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Tracing the origin and evolution of pseudokinases
across the tree of life

Annie Kwon'?, Steven Scott>?, Rahil Taujale’?, Wayland Yeung'?, Krys J. Kochut®,
Patrick A. Eyers®, Natarajan Kannan'>*

Protein phosphorylation by eukaryotic protein kinases (ePKs) represents a fundamental mechanism of cell signaling
in all organisms. In model vertebrates, ~10% of ePKs are classified as pseudokinases, which have amino acid changes
within the catalytic machinery of the kinase domain that distinguish them from their canonical kinase counterparts.
However, pseudokinases still regulate various signaling pathways, usually doing so in the absence of their own
catalytic output. To investigate the prevalence, evolutionary relationships, and biological diversity of these pseudo-
enzymes, we performed a comprehensive analysis of putative pseudokinase sequences in available eukaryotic, bac-
terial, and archaeal proteomes. We found that pseudokinases are present across all domains of life, and we classified
nearly 30,000 eukaryotic, 1500 bacterial, and 20 archaeal pseudokinase sequences into 86 pseudokinase families,
including ~30 families that were previously unknown. We uncovered a rich variety of pseudokinases with notable
expansions not only in animals but also in plants, fungi, and bacteria, where pseudokinases have previously received
cursory attention. These expansions are accompanied by domain shuffling, which suggests roles for pseudo-
kinases in plant innate immunity, plant-fungal interactions, and bacterial signaling. Mechanistically, the ancestral
kinase fold has diverged in many distinct ways through the enrichment of unique sequence motifs to generate
new families of pseudokinases in which the kinase domain is repurposed for noncanonical nucleotide binding or to
stabilize unique, inactive kinase conformations. We further provide a collection of annotated pseudokinase se-
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quences in the Protein Kinase Ontology (ProKinO) as a new mineable resource for the signaling community.

INTRODUCTION

Protein phosphorylation catalyzed by eukaryotic protein kinases
(ePKs) controls multiple aspects of prokaryotic- and eukaryotic-
based cell signaling (1, 2), and its dysregulation contributes to many
major diseases. The conserved architecture of the ePK domain is
very well understood from both structural (3-5) and biochemical
(6-8) perspectives, and the versatility of the kinase fold has been
exploited many times during evolution to impart mechanistic con-
trol over diverse cell signaling processes (9, 10). A vast amount of
genomic and proteomic datasets can now be mined to map the
evolution of kinases and their associated signaling pathways
across multiple species (11-17). In this context, some 10% of model
vertebrate ePKs contain amino acid changes at specific positions
that are predicted to lead to catalytic inactivation, which led to the
coining of the term “pseudokinase” (5, 15, 18-21). A number of
well-studied pseudokinases are thought to play central roles in
signaling despite impaired catalytic function (22-26), for exam-
ple, through allosteric modulation of other active kinases or the
transduction of cellular signals via dynamic scaffolding functions
(9, 19, 21, 27-30). However, whether pseudokinases have evolved to
control fundamental aspects of signaling across all organisms has
never been scrutinized in depth, and much remains to be under-
stood about the origin of pseudokinases and how they became
embedded in signaling networks during prokaryotic and eukaryotic
evolution.
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Protein pseudokinases represent the best understood members
of the growing classes of pseudoenzymes, which include pseudo-
phosphatases (31) and pseudoproteases (32), both of which are also
predicted to have lost canonical catalytic function but nonetheless
perform critical non-enzymatic roles (9, 20, 33, 34). By definition,
pseudokinases lack canonical phosphotransferase activity, and they
can be predicted bioinformatically by identifying sequences that
lack at least one key amino acid normally required for metal and
adenosine triphosphate (ATP) binding and for catalysis (3, 7, 8, 18-20).
Prominent catalytic motifs include the “catalytic triad” residues,
composed of the ATP-binding B3-lysine, the catalytic aspartate
within the catalytic loop His-Arg-Asp-X-X-X-X-Gln (HRDXXXXN)
motif, and the metal-binding aspartate of the activation loop Asp-
Phe-Gly (DFG) motif. Some examples of human pseudokinases
with variations at these catalytic triad residues are summarized in
Table 1. Loss of these canonical residues does not always abolish
nucleotide binding or phosphoryl transfer, and in some cases, residual
kinase activity or ATP binding may fulfill a unique functional role.
However, we still define these catalytically competent proteins as
pseudokinases, in recognition of their noncanonical amino acid
composition. For example, in the human epidermal growth factor
receptor (EGFR)-related receptor pseudokinase HER3, where the
catalytic triad is conserved except for the substitution of the catalytic
HRD-aspartate for asparagine, low amounts of catalytic activity
support HER3 trans-autophosphorylation in vitro, although this
vestigial activity is insufficient for phosphorylation of exogenous
substrates in cells (22, 35, 36). In other cases, degenerated catalytic
residues can be compensated by similar amino acids found else-
where in the active site to rescue catalytic function. This is best illustrated
by the with-no-lysine kinases (WNKs), which lack the canonical
B3-lysine but maintain ATP binding and catalytic activity via a
conserved compensatory lysine in the glycine-rich loop (37-39).
Less predictably, pseudokinases contain coevolving amino acids
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Table 1. Examples of human pseudokinases. Degraded catalytic triad
residues and the amino acids that replace them in each pseudokinase are
noted. ILK, integrin-linked kinase; VRK, vaccinia-related kinase.

Degraded catalytic

Human pseudokinase Observed residue(s)

residue(s)
KSR1, KSR2 K R
JAK1(doma|n2) JE HRDD e N .
JAKz(domamz) JE HRDD e N .

K, DFG-D

HRD-D, DFG-D N, G
HRD-D, DFG-D

EphB6

SCYL1, SCYL2, SCYL3 K, HRD-D, DFG-D F,N,G
NRBP1, NRBP2 K, HRD-D, DFG-D N, N, S

that are far removed from the active site and contribute critical non-
catalytic signaling roles, as described recently for the Tribbles (TRIB)
family of pseudokinases, where a coevolved C-terminal tail docking
site in the pseudokinase domain negatively regulates binding of the
E3 ubiquitin-protein ligase COP1 (26, 40-42). Last, amino acid
shuffling offers new biochemical opportunities as described recently
for the atypical selenoprotein-O (SelO) pseudokinase in which
marked active site variations facilitate “inverted” ATP binding to
support protein AMPylation instead of phosphorylation (43, 44).
About 50 protein pseudokinases are encoded by the human ge-
nome, nearly all of which are also found in rodents, suggesting con-
served vertebrate-wide signaling roles (5, 15, 18). Half of vertebrate
pseudokinases also have clear orthologs in well-characterized ge-
netic model organisms, including flies and worms, supporting the
assumption that pseudokinases are part of ancient genetic lineages,
rather than extraneous remnants of evolutionary “experiments”
(13). Several pseudokinases have been analyzed in depth in human
cells, including HER3 (23, 35, 45, 46), the RAF/mitogen-activated
protein kinase (MEK) modulators kinase suppressor of Ras-1 and
Ras-2 (KSR1/2) (24), the Janus tyrosine kinases (JAKs) (25), which
contain a disease-associated pseudokinase domain positioned adjacent
to an active kinase domain, and the TRIB family of pseudokinases
(26, 40, 47). However, more than half of the predicted human pseudo-
kinome remains understudied at the molecular level, despite clear
evidence for expression in cells. Pseudokinase-based signaling has also
been described in simple model organisms (48), such as in the small ge-
nome of the intestinal parasite Giardia lamblia (16) and in commercially
important plants (49, 50, 51, 52, 53). However, the origin and evolution of
pseudokinases across the tree of life has not been explored in any depth.
In this resource, we present a systematic identification of pre-
dicted pseudokinase sequences, ranging from archaea and bacteria
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to simple eukaryotes, fungi, plants, and vertebrates. On the basis of
the well-understood catalytic machinery in canonical ePKs (6), we
find that ePK-like pseudokinase sequences can even be detected in
some archaeal and bacterial proteomes, although they are much
rarer than in eukaryotic proteomes, where they appear to be ubiqui-
tous. Corroborating previous kinome studies, we also find that the
number of pseudokinases remains relatively constant among verte-
brates and correlates with the relative size of the kinome. Our broad
analysis permits us to establish that ~10% of ePK members should
be classified as pseudokinases in swathes of vertebrate animal spe-
cies. In several phyla, specific pseudokinase expansions linked to
lifestyle are observed within the different kinase families, whose
shared sequence signatures and domain structures permit specific
functions to be deciphered. In particular, we note the expansions of
interleukin-1 receptor-associated kinase (IRAK)-like pseudokinases
in plants, increases of tyrosine kinase-like (TKL) pseudokinases in
fungi, and a diversified family of protein kinase B (PknB) pseudo-
kinases in bacteria. Most pseudokinases exhibit lineage-specific
sequence variations that might facilitate previously unknown modes
of ATP binding, unusual catalytic outputs, and/or allosteric cou-
pling between distal protein binding and regulatory sites. Hence,
pseudokinases cannot be remnants of evolution but must instead
operate as fundamental, and function-specific, signaling proteins
across organisms covering some 4 billion years of evolution. Our
analysis includes a minable, comprehensive classification of pseu-
dokinase sequences from diverse organisms, providing a conceptual
starting point for future hypothesis-driven characterization of pseudo-
kinase signaling from bacteria to humans.

