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1. ABSTRACT

Infectious diseases caused by numerous
parasitic pathogens represent a global health
conundrum. Several animal and plant pathogens are
responsible for causing acute illness in humans and
deadly plant infections. These pathogens have
evolved a diverse array of infection strategies and
survival methods within the host organism. Recent
research has highlighted the role of protein kinases
in the overall virulence and pathogenicity of the
pathogens. Protein kinases (Pks) are a group of
enzymes known to catalyse the phosphorylation of a
wide variety of cellular substrates involved in different
signalling cascades. They are also involved in
regulating pathogen life cycle and infectivity. In this
review, we attempt to address the role of parasite
kinome in host infection, pathogen survival within the
host tissue and thereby disease manifestation. The
understanding of the parasite kinome can be a

potential target for robust diagnosis and effective
therapeutics.

2. INTRODUCTION

Protein phosphorylation is a reversible
post-translation modification mediated by kinases.
This process plays a crucial role in gene regulation
as many receptors and activators of signalling
pathways are activated/deactivated upon
phosphorylation/dephosphorylation. Kinases
phosphorylate numerous proteins which further act
as factors regulating the expression of certain
specific genes. Protein kinases (PKs) represent a
large family of homologous proteins having a
conserved catalytic domain containing ~ 250-300
amino acid residues (1). PKs are involved in
numerous cellular activities as they control and
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Figure 1. a. In the absence of an inhibitor, protein kinase
phosphorylates the inactive protein and convert them into active
forms. B. In the presence of an inhibitor molecule protein kinase is
not able to phosphorylate the protein, thus the protein remains in its
inactive form.

regulate a wide array of signal transduction
cascades. PKs chemically modify other molecules,
mostly proteins, by adding a phosphate group from
nucleoside triphosphate like ATP/GTP to the
hydroxyl group of the specific amino acids. Hence,
PKs are often referred to as phosphorylating
enzymes. Depending upon the residue which they
phosphorylate, kinases are grouped into different
categories. The kinases which act on both serine and
threonine are known as Serine/Threonine kinases
(Ser/Thr kinases) while those acting on tyrosine
residues are referred to as tyrosine-kinases (Tyr
kinases) and the kinases which act on all three
residues are known as dual-specificity kinases (2).
PKs acting on histidine residues are known as
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histidine kinases (3). Eukaryotic protein kinases
(ePKs) are divided into several groups like casein
kinases (CK1), CMGC group (CDK [cyclin-dependent
kinases], MAPK [mitogen-activated protein kinases],
GSKa3 [glycogen synthase kinase 3] and CLKs [CDK-
like kinases]), Tyrosine-kinase-like (TKL), AGC PKA
[cyclic-adenosine-monophosphate-dependent
protein kinase], PKG [cyclic-guanosine mono-
phosphate-dependent protein kinase], PKC [protein
kinase C] and related proteins), Calcium/calmodulin-
dependent kinases (CamK), STE (PKs acting as
regulators of MAPKs and first identified in a genetic
screen of sterile yeast mutants), TyrK (tyrosine
kinases). ePKs which do not fit into the above seven
groups are referred to as other protein kinases
(OPKs) (12).

The activity of PKs is a highly regulated
process where they can interact with the secondary
messengers as well as other kinases to regulate
different cellular responses and the signalling pathways
(4). About 2% of the human genome constitute for
genes encoding PKs i.e. there are approximately 518
protein kinase encoding genes in the human genome.
Protein kinases also play a crucial regulatory role in
bacteria and plants and belong to pseudokinase
subfamily which shows unusual activities like atypical
nucleotide-binding and weak or no catalytic activities
(5). For instance, innate immunity in plants like
Arabidopsis sp is based upon non-functional
pseudokinase ZED1 which acts a decoy to trap HopZ1a
effector protein of Pseudomonas syringae in the host
resistance protein ZARL1 to induce an effective immune
response (6). With technical advancements in
molecular biology, we now have access to information
regarding the complete set of PKs encoded by an
organism. Recent studies on the kinome of
pathogenic/parasitic organisms have been crucial in
understanding the role of kinases in pathogen/parasite
survival within the host and how such kinases assist in
disease manifestation. Here, we discuss the role of
different kinases and how they act as key molecular
components in pathophysiology of some of the deadly
disease conditions caused by pathogenic parasites both
in humans and plants. We have also discussed how
inhibition of these kinases using certain compounds
canhalt disease progression in the host (Figure 1). In the
present review, we have tried to provide an overview of
the different classes of PKs like mitogen-activated
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Figure 2. Role of Protein kinases in parasite/ pathogen life-cycle.

protein kinases (MAPK), Ser/Thr kinases, cyclin-
dependent kinases etc. with respect to life cycle and
pathogenicity of diverse animal and plant
pathogens/parasites like Plasmodium sp.,
Mycobacterium sp., Leishmania sp., Streptococcus sp.,
Cryptococcus sp., Porphyromonas sp., Magnaporthe
sp., Ustilago sp and Bursaphelenchus sp as outlined in
Figure 2 and Table 1. Such kinome studies governing
the virulence and pathogenesis of diverse parasitic
pathogens holds a promising target for effective and
robust therapeutic approaches in future.

