bino-
mial probabilities based on residue frequencies in the background dataset. Default pLogo statistical
settings were used, including Bonferroni correction for multiple testing with an overall significance
threshold of p = 0.05. Residues above the central axis are enriched, whereas residues below the axis
are depleted; red horizontal lines indicate the statistical significance threshold.

FAM20C shows a different behavior. Rather than displaying a broad preference for
acidic residues, it is characterized by a highly restricted and dominant preference for glutamate
at the +2 position (Figure 2). Consistent with the peptide phosphorylation data, analysis of
the bona fide FAM20C substrate set revealed an almost identical specificity profile, with a
marked and highly selective enrichment of glutamate at the +2 position (Figure 3).

Compared with CK2 and FAM20C, PLK-family members and TGFβ/BMP receptor
kinases rely more strongly on upstream acidic determinants, although residues downstream
of the phosphoacceptor site can also contribute to substrate recognition (Figure 2). Within
this general trend, PLK isoforms display partially distinct positional preferences together
with a shared preference for a hydrophobic residue at +1. In peptide-library profiles, PLK1
preferentially recognizes acidic residues at −2, PLK2 shows a stronger preference at −3 with
an additional contribution at +2, whereas PLK3 displays a broader pattern involving −3,
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−2, −1 and +2, +3. These differences are supported by studies using protein substrates and
peptides derived from cellular proteins [39,40]. Analysis of bona fide substrates further
confirms these isoform-specific signatures, giving a more precise preference (Figure 3):
PLK1 major determinants are the acidic residue at −2, with an additional contribution of an
acidic residue at −1. For PLK2 and PLK3, the limited number of annotated substrates does
not allow a statistically robust definition of their dominant determinants. Nevertheless,
the observed trends are consistent with the peptide-library profiles: PLK2 substrates show
a prominent acidic determinant at −3, with a weaker contribution at +2, whereas PLK3
substrates are enriched in glutamate at −3 and −2, together with an additional acidic
contribution at +2, indicating partial overlap with the PLK2 recognition pattern.

Similar to PLKs, TGFβ/BMP receptor kinases, including TGFBR1, TGFBR2, BMPR1A,
BMPR1B, BMPR2, ACVR1, ACVR1B, ACVR2A and ACVR2B, prefer acidic residues up-
stream of the phosphoacceptor site, particularly around −2, with variable and generally
weaker downstream contributions, including at +1 (Figures 2 and S1). The catalytic do-
mains of TGFβ/BMP receptor kinases are structurally highly related, consistent with their
common evolutionary origin and with the similar acidophilic-like preferences observed
in peptide-based specificity profiling (Figures 2 and S1). However, their physiological
specificity is not dictated solely by the catalytic cleft. TGFβ/BMP receptor kinases can
be further divided into type I and type II receptors, which have distinct roles within the
signaling complex. Type II receptors, including TGFBR2, BMPR2, ACVR2A and ACVR2B,
are ligand-binding receptor kinases that phosphorylate and activate type I receptors. Type
I receptors, including TGFBR1, ACVR1, ACVR1B, BMPR1A and BMPR1B, contain a con-
served glycine- and serine-rich (GS) region immediately N-terminal to the kinase domain.
Phosphorylation of this GS region by type II receptors activates the type I receptor kinase,
which then phosphorylates receptor-regulated SMADs (R-SMAD) [69,70]. Thus, although
both receptor classes possess structurally related S/T kinase domains, type II receptors
primarily act as upstream activators, whereas type I receptors function as the main SMAD-
phosphorylating kinases. In addition, substrate selection is strongly influenced by docking
surfaces within the kinase domain, particularly the L45 loop, a short exposed region be-
tween kinase subdomains IV and V that differs among type I receptors and determines their
ability to phosphorylate specific SMAD proteins [71]. Therefore, receptor S/T kinases rep-
resent a distinctive class of membrane-confined acidophilic-like kinases in which intrinsic
catalytic-site preference is subordinated to receptor activation and substrate recruitment.