RESULTS

Identification of pseudokinomes across the domains of life
To detect the prevalence of pseudokinases across the domains of
life, we used curated multiple sequence alignment profiles of 592
protein kinase families (52, 54-58) to scan all available eukaryotic,
bacterial, and archaeal proteomes in the UniProt reference proteome
database (10,092 proteomes in release 2018_9) (59). Aligned se-
quences that lacked one or more of the canonical catalytic triad
residues, namely, the B3-lysine residue, the HRD-aspartate, or the
DFG-aspartate, were classified as pseudokinase sequences. Such
pseudokinase sequences with noncanonical residues at the three
catalytic triad positions were detected in 100% of eukaryotic
proteomes analyzed, whereas only 5.8 and 2.5% of bacterial and
archaeal proteomes, respectively, contained putative pseudokinase
sequences (Table 2). The prevalence of kinases and pseudokinases
across 93 diverse representative species throughout the domains of
life is summarized in Figs. 1 and 2. Consistent with previous studies,
we identified 55 pseudokinases in the human kinome, including
pseudopodium-enriched atypical kinase 3 (PEAK3), which was re-
cently reported as a pseudokinase sharing similarity to the pragmin
and PEAK1/Sgk269 pseudokinases (Fig. 1) (30, 60). We also identified
a previously unidentified putative human pseudokinase (AOA1BOGUL?7)
that is homologous to the dual-specificity MEK2 and has a pseudokinase
ortholog in chimpanzee (Pan troglodytes). Other previously studied
pseudokinases such as transformation/transcription domain-associated
protein (19, 61), SelO (43, 44), and family with sequence similarity
20 A (Fam20A) (29) are also considered pseudokinases; however,
these atypical kinases and other small-molecule kinases such as amino-
glycoside kinases and lipid kinases were not considered in our analysis
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Table 2. Protein kinase and pseudokinase sequences across archaeal,
bacterial, and eukaryotic proteomes. Detection of protein kinase and
pseudokinase sequences across archaeal, bacterial, and eukaryotic
proteomes available from the UniProt database (59). Protein kinase
sequences were identified and aligned from each reference proteome
using diverse sequence profiles of ePKs, and pseudokinase sequences
were identified on the basis of their lack of at least one residue in the
catalytic triad.

Archaea Bacteria Eukaryota
Total no. of proteomes 441 8818 833
Proteomes with kinases 149 (33.8%) 3523 (40.0%) 833 (100%)
Proteomes with 11(249%) 508 (5.76%) 819 (98.3%)
pseudokinases
Total no. of pseudokinase 20 1386 30,049

sequences

because they are markedly divergent from ePKs and cannot be reli-
ably placed within the ePK evolutionary framework (further de-
scribed in Materials and Methods).

Pseudokinase complements of kinomes (hereafter referred to as
pseudokinomes) are nearly always proportional to the size of the
kinome in vertebrate species (Fig. 1), which is consistent with pre-
vious estimates that pseudokinases generally account for ~10% of
kinome content (18). However, both kinome and pseudokinome
sizes are much more diverse across other (nonvertebrate) eukary-
otic clades. For example, pseudokinase sequences account for between
8 and 17% of plant kinomes, which are often markedly expanded in
size when compared to metazoan kinomes. Moreover, a mycorrhizal
fungal species, Rhizophagus irregularis, and two protist species,
Paramecium tetraurelia and Tetrahymena thermophila, have sub-
stantially expanded kinomes respective to other fungi and protists,
and the pseudokinomes of R. irregularis and T. thermophila are
also markedly expanded, comprising 32 and 25% of each kinome,
respectively. We also note a remarkable expansion of pseudokinases
in eukaryotic pathogens, including Plasmodium falciparum and
G. lamblia, which have relatively small kinomes (16, 62) but contain
highly expanded pseudokinomes that account for more than a half of
their kinomes (Fig. 1).

Also unprecedented was the varied detection of pseudokinases
across diverse bacterial phyla with high sequence similarity to PknB
kinases (Fig. 2). Bacterial kinomes and pseudokinomes exhibit a
large amount of diversity in size, particularly when compared to
those in eukaryotes. For example, we note the large expansion of
pseudokinases in Streptomyces coelicolor, which has 31 protein ki-
nases and 5 pseudokinases, whereas the proteomes of Shigella flexneri
and Escherichia coli like most bacterial proteomes lack pseudo-
kinases, containing only one protein kinase sequence each. In contrast, the
proteomes of some bacterial species, including Treponema denticola, do not
contain any detectable protein kinase sequences. Nonetheless, pseudo-
kinases were detected in at least one species for every bacterial phylum
that we examined, except in Chlamydiae, suggesting that pseudo-
kinases are not confined to any specific bacterial classifications such
as Gram-negative or Gram-positive bacteria but rather are found
across diverse bacterial phyla.

A small number of ePK sequences were also detected in archaea
(Fig. 2 and table S1), where 11 archaeal proteomes contained puta-
tive pseudokinase sequences. In particular, although most of these
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archaeal proteomes contained only one or two pseudokinase se-
quences, seven of the eight ePK sequences detected in Halorientalis
regularis were identified as pseudokinases. Alignments for the kinomes
and pseudokinomes of every organism represented in the main text
(Figs. 1 and 2) are provided in the Supplementary Materials (data
file S1). Also in the Supplementary Materials, the number of ePK
and pseudokinase sequences detected in the 10,092 proteomes cur-
rently available in the UniProt reference proteome database is addi-
tionally provided (table S1).

Classification of pseudokinase sequences

We next classified pseudokinase sequences into evolutionarily re-
lated clusters using an optimal multiple-category Bayesian Parti-
tioning with Pattern Selection (omcBPPS) algorithm, which classifies
sequences based on patterns of amino acid conservation and varia-
tion in a large multiple sequence alignment (see Materials and Methods)
(63, 64). Because of the large number of pseudokinase sequences
analyzed, we first classified a diverse representative set of 26,273
pseudokinase sequences (see Materials and Methods for details).
Some of the well-known metazoan pseudokinase families such as
the JAK and TRIB families were found to fall into distinct pseudo-
kinase sequence clusters (26). The identified pseudokinase clus-
ters were incorporated within an existing evolutionary hierarchy of
kinase groups and families (see Materials and Methods) (18), and a
resulting hierarchy of 592 sequence profiles containing both canon-
ical kinase families and pseudokinase families was used to detect,
classify, and align all pseudokinase sequences from the UniProt ref-
erence proteome database.

Opverall, we detected pseudokinase families across all major ki-
nase groups (Fig. 3). Whereas some kinase groups defined by Man-
ning and colleagues (18), such as the STE and AGC groups, have
relatively few pseudokinases, the TKL group is highly enriched with
pseudokinases. This increase is caused by the diversification of TKL
pseudokinase sequences in various plant and fungal species, where
the general expansion of canonical TKL kinases has previously
been noted (52, 65). We also identify species-specific divergence of
pseudokinase sequences, such as the divergence of metazoan-
specific poly(A)-nuclease deadenylation complex subunit 3 (PAN3)
from other eukaryotic PAN3, and the diversification of plant WNK
kinases from the classical chordate WNK kinases. In contrast,
some pseudokinase clusters comprise orthologs found across di-
verse taxonomic groups, such as Haspin, which is found across diverse
eukaryotes, and the TRIB family of pseudokinases, which is found
across diverse metazoa, where they function as regulators of protein
ubiquitylation (26). Detailed taxonomic annotations for each
pseudokinase family are provided in the Supplementary Materials
(table S2).