3. ROLE OF PKS IN MALARIAL PARASITE,
PLASMODIUM SP.

Malaria is a life-threatening disease
caused by the bite of female Anopheles mosquito
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infected with Plasmodium sp.. Annually, it takes a
heavy toll on human life and has become a global
health problem especially in tropical countries (7).
As per the latest reports of WHO, during the period
of 2015-2017, no progress was observed as far as
the global spread of Malaria is concerned (7).
Development of drug resistance by the parasite
against the conventional drug regime was the
prime cause of the increased prevalence of the
disease in recent years (7). Therefore, it is the
need of the hour to develop more efficient
therapeutic strategies to curtail the spread of such
a deadly disease. Plasmodium falciparum, the
most severe strain responsible for causing
malaria, completes its life-cycle in two different
hosts, human beings and mosquito. Human beings
are the intermediate host, where the asexual
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Table 1. Function of PKs in different pathogens/parasites

Protein Kinase Function Disease Parasite Reference
Parasite protein kinase | Activation and maintenance of S-phase of the parasite Malaria Plasmodium 12
5 (PfPK5) cell cycle falciparum
Sensitive to cdk inhibitors like flavopiridol and
olomoucine
P. falciparum ménage | Regulate parasite cell-cycle Malaria Plasmodium 13
a trios 1 (PfMAT1) and falciparum
P. falciparum MO15
related kinase (Pfmrk)
Mitogen activated Participate in cell proliferation and differentiation in Malaria Plasmodium 14,15
protein kinases (MAPK) | response to external stimuli. falciparum
Pfmap-1 and Pfmap-2 | Pfmap-2 is crucial for the completion of the asexual cycle
of the parasite
Pfmap-1 play a compensatory adaptation for Pfmap-2
Glycogen synthase Expressed during the trophozoite stage. Malaria Plasmodium 16
kinase (GSK-3) Also transferred to erythrocyte cytoplasm where it gets falciparum
(PfGSK3) associated with vesicles.
Calcium/calmodulin- Involved in ookinete motility, microgamete formation and | Malaria Plasmodium 17,18, 19, 20
dependent kinases hepatocyte invasion at the sporozoite stage berghei
(CamK) and cyclin-
dependent protein
kinase (cdks/ CDPK)
Plasmodium falciparum | A major role in the asexual lifecycle of the parasite in Malaria Plasmodium 21
cyclin-dependent erythrocytes falciparum
protein kinases CDPK inhibitors arrest the merozoite egress and
(PfCDPKSs) proliferation of the parasite in host
Serine/threonine- Block the lysosome degradation pathway. Tuberculosis | Mycobacterium 23
protein kinase G Survival and replication within the phagosomes sp.
(PKnG)
Protein kinase A Play an important role in cell shape and morphology Tuberculosis | Mycobacterium 26
(PKnA) and protein sp.
kinases B (PKnB)
11 Serine/threonine- Phosphorylation of several proteins like transport Tuberculosis | Mycobacterium 28
protein kinase (STPKSs) [ proteins, lipid metabolic enzymes, chaperones along sp.
with autophosphorylation of STPKs (PKnA, PKnB, PKnD
and PKnG) is crucial for pathogen survival in the host
and disease progression
MAP kinases Responsible for the proliferation of amastigotes inside Leishmaniasis | Leishmania 31
host macrophages. mexicana
A signal-related kinase | Survival inside the host by hampering the host immune Leishmaniasis | Leishmania sp. 32
(ERK)- p38 mitogen- response against the parasite
activated protein (MAP)
kinases
Cyclin-dependent Regulate G2/M phase transition during cell-cycle in Leishmaniasis | Leishmania 33
kinase CRK3 promastigotes. mexicana
Sensitive to inhibitor, flavopiridol
Serine/threonine Check autolysis of bacteria inside the host and Pneumonia Streptococcus 37,38,39,42,43,44
kinases (StkP) development of cell envelope. pneumoniae
Involved in lung infection and blood stream invasion
Gives Streptococcus its characteristic round shape
Protein Kinase A (PKA) | Regulates pathogenicity by controlling Melanin and Cryptococcal | Cryptococcus 63-65
capsule formation meningitis neoformans
contd...
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Table 1. Contd...