The distinct positional preferences of the D/E directed acidophilic kinases raise an
important question: can these kinase-specific signatures be used to identify the enzyme
responsible for a phosphorylation event? Although, as noted above, consensus motifs
alone are rarely sufficient for definitive assignment, highly distinctive determinants can
provide strong predictive information, particularly when combined with biochemical vali-
dation and subcellular context. FAM20C provides a particularly notable example. Before
its molecular identification, biochemical studies had already revealed a Golgi-associated
casein kinase activity (G-CK) distinct from CK2 [72]. This G-CK activity phosphorylated
secretory-pathway proteins at sites conforming to an S-x-E motif, a feature particularly
evident in caseins and other secreted phosphoproteins [73,74]. This positional requirement
differed from the broader downstream acidic preference of CK2, which relies more strongly
on acidic determinants at +1 and +3 and does not display a dominant requirement for glu-
tamate at +2 [72]. Thus, the motif itself already suggested the existence of a distinct Golgi
casein kinase. This idea was further strengthened by sequence analysis of early secreted
and plasma phosphoproteomes, which revealed a high frequency of S-x-E phosphosites
leading to the hypothesis that a single kinase, the Golgi casein kinase, could be responsible
for the serine phosphorylation of most of the secreted proteins [75]. This prediction, initially
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based only on substrate-sequence analysis, was subsequently validated by the identifica-
tion of the Golgi casein kinase as FAM20C [15,76], and by phosphoproteomic studies in
FAM20C-deficient cells [60], which established FAM20C as the principal Ser kinase of the
secreted proteins. More recently, by combining this distinctive S-x-E specificity with the
restricted localization of FAM20C in the Golgi lumen and secretory pathway, analysis of
experimentally validated phosphosites annotated in PhosphoSitePlus database identified
a high-confidence putative FAM20C substratome consisting of 443 phosphosites across
256 secretory-pathway proteins [7]. Thus, FAM20C illustrates how a highly distinctive
consensus motif, when interpreted together with subcellular localization, can move from
predicting the existence of a kinase to defining its biologically coherent substratome.

A second example is provided by α-synuclein Ser129, where consensus-sequence
analysis helped discriminate among several candidate acidophilic kinases. This phos-
phorylation event has been extensively investigated because of its close association with
synucleinopathies, including Parkinson’s disease and dementia with Lewy bodies, although
recent evidence also supports a physiological role of this phosphorylation in fine-tuning
α-synuclein function and synaptic transmission [77]. Several acidophilic kinases, including
CK2, CK1, and GRKs, were initially proposed as candidate Ser129 kinases, largely on the
basis of the acidic sequence surrounding the target site [78,79]. Subsequent studies pointed
instead to a predominant role for PLKs, particularly PLK2 [80,81]. Importantly, the greater
efficiency of PLK2/3 relative to CK2 could be predicted from the local sequence and was
confirmed by in vitro kinase assays, using recombinant kinases, full-length α-synuclein
and Ser129-containing peptides [82]. Although the region surrounding S129 is rich in acidic
residues (DNEAYEMPSEEGYQD), it lacks an acidic residue at +3, the dominant determi-
nant of CK2 specificity [83]. Instead, E126 at −3 and E131 at +2 generate an E-x-x-S-x-E
motif that is compatible with both PLK2 and PLK3, but more closely matches the preferred
determinants of PLK2 (Figure 2). Mutational analysis showed that E126 at −3 is the major
determinant, as its substitution completely abolished PLK2-mediated phosphorylation.
Replacement of E131 at +2 strongly reduced phosphorylation, whereas substitution of
E130 at +1 had only a minor effect [82]. The same acidic determinants also contributed to
recognition by PLK3, although this kinase phosphorylated Ser129 in vitro less efficiently
than PLK2 [82]. Thus, the −3/+2 configuration supports phosphorylation by both isoforms
but preferentially favors PLK2, explaining its greater catalytic efficiency relative to CK2
and PLK3 [82]. In this case, consensus-sequence analysis identified the most likely kinase
and explained its greater catalytic efficiency.