Using our integrated evolutionary hierarchy of pseudokinase
clusters with previously established kinase groups and families, we
can now identify some canonical kinase sequences conserving the
catalytic triad residues that classify into pseudokinase families. For
example, four sequences containing the canonical HRD motif classi-
fied with the HER3 pseudokinases, which typically contain a conserved
HRN motif that severely blunts catalysis. These sequences were
identified to be HER3 orthologs in four separate rodent species (Mus
musculus, Rattus norvegicus, Cricetulus griseus, and Mesocricetus
auratus) (66). Similarly, whereas orthologs of the KSR family can be
detected across diverse metazoan species, only chordate KSRs are
classified as predicted pseudokinases due to the replacement of the
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Fig. 1. Kinome and pseudokinome sizes evaluated in 46 eukaryotic species. The counts of protein kinases and pseudokinases detectable in various eukaryotic proteomes
are shown. Blue bars represent the number of canonical kinases detected in the proteome of each eukaryotic species, and orange bars represent the number of predicted
pseudokinases. Percentages indicate the fraction of total kinases from each proteome that were determined to be pseudokinases based on the lack of at least one residue
in the catalytic triad. The tree on the left indicates major evolutionary kingdoms and phyla. Reference proteomes were obtained from the UniProt database (59), and
protein kinase sequences were extracted and aligned from each reference proteome using ePK sequence profiles. Alignments of kinomes and pseudokinomes from each
proteome shown here are provided in data file S1. Counts of kinases and pseudokinases from other eukaryotic proteomes are provided in table S1.

B3-lysine by an arginine within the canonical “VAIK” motif. In
addition, we often identify large expansions of pseudokinase families
in plant species that are accompanied by the presence of few canon-
ical sequence members. For example, in black cottonwood (Populus
trichocarpa), we identify one canonical PWNK member containing
the B3-lysine (“VAWK” motif), along with 15 pseudokinase members
containing a “VAWN” motif characteristic of PWNK pseudokinases.
The clustering of canonical sequences within pseudokinase families is
summarized in table S3, and alignments of these canonical sequences
are provided in data file S3.

In addition, our in-depth analysis led to the identification of
many previously undefined pseudokinase families (Table 3). These
include the plant lysin motif (LysM)-like pseudokinase family
and the bacterial HGA motif-containing PknB pseudokinase fami-
ly, as well as unclassified pseudokinase families that do not read-
ily fall within the identified pseudokinase clusters, which we term
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the tyrosine kinase (TK)-, TKL-, STE-, CK1-, AGC-, CAMK-, CMGC-,
PknB-, and Other-unclassified pseudokinase families (Fig. 3). As
noted previously, pseudokinases in the TKL group appear to have ex-
panded substantially, particularly in nonmetazoan species. Consis-
tently, five distinct fungal-specific pseudokinase families have emerged
in the TKL group, of which three (termed Rigl to Rig3) are current-
ly found predominantly in the species R. irregularis, which has a
considerably expanded kinome and pseudokinome compared to
other fungi (Fig. 1 and fig. S1). In addition, IRAK pseudokinases
(part of the TKL group) are massively expanded in plants, which
classify into nine unique families. This mirrors the well-known plant-
specific expansions of the canonical IRAK (also known as RLK/
Pelle) kinase family, which have previously been classified into
65 subfamilies (52). An unexpected finding from our analysis was the
detection of over 1200 putative bacterial PknB pseudokinases,
which we have classified into 12 distinct clusters. Some bacterial

40f19

MS no: RSaav3810/SA/BIOCHEM

AQ29

AQ30



SCIENCE SIGNALING | RESEARCH RESOURCE

E.coli W
Geobacter Il 67%
S. flexneri W
D. soudanensis [l
C. vibrioides Wl
P. tropica NN 43%
M. tuberculosis GG
B. longum |IEEG—_—

PROTEO-
—BACTERIA

ACTINO-
BACTERIA

FIRMICUTES T. flagellatus NN 0,
C. colicanis Il
B. cereus NN 25%
B. subtilis
S. pneumonize Ml
L. monocytogenes Ml

CYANO-
BACTERIA

M. aeruginosa I

CHLAMYDIAE C. sequanensis NN
C. psittaci [
1 C. trachomatis N
C. pneumoniae I
P. acanthamoebae N
A. muciniphila I
C. aurantiacus IS

|
BACITERIA

PLANCTO-
MYCETES

SPIROCHAETES L. interrogans I 67%
B. burgdorferi Wl
T. primitia W
A. odontotermitis I
T. denticola
S. africana M
F. nucleatum W
I. aggregans N 33%
S. tokodaii EEGEG——
S. acidocaldarius |IEEG—_—__
P. occultum W
H. regularis IR 88%
G. ahangari @
M. oralis [
H. litchfieldiae B 100%
C. Nanobsidianus stetteri il
N. equitans

I
ARCIT|AEA

0 10 20

30
B Canonical kinases

S. coelicolor I 148%
S. bingchenggensis | mmmmmm——_—_—_ . 0 _.|5cos

F. thermalis | ———
N. piscinale I
P. biceps 0%

A. marina | 1
A. cylindrica |

Roseiflexus RS-1 I 15%
R. baltica | a9
1. pallica | = 5%
P. staleyi |
R. brasiliensis I %

40 50 60
B Pseudokinases

Fig. 2. Kinome and pseudokinome sizes evaluated in 51 bacterial and archaeal species. The counts of protein kinases and pseudokinases detectable in various
bacterial and archaeal proteomes are shown. Blue bars represent the number of canonical kinases detected in the proteome of each bacterial and archaeal species, and
orange bars represent the number of predicted pseudokinases. Percentages indicate the fraction of total kinases from each proteome that were determined to be pseudo-
kinases based on the lack of at least one residue in the catalytic triad. The tree on the left indicates major evolutionary kingdoms and phyla. Reference proteomes were
obtained from the UniProt database (59), and protein kinase sequences were extracted and aligned from each reference proteome using diverse sequence profiles of
ePKs. Alignments of kinomes and pseudokinomes from each proteome shown here are provided in data file S1. Counts of kinases and pseudokinases from other bacteri-

al and archaeal proteomes are provided in table S1.

pseudokinase clusters are specific to selected bacterial phyla, such as
the Actinobacteria-specific PknB pseudokinase family (which we

AQ31 term Act), whereas other families such as the NERD domain-

containing PknB pseudokinase family are found more broadly
across diverse bacterial phyla. Sequences and alignments for each
pseudokinase family identified here are available through the Protein
Kinase Ontology (ProKinO, http://vulcan.cs.uga.edu/prokino/

AQ32 about/browser) and in the Supplementary Materials (data file S2).

In the following sections, we build on the first comprehensive pseudo-
kinase catalog by examining the putative functions of plant IRAK
pseudokinases and pseudokinases in R. irregularis and in sequenced
bacteria.

Kwon et al., Sci. Signal. 12, eaav3810 (2019) 23 April 2019

A massive, plant-specific IRAK pseudokinase expansion

The plant IRAK kinases have been previously classified into 65 sub-
families (52). We now identify nine unique IRAK pseudokinase fam-
ilies (Fig. 3), which are conserved across multiple plant species (table
S$2), including two pseudokinase families that resemble the lysin-motif
receptor-like (LysM RLK) kinases, termed LysM and LysM-like, and
the leucine-rich repeat receptor-like (LRR RLK) pseudokinase fam-
ilies, termed LRRII, LRRV, LRRV1-1,and LRRVI-2. In addition, we de-
fine three “mixed” pseudokinase families that contain domains homologous
to multiple previously defined IRAK subfamilies, such as the receptor-
like cytoplasmic kinase XII-2 (RLCKXII-2)/WAK family and the
Catharanthus roseus RLK 1 (CrRLK1)-like family, which are summarized
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CMGC-Unc; PknB-Unc; TKL-Unc;
Other-Unc; CK1-Unc  Unclassified

PFunC Plant- & fungi-specific CMGC | Bac1; Bac2; Bac3
RGC-like Act
STE1t-like LanC
Rig1; Rig2; Rig3 R. irregularis-specific MviN
OoFunTKL Qomycete- & fungal-specific | HGA
FunTKL Fungal-specific TKL DYD
FunC1; FunC2 Fungi-specific CMGC B3A
FunC2-like Fungi-specific CMGC-2-like NERD
Cili-like Ciliate kinase-like PASTA
NemaRGC Nematode-specific RGC TCS
PWNK Plant-specific WNK

CWNK Chordate-specific WNK

MetaPAN3 Metazoan-specific PAN3

AQ62 Fig. 3. A new classification of pseudokinase families. The organization of pseudokinase sequences into distinct, evolutionarily related pseudokinase families is depicted.
Pseudokinase sequences were classified into families based on unique patterns of amino acid conservation and variation. Each colored circle represents a distinct pseudo-
kinase family, which is colored according to the taxonomic group(s) in which it is found. The size of each circle represents the relative size of the corresponding pseudo-
kinase family in log scale, and the distances between circles reflect the approximate sequence divergence between families as determined by hidden Markov models
(HMM)-to-HMM distances. Kinase groups and families from the human kinome classification (78) are depicted by gray circles and labeled in bold font. Sequences and

alignments for each pseudokinase family shown here are provided in data file S2.

in table S2. The widespread distribution of these new plant pseudo-
kinase families across diverse plant species is summarized in table S4.