Protein Kinase Function Disease Parasite Reference
Polyphosphate-kinase | Regulates stationary phase survival and biofiim Periodontitis Porphyromonas | 68
(PPK) formation. gingivalis
Kss 1 MAPK Appressoria formation Rice blast Magnaporthe 75
oryzae
MAP kinase Pmk-1 Cell to cell invasion by the pathogen. Rice blast Magnaporthe 76
Suppression of host immune response. Prevention of oryzae
plasmodesmatal callose deposition and generation of
reactive oxygen species
MAPKs, Mps1 and Infection and virulence Rice blast Magnaporthe 77,78
Osm1l oryzae
Magnaporthe oryzae Regulation of endocytosis. Rice blast Magnaporthe 79
Actin regulating kinase | Conidia development oryzae
(MoArk1) Stress tolerance
AGC Ser/Thr Kinase Cell wall integrity Corn smut Ustilago maydis | 92
Agal Mating
Appressoria formation
Actin dependent endocytosis
Protein Kinase A (PKA) | Tumour development Corn smut Ustilago maydis | 94
DNA damage response | Appressoria formation Corn smut Ustilago maydis | 95, 96
kinaseAtrl and Chk
Arginine Kinase (AK) Cellular energy homeostasis Pine wild Bursaphelenchus | 101,104
Survival disease xylophilus
Fecundity

reproduction stage occurs while the mosquito is the
definitive host where sexual reproduction occurs. As
the infected mosquito takes the blood meal, it delivers
sporozoites from its salivary glands into the human
bloodstream which then reaches the hepatocytes.
Within the hepatocytes, sporozoites transform into
trophozoites and with further mitotic and meiotic
divisions, it forms schizont which releases numerous
merozoites into the human bloodstream. The
merozoites further invade the erythrocytes and
manifest the disease symptoms (8). With the current
advancement in the field of parasite kinome, it is
evident that protein  phosphorylation and
dephosphorylation events play a crucial role in the
pathogenicity. Further studies are needed to unravel
the role of specific kinases and their substrates in the
manifestation of the disease, which can be explored
as a target for drugs and thus disease control.

Recent research on parasite kinome has
revealed that it plays a major role in disease
pathophysiology, which can be exploited as novel
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drug targets to combat malaria. There are studies
which have revealed the role of protein kinases in the
development and proliferation of Plasmodium sp. in
the host cell (9-11). In a study by Graeser et al.
(1996), the role of Plasmodium falciparum protein
kinase 5 (PfPK5) which is a member of cyclin-
dependent protein kinase (cdks) was investigated
(12). It was observed that PfPK5 plays an active role
in parasite nuclear divisions as well as the activation
and maintenance of S-phase of the parasite cell
cycle. Thus, PfPK5 can be a potential drug target
corroborated by the fact that inhibitors of cdk
(flavopiridol and olomoucine) used in this study could
inhibit in-vitro DNA synthesis in parasites. Although
the inhibition of other cdk-like protein kinases cannot
be ruled out, the involvement of PfPK5 was justified
by restricting the time of treatment of inhibitors to the
time of nuclear division cycles during which PfPK5
was active in the cell (12). Such insights into the
Plasmodium kinome have unveiled the role of
different kinases in proliferation and development of
parasite inside the host cell. Waters and associates
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(2006) also characterised an effector molecule P.
falciparum ménage a triosl (PfMAT1) and P.
falciparum MO15 related kinase (Pfmrk) whose
activity is regulated by cyclins and play a major role
in cell-cycle of the parasite (13).