Again, the presence of an acidic residue at +3 has been successfully used to predict and
validate the CK2 substratome through the analysis of experimentally validated phospho-
sites. This was illustrated by phosphoproteome-based analyses revealing the extraordinary
pleiotropy of CK2 [6] and by subsequent studies identifying PDCD5 and ESCRT-III complex
components as CK2 substrates in vitro and in cells [84,85]. The diagnostic value of the
+3 acidic determinant must nevertheless be interpreted with caution. A global analysis of
phosphorylated motifs in the human phosphoproteome showed that the CK2-like motif
pS/pT-x-x-D/E is highly prevalent and relatively promiscuous, being found not only in
CK2 substrates but also in phosphosites assigned to many other kinases [12]. Thus, the
+3 acidic residue is an important determinant of CK2 recognition, but it is not sufficiently
stringent on its own for confident kinase assignment. More confident prediction of the
CK2 substratome therefore requires the integration of a more stringent consensus sequence
(S/T-E/D-x-E/D) and subcellular-context filtering.
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3.2. Phosphate-Directed or Primed Acidophilic Kinases

The second major category of acidophilic kinases comprises phosphate-directed or
primed kinases, which preferentially recognize substrates containing a pre-existing phos-
phorylated residue near the target site. Their consensus motifs are therefore often condi-
tional, with efficient phosphorylation frequently depending on the prior action of another
kinase, creating hierarchical phosphorylation cascades. GSK3 represents a paradigmatic
example of phosphate-directed kinases. Its optimal substrates contain a priming phos-
phoserine or phosphothreonine four residues C-terminal to the target site, generating
the consensus S/T-x-x-x-pS/pT [86] (Figures 4A and S2). Structural studies showed that
the priming phosphate is recognized by a positively charged pocket in GSK3 [87]. This
phosphate-binding pocket explains both the strong preference of GSK3 for primed sub-
strates and the mechanism of inhibitory phosphorylation at the N-terminus of GSK3, in
which phosphorylated S9 in GSK3β and S21 in GSK3α can act as an intramolecular pseu-
dosubstrate [88]. The β-catenin destruction complex provides one of the notable biological
examples of phosphate-directed substrate recognition. In the absence of Wnt signaling,
CK1α first phosphorylates β-catenin at S45, thereby generating a priming determinant for
GSK3. GSK3 then phosphorylates β-catenin sequentially at Thr41, Ser37, and Ser33 [89].
Notably, although GSK3 preferentially phosphorylates primed substrates, prior phosphory-
lation is not an absolute requirement. GSK3 can directly phosphorylate selected unprimed
proteins, including PP1 inhibitor-2 [90], cyclin D1 [91] and tau at several sites [92]. GSK3
can also initiate Axin phosphorylation without an exogenous priming kinase, although
subsequent phosphorylation within its multisite region may proceed hierarchically [93].

Figure 4. Peptide-library and bona fide substrate signatures of CK1 and GSK3 kinases. Sequence
logos comparing the intrinsic substrate preferences of representative phosphate-directed kinases with
the sequence signatures of their experimentally annotated substrates. The upper panels (A) show
peptide-library specificity profiles for GSK3α and CK1α. Data from the peptide-library specificity
dataset of Johnson et al. [16] were rescaled and plotted using Logomaker [67]. The logos display amino
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acid preferences from −5 to +4 relative to the phosphoacceptor residue, with S/T fixed at position 0.
GSK3A and CK1α are shown as representatives of GSK3 and CK1 families, respectively; the specificity
profiles of the other members of these two kinase groups are shown in Figures S2 and S3, respectively.
The lower panels (B) show pLogo analyses [68] of bona fide phosphosites assigned to GSK3A and
CK1α. pLogo analysis and statistical significance were calculated as described in Figure 3.

CK1 family kinases provide a related but distinct example. CK1 proteins are evolu-
tionarily conserved, widely expressed monomeric S/T kinases that, like CK2, are basally
active [74], although CK1δ and CK1ε are additionally restrained by inhibitory autophospho-
rylation of their C-terminal tails [94]. CK1 kinases typically prefer phosphorylated residues
upstream of the phosphoacceptor site, in particular in the pS/pT-x-x-S/T configuration
(Figures 4A and S3). Also CK1 can phosphorylate both primed and unprimed substrates
as in the previous example on β-catenin phosphorylation by CK1α [89]. On selected sub-
strates, CK1 can itself phosphorylate a non-canonical priming site and then sequentially
phosphorylate downstream sites [95]. Thus, CK1 can function both as a priming kinase and
as a phosphate-directed kinase, depending on the substrate context. Substrate access may
also be controlled by specific docking interactions. Some proteins contain CK1-binding
domains (CK1BDs) that establish relatively stable complexes with the kinase, increase its
local concentration, and facilitate efficient multisite phosphorylation [96]. This mechanism
is particularly well characterized in circadian clock proteins. Mammalian PER1 and PER2
recruit CK1δ/ε through a conserved CK1BD [95,96]. CK1BDs are not a general feature of
all CK1 substrates, but rather a specialized mechanism that supports efficient and spatially
restricted phosphorylation within specific protein complexes.