To specifically examine the evolutionary expansion of IRAK
pseudokinases in plants, we constructed a rooted phylogenetic tree

Kwon et al., Sci. Signal. 12, eaav3810 (2019) 23 April 2019

of both canonical and pseudokinase IRAK sequences using diverse non-
IRAK TKL sequences and non-TKL sequences as an outgroup. The
plant IRAK pseudokinase families form distinct clades in the phylo-
genetic tree that distinguish them from metazoan IRAK pseudokinase
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Table 3. List of newly identified pseudokinase families. Representative members of previously unidentified pseudokinase families are listed.

WAK, wall-associated kinase; CAMK, calcium/calmodulin-dependent protein kinase; RGC, receptor guanylyl cyclase.
PsK family Kinase family  Kinase group Example member(s)
TK-Unclassified TK Camponotus floridanus putative tyrosine-protein kinase Wsck (E2ACX7_CAMFO)
taining receptor-like kinase 5/At2g33580 (LYKSARATH .......................................

A. thaliana protein kinase s;perfamily protein/At3957120 (QSVYGS_A#(ATH)
""""""""""""""""""""""""""""""""""""""""""""""""""""" A. thaliana cysteine-rich receptor-like protein kinase 45/Cysteine-rich RLK45/At4g11890 (CRKAS_ARATH)

A. thaliana nonfunctional pseudokinase ZED1/hopZ-ETI-deficient 1/At3g57750 (ZED1_ARATH)
CRKI-ike  RAK  TKL  Cajanuscajanreceptor-like protein kinase ANXURZ/KK] 043523 (AOATSTQYLO_CAICA)
""""""""""""""""""""""""""""""""""""""""""""""""""""" A. thaliana PRK1/Pollen receptor-like kinase 1/At5g35390 (PRK1_ARATH)
..................................................................................................... Atha/,anaSUB/STRUBBEL|G/At1g1 i s AT OSSOSO
""""""""""""""""""""""""""""""""""""""""""""""""""""" A.thaliana leucine-rich repeat protein kinase family protein/MUA22.21/At5g14210 (AOAT78US29_ARATH)

A. thaliana MDIS1/Male d|séoverer 1/At5g45840 (MDIS1_ARATH)

cterized protein/RSAG8_12895 (AOAO66UWY2'”§‘I;I6MHO' .......................................
.I;unTKL2 TKL Penicillium subrubescens unucharacterized protein/PENSUB_13048 (AOA1 Q5SUF1_9EURO)
RAK-Unclassified wo A. thaliana BIR2/BAKI-interacting receptor-like kinase 2/At3g28450 (BIR2_ARATH)
sElike sTE A. thaliana protein kinase superfamily protein/At2g40580 (022877_ARATH)
ceUndassfed  oaee Hor&% sAaZ;T;RIz;;}T’:ﬁF;)eed protein (AOATBOGUL7_HUMAN); Pan troglodytes uncharacterized protein
dica guanylate cyclase (AOA1X7VH93_AMPQE)
Homo sapiens WNK1/protei]'1 kinase with no lysine 1 (WNK1_HUMAN)
NTK 937 aminoglycoside phosphotransferase/DT87_12690 (AOA069K2D6_9ACTN
Mycobacterium shimoidei tr;\nsmembrane serine/threonine-protein kin'ase D PknD/STPK D/ BHQ16_1017.
(AOATE3TG29_MYCSH)

e s Streptomyces vietnamensis uncharacterized protein

/SVTN_34785 (AOAOB5I836_9ACTN)
oo PknB Frankia sp. (strain EAN pec) nucleic acid-binding OB-fold tRNA/helicase-type/Franean1_4264 (ASLOES_FRASN)
WeA PknB Actinosynnema mirum (strain ATCC 29888) uncharacterized protein/Amir_3792 (C6WDS3_ACTMD)
BA PknB Lentisphaera araneosa HTCC2155 serine/threonine-protein kinase/LNTAR_17493 (A6DFI7_9BACT)
PASTA PknB Firmicutes bacterium CAG:94 PASTA domain protein/BN815_00934 (R6ZDX7_9FRM)
o oon Singulisphaera acidiphila (strain ATCC BAA-1392) nuclease-like protein/protein kinase family protein/Sinac_1959

(LODAB9_SINAD)
<o PknB Rhodopirellula slandica two-component signal transduction/RISK_006087 (AROJIBSP6_RHOIS)
Kwon et al., Sci. Signal. 12, eaav3810 (2019) 23 April 2019 70of 19
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sequences (Fig. 4A). In addition, metazoan IRAK members are
cytoplasmic and typically contain a death domain N-terminal to the
kinase domain (Fig. 4C), which is not observed in any plant IRAK
kinases. We note that the three mixed pseudokinase families we
identified (RLCKXII-2/WAK, CrRLK1-like, and DLSV) form dis-
tinct monophyletic clades in the phylogenetic tree, indicating close
homology and common descent, despite their homology to mul-
tiple IRAK subfamilies. In addition, the IRAK pseudokinases are
generally divergent from canonical plant IRAK members, as shown
by the long branch lengths separating the pseudokinase family clades
(Fig. 4A, red lines) from the canonical IRAK sequences (Fig. 4A,

gray lines). In some pseudokinase families, several canonical sequences
cluster within pseudokinase family clades (namely, RLCKXII-2/WAK,
CrRLK1-like, DLSV, and LRRIII and LRRV families), indicating
that these pseudokinase families also have very close, likely catalytically
active, homologs.

We next examined the relative amount of degradation of the ca-
nonical catalytic motifs and the domain organizations of the major
IRAK pseudokinase families, allowing us to expand on the potential
functions of some IRAK pseudokinases. The LysM pseudokinase
family shares sequence homology in the kinase domain with known
catalytically active LysM RLKs and conserves a similar domain

A B
LysM-like )
BEEREIS AL LysM Canonical G
LRRVI-1
CrRLK1-like =
CrRLK1like ~
Metazoan IRAK DLSV e\AS G
Outgroup LRRII QQVK G&KSSN D\;g
LRI
s
]
v R g el
LR [ RT3
sty M 1
LR RN HQR%@N \Fs
Branch color labels: i
Canonical kinases RLCKXII-2/WAK = ﬂ@ N pEs
Pseudokinases 65!5 Ol M=
Qutaraup Tree scale: 1 +—— ‘,‘,,“
Metazoan IRAK %@'QK @ N\I,§S§N DE":‘
C
CrRLK-like LRRV LysM-like
[ 75.2% b= 2 2 56.1% [~ 96.4%
[ a1 5.8% (& 2 ] 22.8%
(2 25 2 6.6% LysM
DLSV o,
==l 36.6% LRRVI-1 . e e
D GED - G 8.5% (& 2 ] .3% :
o e 73% -0 NN e 11.8% -_— R
b= 2 ] 8.8%
LRRII RLCKXII-2/WAK
PRSI ) 32.8% LRRVI-2 = 93.8%
-0 GlD 31.1% -0 1h-GD 34.4%
[z 2 ] 12.5% -0 G 22.6% Metazoan IRAK
) & ) 5.5% I G 13.8% L 2 ] 72.3%
A 51% o-GED 12.1% [ 14.3%
@ Pseudokinase ® TM helix LysM
@ Cannonical kinase b J LRR @ Stress-antifungal