Numerous PKs are involved in signal
transduction pathways thereby regulating diverse
cellular functions. One such class of PKs is
Mitogen-activated protein kinases (MAPK), which
are known to participate in cell proliferation and
differentiation in response to external stimuli (14).
Doerig et al. (2007) conducted functional studies
on rat malaria model and reported two MAPK
homologs Pfmap-1 and Pfmap-2 in Plasmodium
falciparum. Using a reverse genetics approach
they demonstrated that Pfmap-2 is crucial for the
completion of the asexual cycle of the parasite and
further Pfmap-1 exhibits a compensatory
adaptation for Pfmap-2. Thus, Pfmap-1 can be a
potential target for chemotherapy against malaria
(15). Glycogen synthase kinase (GSK-3) is
another class of kinase known for phosphorylating
glycogen synthase. Drouchaeu and group studied
the location, function and activity of recombinant
PfGSK-3. It is an intracellular protein expressed
during the trophozoite stage which is then
transferred to erythrocyte cytoplasm where it gets
associated with vesicles (16). They further
suggested PfGSK-3 as a potential drug target to
treat the disease as its activity was inhibited by
certain specific inhibitors. CamK and CDPK are the
most common kinases known to control numerous
regulatory functions in a living system. Gene
knockout experiments for these kinases were
performed in P. berghei and they were found to be
involved in ookinete motility, microgamete
formation and hepatocyte invasion at the
sporozoite stage (17-20). PfCDPK plays a major
role in the asexual lifecycle of the parasite in
erythrocytes. Treatment with inhibitors of CDPK
was found to halt the merozoite egress and
proliferation of the parasite in the host (21).
Emerging drug resistance of the parasite against
the frontline antimalarial drug regime has become
a key hindrance in the global malaria eradication
goals. Therefore, it is extremely important to
develop a novel treatment strategy that not only
cures the disease but also prevent its
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transmission. Alam et al. (2019) recently identified
a protein kinase from the P. falciparum CLK3
(cyclin-dependent-like kinases) family which can
be a potential drug target in the treatment of
malaria (22).PfCLK3 is an essential regulator of
RNA processing and therefore inhibiting this key
enzyme would kill the parasite in asexual stages in
the blood and liver as well as halt the development
of the sexual-stage gametophyte thereby blocking
further transmission. They screened 24,619
compounds for their inhibitory property against the
parasite kinase. TCMDC-135051 showed the
highest inhibitory potency for PfCLK3 and also
lower activity against closely related human kinase
CLK2 which shows 29% sequence similarity with
PfCLK3. Despite current clinical research in the
field of discovering molecules against parasite
kinases, there is limited progress in targeting
parasite protein kinases in developing antimalarial
drugs. Therefore, additional research in this field
would be helpful in designing novel and more
efficient therapeutic strategy against malaria.

4. ROLE OF PKS IN MYCOBACTERIUM SP.
RESPONSIBLE FOR CAUSING
TUBERCULOSIS

M. tuberculosis is the causative agent of
tuberculosis (TB). The pathogen is present in the
environment and is responsible for causing
infectious disease affecting lungs and other parts
of the body. TB is a deadly disease affecting
millions of people globally (23). This disease
spreads when the pathogen from the infected
person is spread into the air by coughing, sneezing
or talking. Despite the immaculate defence system
of the host, the pathogens have evolved several
mechanisms to surpass the immunity barrier of the
host and successfully manifest the disease. Under
normal condition, the phagocytosed pathogens are
transferred to lysosomes where they are usually
degraded. Such  mycobacteria  containing
lysosomes possess certain extracellular markers
like lysosomal associated membrane proteins
(LAMP) and mature lysosomal hydrolases (23).
However, in the case of Mycobacterium
tuberculosis and Mycobacterium bovis, the
pathogen resides and multiplies inside the
macrophage and escapes the degradation by
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lysosomes.  This was explained in a study
conducted by Walburger et al. (2004) where they
proved that a eukaryotic-like serine/threonine-
protein kinase G (PKnG) is responsible for
pathogen survival within the macrophage. Using
gene deletion experiments they reported that
strains in which PKnG gene was deleted were non-
pathogenic while strains in which the PKnG gene
was present were pathogenic as they were able to
block the lysosome degradation pathway and
could survive and replicate within the phagosomes
(24). PKnG does not play any role in normal
bacterial growth, therefore in non-pathogenic
bacterial strains these genes have been lost (25).
Thus, the expression of eukaryotic-like
serine/threonine kinases has been maintained by
pathogenic Mycobacterium sp. for their survival by
blocking fusion and degradation of phagosomes
and lysosomes. In another study by Kang et al.
(2005), it was demonstrated that the genome of
Mycobacterium  tuberculosis  possesses 11
serine/threonine kinase genes; two among those
code for protein kinase A (PKnA) and protein
kinases B (PKnB) which play important role in cell
shape and morphology (26). Such vast knowledge
about the role of kinases and phosphorylation in
mycobacterial infections has increased our
understanding regarding its pathophysiology. In
silico experiments conducted by Prisic and group
(2010) identified 11 serine/threonine protein
kinases (STPKs). They reported that
phosphorylation of several proteins like transport
proteins, lipid metabolic enzymes, chaperones
along with autophosphorylation of STPKs (PKnA,
PKnB, PKnD and PKnG) are crucial for pathogen
survival within the host and disease progression
(27). Therefore, with increased cases of drug-
resistant tuberculosis, we need to develop novel
compounds which can target the bacterial kinases
and reduce our dependency on conventional drug
regime.