Analysis of bona fide substrates of CK1α, CK1δ, CK1ε, and GSK3α/β reveals the
expected signatures of phosphate-directed kinase activity but also highlights the clustered
organization of their phosphorylation sites (Figures 4B and S4). CK1 substrates show
enrichment of S at positions compatible with sequential phosphorylation, including the
canonical upstream −3 position and additional S upstream (−6) and downstream (+3, +6)
of the centered phosphoacceptor site (Figure 4B). Conversely, GSK3 substrates show the
expected enrichment of S/T at +4, consistent with its C-terminal priming mechanism, but
also an additional S/T enrichment at −4. This pattern likely reflects the organization of
many CK1 and GSK3 substrates into multisite phosphorylation clusters, in which neigh-
boring S/T residues act sequentially as phosphorylation targets and priming sites. As a
result, bona fide substrate logos capture not only intrinsic kinase specificity but also the
clustered organization of hierarchical phosphorylation sites. A striking feature of the GSK3
substrate logo is the strong enrichment of proline at +1, together with repeated S/T-P
pairs separated by four residues. This recurring SP-x-x-SP arrangement indicates that bona
fide GSK3 substrates frequently contain clusters of sites sharing the same proline-directed
specificity. Within these clusters, phosphorylation of a downstream S/T-P site can pro-
vide the +4 priming determinant required for phosphorylation of the preceding site. A
preference for proline at +1 is also detectable in the peptide-library profile reported by
Johnson and colleagues [16], although it is much weaker than the dominant preference for
a phosphorylated residue at +4 (Figure 4A). The two analyses are therefore complementary:
peptide-library profiling identifies the intrinsic catalytic preference of GSK3 for a priming
phosphate, whereas bona fide substrate analysis reveals that physiological phosphory-
lation sites are frequently embedded in proline-rich, multisite clusters. Together, these
observations explain why GSK3 is commonly classified as a proline-directed kinase [12,97].

GRKs represent a distinctive group of acidophilic-like kinases. Their main substrates
are activated G protein-coupled receptors (GPCRs), which contain clusters of S/T residues
in their intracellular regions. GRKs substrate selection depends mainly on receptor ac-
tivation, kinase recruitment to the membrane and accessibility of the phosphorylation
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sites. Different GRK isoforms can phosphorylate different residues on the same receptor,
generating phosphorylation “barcodes” that influence β-arrestin binding, conformation,
and downstream signaling [98]. As mentioned above, GRK subfamilies also use different
mechanisms to reach membrane-bound receptors. Local sequence nevertheless contributes
to site selection. Early peptide studies showed that acidic residues upstream of the target
site favor GRK phosphorylation [99]. Kinome-wide peptide-library profiling [16] adds
a further layer to this view by showing that GRKs do not simply prefer acidic residues,
but display a marked preference for pre-existing phosphorylated residues, particularly
phosphotyrosine, at defined positions within substrate peptides (Figures 5 and S5). This
finding suggests that phospho-priming may contribute to GRK substrate selection in spe-
cific contexts. Supporting this view, recent time-resolved NMR analysis showed that GRK1
and GRK2 phosphorylate GPCR C-terminal peptides in a defined order. Some sites were
phosphorylated only after neighboring sites, indicating that previous phosphorylation
events can influence subsequent GRK activity [100]. GRK specificity therefore results from
the combination of receptor activation, membrane recruitment, local negative charge, and
phosphorylation history. However, the cellular relevance of this pY-directed preference
remains to be established, and it should currently be regarded as an in vitro specificity
feature rather than a general mechanism of GRK targeting.

Figure 5. Peptide-library and bona fide substrate signatures of GRK2 kinase. The left panel shows
peptide-library specificity profiles for GRK2. Data from the peptide-library specificity dataset of
Johnson et al. [16] were rescaled and plotted using Logomaker [67]. The logos display amino acid
preferences from −5 to +4 relative to the phosphoacceptor residue, with S/T fixed at position 0. The
right panel shows pLogo analyses [68] of bona fide phosphosites assigned to GRK2. pLogo analysis
and statistical significance were calculated as described in Figure 3.