@ Death domain

Fig. 4. Plant-specific IRAK pseudokinase families. (A) Phylogenetic tree of catalytically active and pseudokinase members of the IRAK family. The nine plant IRAK pseudo-
kinase families are labeled, and IRAK pseudokinase sequences are shown in red. Canonical IRAK sequences are shown in gray. Outgroup sequences are shown in black.
(B) Sequence logos of catalytic motifs for IRAK pseudokinase families. (C) Unique domain structures observed in plant IRAK pseudokinase families. The most common
domain structures observed in each family are shown (occurring >5%), with frequencies of each domain structure indicated.
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architecture, which is characterized by an intracellular kinase do-
main, and one or more extracellular LysM domains (Fig. 4C). In
plants, LysM RLKs play diverse sensing functions, recognizing
chitin oligosaccharides in plant defense responses toward fungi (67),
as well as binding peptidoglycans on bacterial cell walls to aid recogni-
tion of symbiotic bacteria (68). Recent studies of two LysM pseudo-
kinases, MtNFP and LjNFR5 from Medicago, demonstrate the im-
portance of MtNFP and LjNFR5 during the Rhizobium preinfection
response and to the specificity of Rhizobium-legume symbiosis, re-
spectively. Despite their lack of catalytic activity, these LysM pseu-
dokinases are believed to contribute to their appropriate signaling
pathways via interactions with other active LysM RLKs (69). We also
detect another distinct family, which we term the LysM-like pseudo-
kinase family, which shares sequence homology in the kinase do-
main with active LysM RLKs but lacks LysM and transmembrane
(TM) domains, suggesting a uniquely cytoplasmic function for this
family (Fig. 4C). Moreover, the LysM and LysM-like families share
different patterns of residue conservation, as identified in our pattern-
based classification, and they form distinct clades in the phylogenetic
tree (Fig. 4A), suggesting that they likely have divergent functions.

The LRRV pseudokinase family comprises the Strubbelig (SUB)
receptor family, which consists predominantly of pseudokinases,
with nine members in Arabidopsis thaliana alone (70). The best
characterized member of this family, SUB, plays roles in organ de-
velopment and cellular morphogenesis; however, the mechanism
by which it contributes to cell signaling despite a lack of catalytic
activity and the functions of other LRRV members are not yet
known (70, 71). Although the domain organizations for most IRAK
pseudokinase families such as LRRV are rather well conserved,
pseudokinases in the DLSV family have diverse domain architec-
tures, indicating that a common pseudokinase domain has coevolved
with a variety of different protein domains to diversify biological
function. For example, DLSV pseudokinases homologous to the
DUEF26 IRAK subfamily contain extracellular domains associated
with salt-stress and antifungal responses (Fig. 4C) (72, 73). Al-
though DUF26 kinases have been associated with plant-specific
functions in reactive oxygen species/redox signaling and stress
adaptation (74), to our knowledge, pseudokinase complements of
DUF26 kinases have not been described previously. Other DLSV
pseudokinases exhibit tandem pseudokinase and canonical kinase
domains (Fig. 4C). Previously described IRAK pseudokinases in
plants include MDIS2 (MRH1) (75), ZED1 (51), RSK1 (76), BSK8
(77), BIR2 (49), SOBIRI1 (78), and CRN (79), and their placement in
the expanded IRAK pseudokinase classification is described in
table S5.

Expansion of TKL pseudokinases in R. irregularis

We identified and analyzed three previously unidentified fungal
pseudokinase families (termed Rigl, Rig2, and Rig3), which are cur-
rently composed predominantly of sequences from a single species,
the commercially important soil inoculant R. irregularis (Fig. 3).
This organism has a highly expanded proteome when compared to
other fungal species, including an expanded kinome (65, 80). The
R. irregularis fungal kinome comprises ~2.6% of the entire proteome,
a larger proportion than is observed for any other fungal kinome
analyzed (fig. S1). Thirty-two percent of these kinases have pseu-
dokinase domains (Fig. 1) that most closely resemble the TKL ki-
nases. Several lines of evidence suggest that the genes coding these
pseudokinases are expressed at the protein level (65, 81), suggesting

Kwon et al., Sci. Signal. 12, eaav3810 (2019) 23 April 2019

that protein pseudokinases must contribute to an important biolog-
ical function in R. irregularis.

Sequence comparisons to known TKL kinase families demon-
strated that R. irregularis—specific TKL kinases are divergent from
canonical TKL families and are most homologous to the leucine
rich repeat kinase (LRRK) family of TKLs. LRRKs are intracellular
kinases distinct from IRAK LRR RLKs and are conserved in meta-
zoans and expanded in the slime-mold Dictyostelium discoideum
but are otherwise absent in fungi. To understand the evolutionary
events that led to the expansion of these pseudokinase families, we
conducted a phylogenetic analysis of the entire R. irregularis kinome,
which, like the human kinome (18), consists of seven major ePK
groups. R. irregularis kinase sequences from the AGC, CMGC, STE,
CAMK, and CK1 groups form mostly separate monophyletic clades
in a phylogenetic tree of the R. irregularis kinome, whereas TK se-
quences are clustered within various groupings of TKLs (Fig. 5A).
The R. irregularis kinome additionally includes PknB-like kinase
sequences, which are typically associated with bacteria. However, as
reflected by the phylogenetic tree (Fig. 5A), TKL sequences com-
pose most of the R. irregularis kinome. Thus, the expanded kinome
of R. irregularis can be attributed to a substantial expansion among
TKL kinases. Furthermore, we found that 166 of the 183 pseudo-
kinases (90%) identified in R. irregularis are TKL-like, indicating that
R. irregularis pseudokinases emerged primarily from within the TKL
group. Of the three distinct pseudokinase families, Rigl forms a
monophyletic group composed entirely of pseudokinases, whereas
Rig2 and Rig3 cluster into clades including both pseudokinase and
canonical kinase members. Rig2 and Rig3 are the most diverse
pseudokinase families in R. irregularis, and both cluster with canon-
ical sequences from the TK and “Other” groups, based on the human
kinome classification (18).

Further analysis of the domain organization in these pseudokinase
sequences revealed that Rigl and Rig2 pseudokinases often have
an additional putative tetratricopeptide (TPR) domain C-terminal
to the pseudokinase domain, whereas Rig3 pseudokinases are single-
domain pseudokinases (Fig. 5C). TPR repeats are short structural
motifs that are classically involved in mediating protein-protein in-
teractions crucial for cell signaling. Apart from the TPR repeat regions,
no additional domains were found in the pseudokinase members of
the three families.

Conservation of PknB-like pseudokinases in bacteria

We identified 12 unique families of bacterial pseudokinases that are
most closely related to the PknB group of canonical prokaryotic
protein kinases (Fig. 3) and have been classified and named on the
basis of their conserved domains, taxonomic specificity, and/or their sim-
ilarity to previously identified kinases. Three bacterial pseudokinase
families (DYD, HGA, and B3A) were named on the basis of the
unique conservation of noncanonical catalytic motifs. To examine
the evolutionary relationships between these families, we built a
phylogenetic tree of the 1145 PknB pseudokinase sequences identi-
fied in this study combined with a representative set of canonical
PknB kinases (Fig. 6A). Each bacterial pseudokinase family falls
into a distinct clade and mostly segregates away from canonical kinase
sequences.

Analysis of the catalytic motifs for each PknB pseudokinase fam-
ily shows that different PknB pseudokinase families diverge in the
canonical catalytic motifs in a variety of ways (Fig. 7B). For example,
the MviN and PASTA families exhibit the most extreme degeneration
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Fig. 5. R. irregularis-specific TKL pseudokinase families. (A) Phylogenetic tree of the R. irregularis kinome. Canonical kinase branches are colored in gray, and pseudo-
kinases are in red. Major kinase groups are labeled using different colors in the outer circle. The three major R. irregularis-specific pseudokinase families are labeled as
Rig1, Rig2, and Rig3. (B) Sequence logos of catalytic motifs for Rig1, Rig2, and Rig3 pseudokinase families. (C) The most common domain structures observed in Rig pseudo-
kinase families are shown (occurring >5%), with frequencies of each domain structure indicated.

of catalytic residues and lack all three canonical residues associated
with catalysis (B3-lysine, HRD-aspartate, and DFG-aspartate), in ad-
dition to the conserved magnesium-binding asparagine located at
the end of the catalytic loop HRDXXXXN motif. Conversely, many
bacterial pseudokinase families appear to conserve the catalytic as-
partates of the HRD and DFG motifs, as well as the magnesium-
binding asparagine residue; this is the case for the Act, DYD, B3A,
and LanC pseudokinase families. Of these, the Act, DYD, and LanC
families all have a chemically comparable arginine residue in place
of the ATP-binding B3-lysine and thus might still retain ATP bind-
ing and catalytic functions, as demonstrated for canonical kinases
such as Aurora A (82).

Analysis of the common domain organizations of bacterial PknB
pseudokinase families reveals that, like eukaryotic pseudokinases,
bacterial pseudokinases also co-occur with protein signaling do-
mains involved in a wide range of biological functions (Fig. 6C).