5. ROLE OF PKS IN LEISHMANIA SP.
RESPONSIBLE FOR CAUSING
LEISHMANIASIS

In many tropical and sub-tropical regions,
diseases caused by protozoan Leishmania sp. pose a
grave medical threat. There are more than 20 species
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of Leishmania responsible for causing the disease
known as Leishmaniasis or Kala-azar, which can
manifest itself in three forms namely cutaneous (skin
ulcers), mucocutaneous (ulcers of skin, mouth and
nose), or visceral leishmaniasis (involving skin ulcers
followed by fever, low red blood cell count and enlarged
spleen and liver) (28). The parasite responsible for
causing Leishmaniasis is transmitted through the bite of
infected female phlebotomine sand-flies. In order to
reduce the prevalence of this disease, early diagnosis
and effective therapeutics are necessary. The life cycle
of Leishmania sp. involves two developmental stages,
promastigotes in the pharyngeal valve of the flies where
they undergo division to form metacyclic promastigotes
which are transferred to humans by the fly during blood
meals. Once inside the human body, these metacyclic
promastigotes are phagocytosed by macrophages
where the parasite transforms into infectious
amastigotes and multiplies within the host blood cells
thereby manifesting the disease. These physiological,
biochemical and morphological changes during the life-
cycle of Leishmania involve changes in gene
expression followed by complex signal transduction
pathways. Such changes in gene expression involve
extensive protein phosphorylation, important for
differentiation and proliferation of cells (29). With the
advanced high-throughput technologies we have
access to the parasitic kinome which revealed the role
of kinases in cell cycle progression (30). Thus, parasitic
kinases can be a potential target for designing better
diagnostic tools and anti-parasitic chemotherapy. Weise
(1998) reported an L. mexicana gene which codes for a
protein that shares a strong homology to yeast and
eukaryotic MAP kinases. The deletion mutation in
promastigotes used in this study had Imsap gene
deleted. Such mutants were able to infect the
macrophages in vitro similar to wild-type promastigotes
and were able to differentiate into amastigotes.
However, they were unable to proliferate and thereby,
failed to develop lesions in Balb/c mice. This revealed
that MAP kinases like protein are responsible for the
proliferation of amastigotes inside host macrophages
and thus helping in disease manifestation (31). Feng et
al. (1999) further reported that in case of Leishmania
sp., the lipophosphoglycan help the parasite to survive
inside the host by stimulating extracellular signal-related
kinase (ERK)- p38 mitogen-activated protein (MAP)
kinases which hamper the host immune response
against the parasite (32). In another development,
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Hassan et al. (2001) reported the role of cyclin-
dependent kinase CRKS3 in cell cycle progression of L.
mexicana. They worked with CRK3 null mutant cell lines
and reported that the cell cycle was arrested at the G2/M
phase transition in promastigotes. They further treated
the cells with cyclin-dependent kinase inhibitor,
flavopiridol which inactivated the CRK3 and thereby
reducing parasite cell growth (33). Recently, Borba et al.
(2019) conducted an in -silico study to classify and
compare the kinome of L. infantum and L. braziliensis
responsible for causing visceral and cutaneous
Leishmaniasis. The aim of the study was to elucidate
and thoroughly classify the kinomes of L. infantum and
L. braziliensis at subfamily level and to further see if they
can be used as potential drug targets in order to design
better drug regimen for Leishmaniasis (34). The
bioinformatics pipeline used in this study enabled the
authors to classify the kinomes of L. infantum and L.
braziliensis and catalogue their functions. The study
predicts 30 protein kinases which can be used as
potential leishmanicidal drug targets. Using drug
repurposing pipeline, the authors report few drugs
targeting kinases which are currently being used against
Cancer, that also have the potential to be repositioned
for the treatment of leishmaniasis. Trametinib and the
compounds NMS-1286937 and RG-1530 inhibited the
development of L. infantum and L. brazliensis
promastigotes and amastigotes, therefore the
compounds can be further studied in-depth to design
drugs for effective treatment of leishmaniasis. This
corroborates the fact that kinases play a crucial role in
the parasite life-cycle and therefore, this class of
proteins is crucial for pathogenesis. With our current
knowledge and understanding about role of pathogen
kinases, novel compounds should be tested which will
inhibit the activity of these kinases thereby restricting the
pathogen growth and proliferation.