ALPK1 shows a complex acidophilic profile that lies between D/E-directed and
phosphate-directed recognition. In kinome-wide peptide-library profiling, the strongest
individual determinant is phosphotyrosine at the −1 position, supporting its classification
among phosphate-directed kinases. However, unlike the highly defined priming require-
ments of CK1 and GSK3, ALPK1 also shows a broad preference for acidic residues at
several positions, particularly upstream of the phosphoacceptor site. Its specificity there-
fore appears to reflect recognition of a generally negatively charged environment, with an
additional strong preference for pY at −1.

ALPK1 therefore provides a clear example of the continuum between D/E-directed
and phosphate-directed recognition and illustrates why these categories should be regarded
as predominant rather than mutually exclusive modes of substrate selection. The limited
number of currently validated ALPK1 substrates does not yet allow an assessment of
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whether the pY preference observed in vitro is retained in cellular substrates. Whether
acidophilic recognition is shared across the α-kinase family remains unclear. Peptide-
library profiling is available for eEF2K, TRPM6, and TRPM7, which display predominantly
basophilic rather than acidophilic sequence preferences [16], whereas comparable specificity
data are still lacking for ALPK2 and ALPK3. In addition, the limited number of bona fide
substrates currently characterized for these kinases does not allow an assessment of their
cellular consensus preferences.

STK32 proteins represent a final, poorly characterized branch of phosphate-directed
kinases. Kinome-wide peptide-library profiling of STK32B and STK32C revealed a strong
preference for pre-existing phosphorylated residues at defined positions, with the most
prominent determinant being phosphotyrosine at +2 (Figure 6). As with GRKs, the pY
preference observed in peptide-library assays is an important in vitro finding, but its
role in cellular substrate selection remains to be demonstrated [16]. STK32A was not
included in the kinome-wide peptide-library dataset and is therefore not represented in
Figure 6. Nevertheless, an independent study showed that STK32A is also an acidophilic
kinase with dual Ser/Thr and Tyr specificity [49]. Kinase specificity was analyzed using a
proteolytically digested and dephosphorylated cell lysate as a complex source of peptide
substrates. This approach revealed a preference for sequences enriched in acidic residues,
but the removal of pre-existing phosphate groups meant that a possible requirement for
phospho-primed substrates could not be detected [49]. Structural analysis identified a
cluster of basic residues in the substrate-recognition region, including Arg109, Arg221, and
Arg304, which may account for the preference for negatively charged substrates. These
residues are conserved in STK32B and STK32C, suggesting that acidophilic recognition
is a shared feature of the STK32 family [49]. However, other regions potentially involved
in substrate recognition are less conserved, indicating that the three family members may
differ in their precise sequence preferences.

Figure 6. Peptide-library substrate signatures of ALPK1 and STK32B/STK32C kinases. Peptide-library
specificity profiles for ALPK1 and STK32B/STK32C kinases. Data from the peptide-library specificity
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dataset of Johnson et al. [16] were rescaled and plotted using Logomaker [67]. The logos display
amino acid preferences from −5 to +4 relative to the phosphoacceptor residue, with S/T fixed at
position 0.

4. Discussion
Peptide-library profiling provides a systematic measure of the intrinsic sequence

preferences of kinase catalytic domains. However, these in vitro profiles do not necessarily
reproduce the effective selection of protein substrates in cells. Peptide libraries isolate the
contribution of the catalytic domain and define its intrinsic sequence preferences, whereas
analysis of bona fide substrates reflects phosphorylation sites embedded within full-length
proteins and that may be selected in cells under additional constraints imposed by protein
conformation, substrate accessibility, localization, kinase activation, docking interactions,
and complex formation. Close correspondence between the two analyses therefore supports
a major contribution of the local sequence to substrate selection. Limited correspondence
does not necessarily invalidate the in vitro specificity profile but may indicate that other
determinants have a greater influence on substrate recognition. A kinase may therefore
phosphorylate a non-canonical site when these additional interactions compensate for a
suboptimal sequence.