AQ43 Two families in particular, termed NERD and TCS, have highly

conserved domain architectures of particular interest. For example,
the domain architecture of NERD is characterized by an N-terminal
NERD domain, which is predicted to function as a nuclease (83),
followed by a PknB pseudokinase domain and often a C-terminal
canonical (catalytically active) PknB kinase domain. This multi-
domain architecture is also observed in PglW, a constituent of the
S. coelicolor A(3)2 phage growth limitation system (84). The active
kinase domain of the PgIW is catalytically competent (85), whereas
the function of the pseudokinase domain remains unknown. In addition,
we identified putative protein domains that resemble the C-terminal
domain of the bacterial RNA polymerase o-subunit in ~45% of the
NERD family members; this domain classically functions in DNA bind-

Kwon et al., Sci. Signal. 12, eaav3810 (2019) 23 April 2019

ing and protein-protein interactions in bacterial RNA polymerases
(86). The co-occurrence of these nucleic acid—associated domains with
pseudokinase domains suggests that the NERD pseudokinase family
may be involved in signaling pathways relevant to transcriptional
regulation. We also note the unique domain structure within the TCS
family, which has clear orthologs in both bacteria and fungi (Fig. 3
and table S2) and contains a pseudokinase domain that often co-occurs
with other protein domains typically found in two-component signaling
systems involving histidine and aspartate phosphorylation. Nearly 40%
of TCS family pseudokinases contain an N-terminal pseudokinase do-
main followed by an adenosine triphosphatase domain, a GAF do-
main, and a C-terminal histidine kinase domain (Fig. 6C). This domain
architecture is reminiscent of two-component system proteins that have
been previously identified in bacterial species from the Cyanobacteria,
Proteobacteria, and Spirochaete phyla, as well as fungal species such as
Candida albicans and Schizosaccharomyces pombe (87-92). These pro-
teins have been associated with a wide range of functions, including
nitrogen metabolism and glycolipid synthesis in Anabaena sp. PCC7120,
hyphal development and pathogenicity in C. albicans, and cell cycle
regulation and oxidative stress response in S. pombe (87,91, 93-101).
To our knowledge, our analysis is the first to reveal pseudokinase do-
mains that are likely to be associated with two-component signaling in
bacteria.

Sequence and structural basis for pseudokinase
evolutionary divergence: A case study on two plant IRAK
pseudokinase families

Conformational flexibility in pseudokinases has permitted the struc-
turally conserved ancestral protein kinase fold to be “repurposed”
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(€) Unique domain structures observed in bacterial pseudokinase families. The most common domain structures observed in each family are shown (occurring >5%), with
percentages indicating the frequency of each domain structure.

for multiple cellular signaling roles, including the evolution of new  we evaluated how evolution has constrained sequences in different
ways through which to bind and modulate cellular targets. Using pseudokinase families to disrupt canonical ATP binding and con-
the LRRVI-2 and RLCKXII-1 pseudokinase families as examples, strain kinase domain conformations in a multitude of ways that
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Fig. 7. IRAK pseudokinase-specific features contribute to unique conformations in key catalytic regions. (A) LRRVI-2 pseudokinase family-specific sequence motifs.
In the alignment, columns are highlighted where amino acids are highly conserved in LRRVI-2 pseudokinase family sequences and nonconserved and/or biochemically
dissimilar in other IRAK sequences. Red bar lengths quantify the degree of divergence between LRRVI-2 and other IRAK sequences. Column-wise amino acid and insertion/
deletion frequencies are indicated in integer tenths, where a “5”indicates an occurrence of 50 to 60% in the given (weighted) sequence set. Columns used by the Bayesian
partitioning procedure to sort LRRVI-2 sequences from other IRAK sequences are marked with black dots. Kinase secondary structures are annotated above the alignment.
A structure of apo GRMZM2G135359 pseudokinase from Zea mays (PDB 6CPY) was used to analyze LRRVI-2-specific sequence motifs. In the structure, the glycine-rich
loop is colored in light cyan, the C-helix in yellow, and the activation loop in red. Family-specific residues are shown in blue sticks. Residues occurring in canonical catalytic
motifs are shown in black lines. Hydrogen bonds are shown in black dashed lines. (B) RLCKXII-1 pseudokinase family-specific sequence motifs. A structure of BSK8 from
A. thaliana (PDB 4194) was used to analyze RLCKXII-1-specific sequence motifs.
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serve to abolish catalytic activity. This leads us to propose previously
unknown molecular functions that may have evolved in LRRVI-2
pseudokinases through the selection of unique motifs on the surface
of the protein.

The LRRVI-2 pseudokinase family includes the previously de-
scribed pseudokinase, MDIS2, which interacts with the plant po-
tassium channel AKT2 (75) associated with root hair formation
(102). However, little is known about the molecular functions of
other pseudokinases in this family. Using the crystal structure of a
LRRVI-2 pseudokinase from Zea mays (GRMZM2G135359), we
examined the structural role of LRRVI-2-specific motifs. ATP
binding in the GRMZM2G135359 structure appears to be com-
pletely inhibited due to the complete obstruction of the ATP-binding
site by the activation loop. This activation loop conformation is
stabilized by a LRRVI-2-specific lysine (Lys*’*) that replaces the
ATP-binding C-helix glutamate (Fig. 7A) and hydrogen bonds to
the backbone of the activation loop. A glutamate in the activation
loop “DLE” motif, which replaces the canonical DFG motif, hy-
drogen bonds to the glycine-rich loop to occlude ATP binding.
The inhibitory activation loop conformation is additionally stabi-
lized by hydrophobic interactions between LRRVI-2-specific res-
idues including a phenylalanine in the gatekeeper position on the
B5 strand (Phe®®), a phenylalanine in the aC-B4 loop (Phe®),
and a cysteine in the E-helix (Cys341). These residues form hydro-
phobic interactions with Ala*** (which replaces the ATP-binding
B3-lysine) and with Leu®” (which replaces the DFG phenylalanine).
Together, these hydrophobic interactions appear to stabilize the
C-helix in an inactive, outward conformation and the activation
loop in an autoinhibitory conformation that occludes ATP binding.
In addition, a LRRVI-2 family-specific asparagine replaces the ca-
nonical F-helix aspartate, which typically participates in a switch-like
mechanism and stabilizes the active conformation of the kinase
domain by forming key hydrogen bonds with the catalytic loop
backbone (103).

The F-helix aspartate is typically conserved as an asparagine in
LRRVI-2 pseudokinases, although the GRMZM2G135359 struc-
ture has a hydrophobic isoleucine at this position, and other LRR-
VI-2 members are noted to have a valine, methionine, or aspartate
(Fig. 7A). Mutation of the F-helix aspartate residue to an asparagine
or a leucine in canonical kinases such as Aurora A abrogates activi-
ty (103), thus, the substitution of the F-helix aspartate to an aspar-
agine or hydrophobic residue is predicted to inactivate LRRVI-2
pseudokinases. Likewise, variations in the catalytic loop (replace-
ment of the HRD motif by LRN motif) may contribute to the ob-
served inactive structural conformation in LRRVI-2. In addition,
we found that several LRRVI-2 family-specific motifs occur well
outside of the catalytically important regions, including the surface
of the protein near the N- and C-terminal tails. We note one such
example in the GRMZM2G135359 structure, where LRRVI-2-specific
residues appear to dock the I-helix and C-terminal tail onto the
backside of the kinase domain. Specifically, a methionine (Met**®)
and a tyrosine (Tyr’*°) on the E-helix tether the C-tail through
hydrophobic and hydrogen bonding interactions, respectively
(Fig. 7A). Another cluster of LRRVI-2-specific, surface-exposed
residues (A309, T365, and A369) may also participate in tethering
the C-tail and extend this interaction to the hinge region of the
kinase domain.