6. ROLE OF PKS IN STREPTOCOCCUS
PNEUMONIAE RESPONSIBLE FOR
CAUSING PNEUMONIA

Streptococcus pneumoniae is a non-motile
non-spore forming group of gram-positive bacteria
responsible for causing pneumonia infections in
elderly and young children (35). S. pneumoniae
resides in respiratory tract and nasal passages
asymptomatically in healthy individuals, however in
susceptible individuals with weaker immune system
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the bacterium becomes pathogenic causing
infections in lungs and other respiratory organs. The
disease is contagious as it gets transmitted from
person-to-person through respiratory droplets (36).
Similar to above human pathogens, genomic and
proteomic studies of S. pneumoniae has brought into
view the potential role of PKs in bacterial life-cycle
and in disease manifestation by modifying host
cellular machinery. Based on biochemical and
molecular experiments it has been revealed that
serine/threonine kinases play a vital role in checking
autolysis of bacteria inside the host and development
of cell envelope which are crucial for virulence of the
pathogen. In a study, it was proved that strains with
mutated stkP genes were not virulent when tested
against the wild-type strains (37). The study revealed
the role of StkP as a crucial signalling molecule
involved in lung infection and blood stream invasion.
This study also revealed the role of StkP in
determining bacterial autolysis rate and establishing
virulence. According to the authors, StkP is required
for expression of central competence operon
comCDE and positively regulate the bacterial
transformability which was validated by measuring
the levels of comCDE in cells and transformants
recovery in cultures. During exponential growth of the
bacteria in alkaline medium, competence
development occurs where StkP plays a positive role
to avoid bacterial autolysis and also sense low
concentrations of cell wall inhibitors (38). The results
demonstrated that in S. pneumoniae StkP, a
membrane associated protein, has found to assist
the bacterium to sense and respond to changes in
environmental conditions and also control genetic
transformability, thereby playing a crucial role in
virulence. Nova'kova” et al. (2005) performed
differential phosphoproteome analysis of wild-type
and stkP null mutant which revealed that StkP, a
serine/threonine kinase with a cognate protein
phosphatase P, PhP are functional enzymes where
PhpP dephosphorylates specifically phosphorylated
StkP in presence of manganese ions. The study
further proved the phosphorylation of
phosphoglucoseamine mutase GImM by StkP, which
is the enzyme catalysing the first step of formation of
UDP-N-acetylglucoseamine, an important
component of cell envelope. Thus, StkP is important
for cell-wall development and thereby plays a pivotal
role in Streptococcus survival and progression inside
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the host (39). Thus, there are several StkP substrates
which play a crucial role in cell-wall synthesis and cell
division, namely phosphoglucoseamine mutase
GImM and cell-division proteins DivIVA and FtsZ (39,
40, 41). Later, Beilharze et al. (2012) conducted
protein-labelling and automated fluorescent time-
lapse microscopic studies to establish the role of
StkP and PhpP during cell-cycle leading to not only
cell-wall synthesis, but specific cell-shape (42). The
StkP consist of cytoplasmic kinase domain and
extracellular C-terminal region comprising of many
penicillin-binding proteins and Ser/Thr- kinase
associated (PASTA) domains which binds to
peptidoglycan (PG) (43, 44). This study gave in vivo
evidence that growing cells carry uncross-linked PG,
likely  N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM) linked to pentapeptide
(NAG/NAM-pp) which binds to PASTA domain and
thereby acts as a signal for  StkP
autophosphorylation. According to Beilharze et al.,
StkP is recruited to cell-division site just after
assembly of early cell-division protein FtsA, but
before, DivIVA (a cell-division protein). StkP remains
in midcell for a longer duration than FtsA till cell
division is complete and thus helps in septal wall
synthesis. This gives Streptococcus its characteristic
round shape while stkP- null mutants remain
elongated. To conclude, the study proves that StkP
acts as a “molecular switch” which through a cascade
of phopshorylation events of certain key substrates
signals the shifts from peripheral to septum wall
progression.