Comparison with bona fide substrates is therefore essential to determine which
intrinsic preferences are retained in experimentally characterized substrates. For well-
characterized kinases such as CK2 and FAM20C, the available substrate datasets show a
strong correspondence with peptide-library profiles. For CK1 and GSK3, bona fide sub-
strates reveal a clustered organization of phosphorylation sites that is not fully captured
by peptide-library assays. For several acidophilic kinases, however, the number of confi-
dently assigned substrates or phosphosites remains too small to generate statistically robust
sequence logos. This limitation is particularly relevant for PLK2 and PLK3, TGFβ/BMP
receptor kinases, GRKs, ALPK1, and STK32 kinases. GRKs, ALPK1, and STK32 kinases
illustrate this limitation particularly clearly. Peptide-library assays reveal a strong prefer-
ence for phosphorylated determinants, including pY, but current substrate datasets do not
yet allow a rigorous evaluation of this feature. The pY preference, or a general preference
for phosphorylated residues, is not evident in the bona fide GRK2 substrate logo, but
this absence cannot yet be interpreted as evidence against its cellular relevance, because
the available substrate set may lack sufficient size or representation of the appropriate
signaling contexts. Expanding these substratomes will be necessary to establish whether
the pY preferences observed in vitro contribute to physiological substrate selection and,
if so, to identify the Tyr kinases and signaling conditions responsible for generating the
priming sites.

More generally, expanding the experimentally validated substratomes of poorly char-
acterized acidophilic kinases should be a major priority. Larger bona fide substrate datasets
will permit statistically meaningful comparisons with peptide-library profiles and clarify
the relative contributions of sequence specificity, docking, localization, substrate accessibil-
ity, and isoform-specific recognition.

5. Conclusions
Kinome-wide profiling of more than 84% of the active human S/T kinome captures

most of the acidophilic kinases that can currently be identified from their intrinsic substrate
preferences, although additional members may still emerge. This analysis highlights that
acidophilic preference does not simply reflect a generic response to negative charge and,
at the same time, cannot be reduced to a single consensus rule. Sequence preference
can be highly informative, particularly when combined with subcellular localization, but
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its predictive value varies substantially among kinases and depends on how strongly
substrate selection relies on the local sequence rather than on recruitment, docking, or
complex formation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/kinasesphosphatases4030026/s1, Table S1: Biological Process
(BP) annotation of kinase substrates. Biological Process (BP) annotations have been performed
using DAVID [101]. A. CK2. B. PLK1. C. CK1α. D. GSK3β. E. GRK2; Figure S1: Substrate-
recognition profiles of TGFβ/BMP receptor kinases. Sequence logos showing the peptide-library
substrate preferences of TGFβ/BMP receptor kinases, generated from the specificity dataset reported
in [16], rescaled and plotted using Logomaker [67]. The logos display amino acid preferences
from −5 to +4 relative to the phosphoacceptor residue, with S/T fixed at position 0; Figure S2:
Substrate-recognition profiles of GSK3 family kinases. Sequence logos showing the peptide-library
substrate preferences of human GSK3 isoforms, generated from the specificity dataset reported
in [16], rescaled and plotted using Logomaker [67]. The logos display amino acid preferences from
−5 to +4 relative to the phosphoacceptor residue, with S/T fixed at position 0; Figure S3: Substrate-
recognition profiles of CK1 family kinases. Sequence logos showing the peptide-library substrate
preferences of human CK1 isoforms, generated from the specificity dataset reported in [16], rescaled
and plotted using Logomaker [67]. The logos display amino acid preferences from −5 to +4 relative
to the phosphoacceptor residue, with S/T fixed at position 0; Figure S4: Sequence signatures of
bona fide substrates of CK1α/δ/ε and GSK3α/β. pLogo analysis [68] of experimentally validated
phosphorylation sites annotated in PhosphoSitePlus. Sequences surrounding bona fide phosphosites
were compared with the same background dataset described in Figure 1, consisting of randomly
selected S/T-containing peptides from the human proteome. At each position, amino acid enrichment
or depletion was evaluated by pLogo using binomial probabilities based on residue frequencies in
the background dataset. Default pLogo statistical settings were used, including Bonferroni correction
for multiple testing with an overall significance threshold of p = 0.05. Residues above the central axis
are enriched, whereas residues below the axis are depleted; red horizontal lines indicate the statistical
significance threshold; Figure S5: Substrate-recognition profiles of GRK family kinases. Sequence
logos showing the peptide-library substrate preferences of human GRK isoforms, generated from the
specificity dataset reported in [16], rescaled, and plotted using Logomaker [67]. The logos display
amino acid preferences from −5 to +4 relative to the phosphoacceptor residue, with S/T fixed at
position 0.
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