To further investigate the evolutionary basis for IRAK pseudoki-
nase functional specialization, we next quantified the evolutionary
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constraints imposed on the RLCKXII-1 family of pseudokinases,
which comprise the brassinosteroid signaling kinases (BSKs). BSKs
are involved in regulating plant growth and physiology in response
to brassinosteroid hormone signals. The crystal structure of BSK8
has been determined (77) and shown to bind the nonhydrolyzable
ATP analog adenylyl-imidodiphosphate (AMP-PNP), despite the
atypical DFG motif (CFG in BSK8) conformation. In addition to an
unusual glycine-rich loop structure and the presence of a conserved
small amino acid at the gatekeeper position (Ala'®) (77), our studies
also reveal family-specific variations in both the active site (Tyr'®’,
Arg', and Asn**) and in allosteric regions such as the F-helix as-
partate (Val***), which provide clues to the unusual mode of AMP-
PNP binding in RLCKXII-1 (Fig. 7B). Family-specific replacement
of the canonical HRD motif histidine and arginine in the catalytic
loop (Tyr'” and His'®) facilitates unique hydrogen bonding and
hydrophobic interactions that stabilize the activation loop in a unique
inactive conformation (Fig. 7B). Other RLCKXII-1 features con-
tribute to unique inactive conformations of the C-helix via hydro-
phobic packing interactions with the ATP-binding C-helix glutamate
(Glu'®”, Ala'™, Met**, and Trp®*) and by promoting a unique sec-
ondary structure of the B3-aC loop and C-helix (Pro’> and Asp®®).
These findings add to the seemingly limitless ways in which ePK
superfamily members can evolve new sequence features to affect ki-
nase conformations and to ultimately modulate signaling outputs
from the kinase domain.

DISCUSSION

Using a large-scale bioinformatics analysis, we have considerably
expanded the classification of pseudokinases. We identified a total of
86 putative pseudokinase families and demonstrated that pseudo-
kinases are present across the tree of life. Our analysis strongly sug-
gests that pseudokinases are polyphyletic, emerging through numerous
events during the course of protein kinase evolution, presumably
to fulfill different biological niches and signaling roles through
noncatalytic functions, the broad extent of which is revealed by our
analysis.

Pseudokinases have evolved in all the major ePK groups; however,
the TKL group is particularly enriched with pseudokinases, largely
due to expansions of TKL kinases in plants and fungi. These TKL
group expansions occur in the IRAK family in plants, whereas TKL
expansions in fungi, including R. irregularis, comprise distinct
pseudokinase families unrelated to any known TKL families in other
organisms, corroborating previous descriptions of “unclassifiable” kinases
in fungi (104, 105). Why have TKLs in particular been selected
during evolution for such marked kinome and pseudokinome ex-
pansions in both plants and fungi? One possible explanation is the
lack of TKs in these organisms, which, in metazoa, evolved and du-
plicated to play crucial phosphotyrosine-dependent roles in multi-
cellular signal transduction (106). Whereas TKs compose most of
the receptor protein kinase repertoire in metazoans, the IRAK fam-
ily of TKLs comprises a receptor kinase-like repertoire in plants,
and thus, the expansion of IRAK kinases and pseudokinases in
plants may be analogous to the expansion of receptor TKs in metazoa.
In line with this view, LysM pseudokinases in Medicago are be-
lieved to contribute to Rhizobium interactions by interacting with
active LysM RLK members, which is reminiscent of metazoan tyrosine
pseudokinases, such as HER3, which allosterically modulates closely
related, active EGFR family members (36, 69). Thus, the expansion
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of IRAK pseudokinases in plants mirrors the expansion of canoni-
cal IRAK kinases, perhaps due to regulatory interactions between
coevolved kinases and pseudokinases. Mechanistically, plant IRAK
kinases are known to play vital roles in plant-fungi interactions,
both during symbiotic interactions and pathogen defense, suggesting
that the expansion of fungal TKL kinases and pseudokinases may
have arisen due to a close symbiotic coevolution. R. irregularis par-
ticipates in arbuscular mycorrhizal symbiotic relationships with
more than two-thirds of all known plant species (65), and recent
studies have evaluated the roles of the expanded R. irregularis
proteome (107) and its kinome (81, 108) in this symbiotic relation-
ship. Nevertheless, additional investigation of the contribution of
R. irregularis pseudokinases in plant-fungal symbiosis is warrant-
ed. Furthermore, an understanding of how the symbiotic or infec-
tious nature of host-pathogen interactions operates in the context
of bacterial and eukaryotic pseudokinomes is likely to yield important
information explaining how such relationships emerged and were
propagated during the cellular “wiring” of both physiological and
pathological signaling pathways. Hence, the prevalence of pseudo-
kinases in some pathogenic protists such as P. falciparum and
G. lamblia and in some bacteria suggests possible roles in pathoge-
nicity. An understanding of the extent and biological niches for
symbiotic and pathogenic pseudokinases will also create further op-
portunities for pseudokinase-based targeting with small molecules
in the future.

Examining the clustering of canonical kinase sequences within
pseudokinase families suggests that some pseudokinase fami-
lies include very closely related, and potentially catalytically
active, members (table S3). Although it is currently believed that
pseudokinases most likely evolved from gene-duplicated canoni-
cal kinases (33), the clustering of canonical sequences within
pseudokinase families does not rule out the possibility that some
catalytically active kinases might have evolved from “pseudokinases”
or other poorly defined ancestral non-enzymatic proteins, as re-
cently reported for other pseudoenzymes (109-111). Some pseudo-
kinase families have quite subtle chemical substitutions at the
catalytic triad positions and might therefore be poised to “revert”
to a catalytically active enzyme in response to a random muta-
genic event or appropriate evolutionary pressure. An artificially
guided evolutionary pathway for reversion has been demonstrated
for the relatively well-understood pseudokinase CASK, with five
steps required to regenerate catalytic activity comparable to a ca-
nonical CAMK homolog (112). Likewise, pseudokinase families
such as Rig3, HER3, STKLD1, and PSKH2 have conserved all canon-
ical catalytic motifs except for the HRD-aspartate, which is normally
substituted to asparagine; canonical members are likely to have
evolved in these families by a simple substitution “back” to the
canonical HRD-aspartate. Alternatively, kinases can retain low
(or very low) amounts of catalytic activity even with aspartate-
to-asparagine substitutions in the HRD motif (36, 113, 114), sug-
gesting that pseudokinase families with few relatively benign
catalytic motif substitutions may sometimes represent low activity
kinases with the capacity for signaling and may explain why ca-
nonical sequences sometimes cluster within pseudokinase families.
A case for latent catalytic activity can also be made for pseudo-
kinase families such as Act, DYD, and LanC, which conserve the
catalytic triad residues except for a benign lysine-to-arginine sub-
stitution in the B3-strand. Nevertheless, the detection of pseudo-
kinase families that have been evolutionarily retained across diverse
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species suggests that these predicted pseudokinases cannot be mere
“remnants of evolution” but rather that they play important biological
roles, either through noncanonical, enzyme-based signaling or, in
most of the cases, via noncatalytic functions that await discovery.

Pseudokinases are likely to have evolved because of a relaxed
constraint on usually invariant catalytic residues. However, in this
study, our examination of the conserved sequence motifs associated
with pseudokinase evolutionary divergence reveals variations not
only in catalytic motifs but also in conserved “noncatalytic” regions
distal from the pseudoactive site (Fig. 7). For example, the observa-
tion of pseudokinase family-specific variations at the highly con-
served F-helix aspartate suggests that this allosteric region is indeed
important for kinase domain activation, as proposed in previous
work (103, 115). As a result, future evaluation of pseudokinases
may benefit from examining other sequence motifs that contrib-
ute to catalysis, including the glycine-rich loop, C-helix glutamate,
and the metal-coordinating asparagine, alongside regulatory motifs
such as the catalytic and regulatory spines, which comprise allosteric
networks distant from the active site. In addition, by comparing two
plant IRAK pseudokinase families, we found that inactive kinase
domain conformations are stabilized in divergent ways between
different pseudokinase families through distinct sets of sequence
motifs that have been selectively constrained during evolution.
The conservation of pseudokinase family-specific motifs on the
surface of the kinase domain further suggests that pseudokinase
families have evolved unique interactions with other protein do-
mains or with flexible linker regions. To evidence this, we iden-
tified a patch of LRRVI-2 family-specific residues on the surface
of the pseudokinase domain that helps tether the C-terminal tail.
In terms of regulation, one of the tethering residues is a tyrosine,
whose phosphorylation could impart a switch-like function to alter
tethering of the C-terminal tail, similar to that observed in the SRC
family kinases (116), or for recruiting proteins via the binding of
Src homology 2 domains (1, 117). Regulatory tyrosine phosphoryl-
ation by dual-specificity LRR RLKs has recently been recognized
in plants, where it likely represents a fundamental signaling role
despite the lack of conventional TKs encoded in plant kinomes
(118-120). The tethering and untethering of flexible flanking linkers
is also emerging as a common theme in canonical kinase regula-
tion (55, 121-124) and for modulation of kinase-protein interac-
tions (26, 55, 125, 126). Consistently, these flexible segments are
often evolutionary hotspots for neofunctionalization among sig-
naling proteins (116, 127).