7. ROLE OF PKS IN OPPORTUNISTIC
HUMAN PATHOGEN CRYPTOCOCCUS
NEOFORMANS

Cryptococcus neoformans is a known
opportunistic fungal pathogen responsible for lethal
infections of the human central nervous system (45, 46).
Although cryptococcal meningitis is more common in
immunocompromised patients who have undergone
HIV, cancer or any steroid treatments (47-49), a small
percentage of patients can be affected by a hyper-
virulent strain of this pathogen without having any
immune dysfunction (50-52). C. neoformans is a
basidiomycetous encapsulated yeast which is
ubiquitous in the environment. The infection spreads
through inhalation of its desiccated spores followed by
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hematogenous dissemination to the brain (53, 54). The
pathogenicity of C. neoformans has been linked to the
production of two inducible factors: a polysaccharide
capsule which ensheaths the fungal cells and melanin
deposition in the fungal cell wall (55-57). The
polysaccharide capsule is induced in the infected host
by iron limitation and carbon dioxide which is required to
enhance intracellular pathogen survival within the
macrophages along with protection from phagocytosis
(58-60). Melanin synthesis is mediated by an enzyme
laccase and provides resistance to the pathogen
against oxidative and nitrosative challenges offered by
the macrophages (61, 62). In the case of C. neoformans
different components of cyclic-AMP protein kinase A
(cAMP-PKA) signalling pathway are known to regulate
melanin formation, capsule size and overall virulence
(63-65). For instance, Ga protein (Gpa1) is known to
regulate mating and virulence in C. neoformans in
response to diverse environmental cues like nitrogen
limitation. It was observed that gpal mutants exhibit
reduced melanin and capsule production, lower
virulence and sterility (63). Interestingly, the mutants of
adenylate cyclase have a similar phenotype as that of
gpal mutants and exogenous supply of CAMP restores
both mating and virulence in gpal mutants. This
suggests that adenylate cyclase function downstream of
Gpalprotein (64). In a study by D'Souza et al (2001), it
was found that the mutants lacking PKA1 gene which
encodes a catalytic subunit of protein kinase A are
sterile and avirulent as they fail to produce capsule or
melanin. Furthermore, mutants lacking PKR1 gene
which encodes a regulatory subunit of protein kinase A
are hyper-virulent and overproduce capsule (65).
Moreover, pkal pkrl double mutants exhibit phenotype
similar to that of pkal mutants further supporting the fact
that Pkal does functions downstream of the Pkrl
regulatory subunit (65). Thus, the vital role of protein
kinases in C. neoformans infections and disease
manifestation cannot be ignored and this points towards
exploiting protein kinases as potential targets for drug
development.

8. ROLE OF PKS IN PERIODONTAL
BACTERIA PORPHYROMONAS
GINGIVALIS

Periodontitis commonly known as the ‘Gum

disease’ in humans is an inflammatory disease of the
gums and other periodontal tissues supporting the
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teeth. This disease is primarily caused by a gram-
negative anaerobe Porphyromonas gingivalis which
is capable of biofilm formation in the oral cavity
commonly known as dental plaque. Polyphosphate
kinase (PPK) is an essential enzyme associated with
polyphosphate (PolyP) synthesis and have been
implicated in a wide variety of bacterial functions like
motility, virulence and quorum sensing (66) along
with overall membrane stability and desiccation
tolerance (67). In order to assess the role of PPK
gene in the pathophysiology of P. gingivalis, a ppk
gene mutant, CW120 of this pathogen was
constructed and it was found that the mutant was
attenuated in stationary-phase survival as well as in-
vitro  biofilm formation (68) indicating the
indispensable role of PPK in the pathogen survival
and infectivity. This suggests that protein
phosphorylation is also important for the survival and
infectivity of the pathogens even in case of chronic
inflammatory diseases like periodontitis.

9. ROLE OF PKS IN RICE BLAST FUNGUS
MAGNAPORTHE ORYZAE

Protein kinase-mediated pathways are
known to integrate diverse external and internal cues
to regulate important events in the fungal life cycle.
These include sexual/asexual development, polar
growth and stress response. Fungal plant pathogens
are known to affect a large number of agriculturally
important crops resulting in huge economic losses.
Although fungal phytopathogens have a wide variety
of infection strategies, the underlying molecular
events like cycles of protein phosphorylation and de-
phosphorylation are  remarkably  conserved.
Magnaporthe oryzae or the rice blast fungus is a
phytopathogenic fungus which is known to cause the
rice blast disease. Besides rice, it also infects a wide
range of grasses, including millet and barley. Blast
disease poses a grave danger to global food security
and destroys around 30% of the rice crops annually
(69). Several regional outbreaks of the rice blast
disease have affected the livelihood of millions of
people in Asia, Africa and America (70). Infection of
the host plant by this fungal pathogen is dependent
upon the formation of a dome-shaped melanised
structure known as the appressorium. The
appressorium uses a pressure-driven mechanism to
penetrate the tough plant cuticle and enter into the
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underlying plant cells (71). Upon successful entry into
the plant tissues, the pathogen extends its invasive
pseudohyphae into the living host cells, secreting a
wide spectrum of effector molecules. The main
purpose of the effector molecules is to suppress the
host immunity and allow the further proliferation of the
pathogen from one cell to another through a cluster
of plasmodesmata known as pit fields. Among
different plant mechanisms to prevent the spread of
infection, the most important of all is the closure of
intercellular plasmodesmata by callose deposition
(72, 73) and the production of reactive oxygen
species (74). One of the earliest mutational analysis
of a MAPK in M. oryzae was reported by Xu et al.
(1996) in which deletion of the MAPK gene resulted
in the absence of appressoria formation leading to a
complete loss of pathogenicity (75).