This comprehensive curated resource represents a comparative
analysis of >30,000 pseudokinase sequences, which includes numer-
ous representative species covering archaea, bacteria, protists, fungi,
plants, and animals. It provides a new conceptual framework for
characterizing pseudokinase evolution and for the experimental
dissection of pseudokinase-dependent lifestyles ranging across a
very wide variety of model organisms. Our subclassification of
pseudokinases, which includes more than 30 previously unrecog-
nized families, points to fundamental roles for pseudokinases in
nearly all biological systems, where reuse of the versatile protein
kinase fold has permitted a vast array of noncatalytic signaling
mechanisms, many of which might be targeted therapeutically. Our
data also represent a useful starting point for the evaluation of other
types of pseudoenzymes in diverse biological systems and sets the
stage for future evolutionary analyses of other pseudoenzyme fami-
lies across the kingdoms of life.
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MATERIALS AND METHODS

Detection of pseudokinase sequences

Protein kinase sequences were extracted from the National Center for
Biotechnology Information (NCBI) nonredundant (nr) (downloaded
4 April 2018) and UniProt reference proteome databases (Release 2018_09)
(59). Protein kinase sequences were identified and aligned using previously
curated profiles of diverse eukaryotic and eukaryotic-like protein ki-
nases (2, 52, 54, 57, 58) and the rapid and accurate alignment procedure
MAPGAPS (56). Some sequences contained many low-complexity re-
gions (for example, in P. falciparum and T. thermophila), and there-
fore, a filter was used to mask these low-complexity regions during eu-
karyotic kinase domain detection. Sequences that did not span from at
least the B3-lysine to the G-helix (like many atypical kinases and
small-molecule kinases) were deemed fragmentary and removed.

Bayesian pattern-based classification of
pseudokinase sequences
We used the pseudokinomes extracted from the UniProt proteomes
and additional diverse pseudokinase sequences extracted from the
NCBI nr protein database as an input into the omcBPPS (63, 64). To
remove closely related sequences, we purged the nr pseudokinase
sequences using 75% sequence identity cutoft (22,152 total nr pseudo-
kinase sequences) and restrained the number of UniProt proteomes
to 83 diverse representative archaeal, bacterial, and eukaryotic spe-
cies (4121 total UniProt sequences). A combined total of 26,273
distinct sequences of aligned pseudokinase domains was then used
as an input for omcBPPS using a cluster size cutoff of 50 sequences
to identify the major sequence families (63, 64). On the basis of this
clustering, we initially identified 68 unique pseudokinase clusters.
Some human pseudokinases were not classified by the algorithm
due to the limited number of sequences (<50 sequences). In these
cases, we ran separate clustering (omcBPPS analyses) within these
groups using a minimum size of 15 sequences per cluster, which
allowed us to further subclassify these clusters. From these subclas-
sifications, we took only the clusters containing human pseudo-
kinases to cover the entire human pseudokinome in our classifica-
tion, yielding a total of 77 unique pseudokinase clusters in total.
The 77 pseudokinase clusters were incorporated within an exist-
ing hierarchical profile of ePK sequences, yielding a total of 592 ePK
sequence profiles using MAPGAPS (2, 52, 57, 58). Using the resulting
hierarchical sequence profile, we then classified all sequences from
each of the 10,092 proteomes available in the UniProt proteome
database to all kinase/pseudokinase families in the profile. Pseu-
dokinase sequences that did not classify into the 77 pseudokinase
clusters were placed within one of the nine unclassified pseudoki-
nase families based on sequence similarity to the major kinase
groups (i.e., TK-, TKL-, STE-, CK1-, AGC-, CAMK-, CMGC-, Other-,
and PknB-unclassified groups), resulting in a total of 86 pseudo-
kinase families. For 38 pseudokinase families, canonical kinase sequenc-
es clustered into the pseudokinase family. For these cases, canoni-
cal sequences were removed from the pseudokinase sequence set
and are noted in table S3. Canonical sequences that clustered within
the 38 pseudokinase families are provided in data file S3. Pseudokinase
family alignments were manually evaluated for possible misalign-
ments, which are noted in table S2.

Phylogenetic tree building
To understand the relationships between the identified pseudokinase
families, HMMs were built using alignments for each family, and
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HMM-to-HMM distances were computed. From these distances, a
distance matrix was created to build a neighbor-joining tree, which
was used to approximate the distances of families shown in Fig. 3.
This method was implemented using pHMM-Tree (128).

The IRAK, R. irregularis, and PknB phylogenetic trees were built
from aligned kinase domains using FastTree version 2.1.10 using
default settings, which implements the JTT ML model and calcu-
lates local support values for internal nodes via the Shimodaira-
Hasegawa test (129, 130). The rooted IRAK phylogenetic tree was
created using a total of 7647 diverse plant and metazoan IRAK se-
quences. These sequences included all plant IRAK pseudokinase
sequences (5405 sequences), canonical plant kinase sequences purged
at 80% sequence identity (1894 sequences), metazoan IRAK pseudo-
kinases purged at 90% sequence identity (113 sequences), and ca-
nonical metazoan kinases purged at 80% sequence identity (145
sequences). Also included were diverse non-IRAK TKL sequences
(41 sequences) and non-TKL kinase sequences (49 sequences),
which were used as an outgroup to root the tree. The unrooted
R. irregularis phylogenetic tree was created using all 787 members
of its kinome. The unrooted PknB phylogenetic tree was created
using 769 representative pseudokinase sequences assigned to a PknB-
related family (removed 376 divergent sequences with conserva-
tion log odds score < —10) in addition to a set of representative
canonical PknB kinase sequences (511 sequences). iTOL (Interactive
Tree of Life) was used to generate the final trees (131).

WebLogo creation

WebLogos were created using version 3.6 of the WebLogo 3 online
server (132). Amino acids were colored according to their biochem-
ical properties: basic in blue, acidic in red, amide groups in purple,
nonpolar residues in black, and polar or uncharged residues in green.

Determination of domain organizations

Additional domains for each of the IRAK, R. irregularis, and PknB-
related pseudokinase families were initially identified using NCBI’s
Batch Web CD-Search Tool against the CDD database with an ex-
pected value threshold of 0.01 and a maximum of 500 hits per CD-
search (133, 134). TM helices were identified using TMHMM 2.0
(135) and the Phobius web server (136). TM helices were annotated
as such only if both TMHMM and Phobius predicted the same TM
helix region within a 10-residue margin. We verified kinase domain
hits using our manually curated protein kinase profiles and removed
any overlapping domain predictions.

Pattern analysis of plant IRAK families

To detect sequence motifs associated with the evolution of IRAK
pseudokinase families, we used sequence sets from the omcBPPS
classification of IRAK pseudokinase families as seed alignments and
used mcBPPS (137) to optimally partition 136,068 diverse IRAK sequences
extracted from the NCBI nr database (including active sequences)
into either pseudokinase family sets or a “background” set that in-
cludes unclassified IRAK sequences. Some pseudokinase families
have very close active homologs, and thus, separate seed alignments
for canonical IRAK families were also included to ensure that pseudo-
kinase partitions did not include active members. mcBPPS identifies
the amino acid patterns that most distinguishes each pseudokinase
partition from other sequences, and the 30 most statistically signifi-
cant patterns for each family were analyzed using available crystal
structures.
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Analysis of fungal proteomes and kinomes

To compare the kinome and proteome sizes across different fungal
species, we analyzed a total of 448 fungal proteomes obtained from
the Ensembl Fungi database (138). Kinases and pseudokinases were
identified using previously curated multiple protein alignment pro-
files and examination of the B3-lysine, HRD-aspartate, and DFG-
aspartate positions, as detailed above.

SUPPLEMENTARY MATERIALS
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Abstract

One-sentence summary: Pseudokinases are prevalent across species and contribute diverse, noncatalytic sig-
naling functions.

Editor’s Summary:
Hunting pseudokinases

Pseudokinases generally have a similar structure to that of kinases but without the catalytic function. Rather,
they serve alternative, some as yet unknown, functions across various signaling niches in many cell and tissue
types. Kwon et al. performed an evolutionary analysis of pseudokinases across species and classified both
known and previously unknown pseudokinases into groups and families. Their analysis reveals that pseudoki-
nases are more prevalent than was previously appreciated and shows how pseudokinase structures may have
evolved to confer advantageous functions in bacteria, plants, and animals. The classification is part of a new
online, mineable resource called ProKinO.
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