In a genetic chemical inhibition study by
Sakulkoo et al. (2018), it has been shown that a
single fungal MAP kinase Pmk-1 is essential for the
cell to cell invasion by the pathogen. Also, inhibition
of this kinase post appressorium formation blocked
the penetration of cuticle by inhibiting septin ring
assembly at the appressorium pore (76).
Furthermore, this study reported that Pmk1 regulates
the expression of pathogen effector proteins
associated with suppression of host immune
response, prevention of excessive plasmodesmatal
callose deposition and generation of reactive oxygen
species. In addition, M. oryzae has two other
important MAPKs: Mps1, which regulates cellular
integrity and is necessary for infection (77) and Osm1
which is crucial for its virulence (78). Apart from this
conserved MAPKSs, M. oryzae also contains an actin-
regulating kinase homologue MoArk1which has been
associated with the regulation of endocytosis and it is
required for virulence, conidia development and
stress tolerance (79). In M. oryzae, the intracellular
levels of cAMP are known to mediate the recognition
of plant surface and appressorium formation during
pathogenesis which is further corroborated by the
fact that exogenous application of cAMP or its
analogues to germinating conidia or vegetative
hyphae triggers appressorium formation even on
non-inductive surfaces (80). Furthermore, molecular
studies involving different components of CAMP-PKA
pathways associated with cAMP biosynthesis
(Adenylate cyclase) or cAMP hydrolysis (CAMP-
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phosphodiesterase) confirms the role of the
signalling pathway involved in recognition of host
surface and appressorium formation in M. oryzae
(81, 82). Moreover, using gene manipulation studies
it has been shown that the cell cycle-regulating
kinase-like Cdc7 and NIMA (never in mitosis gene A),
are crucial for the initiation and maturation of
appressorium respectively (83). Therefore, current
research must be focused on exploiting and targeting
the PKs for designing better diagnostic tools and
effective therapy regimes.

10. ROLE OF PKS IN CORN SMUT FUNGUS
USTILAGO MAYDIS

Ustilago maydis is a phytopathogenic
fungus which is known to cause the smut disease in
maize. Smut disease is characterised by stunted
growth, yellowing of tissues (chlorosis) and tumour
formation. Although this pathogenic fungus is
dimorphic in nature, it exhibits three different life
forms: (a) A saprophytic, unicellular and uninucleate
haploid form known as sporidium; (b) A dikaryotic,
filamentous pathogenic form; (c) Diploid form known
as teliospore which is only produced inside the
tumours. All these morphological transitions are
mainly governed by ‘a’ and ‘b’ mating-type loci: ‘a’ is
diallelic and encodes a receptor and a pheromone;
‘b’ is multiallelic and encodes homeodomain proteins
associated with pathogenicity and tumour formation
(84-86). Cell fusion usually occurs on the leaf surface
between haploid cells having different alleles. The
dikaryon thus formed can exhibit hyphal growth only
if the cells carry any two different b alleles. In case of
the filamentous dikaryon, only the tip cells contain the
cytoplasm, which then differentiates into appressoria
leading to penetration of the host cuticle and
intracellular proliferation of the dikaryon within the
plant tissues. This penetration and proliferation of
dikaryon results in tumour formation. Within the
tumour, the dikaryotic hyphal cells round up to
become diploid teliospores which can be spread by
wind or rainfall when tumours crack open at maturity.
The teliospores do not show any vegetative growth
and undergo reduction division or meiosis to produce
haploid progeny at the onset of favourable conditions
(87). In contrast to the melanised appressoria of M.
oryzae which uses high turgor pressure to penetrate
the plant cuticle (71), the appressoria in case of U.
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maydis are not melanised and are supposed to
penetrate the host surface with the aid of plant cell
wall degrading enzymes (88). The corn smut fungus
U. maydis contains two Kss 1 type MAPKs having
functional redundancy supported by the fact that only
double mutant strains are fully impaired in
pathogenicity (89-91). Using gene deletion
experiment (Berndt et al. 2010) showed that Agal, a
conserved Ser/Thr kinase of the AGC kinase family,
is essential for growth, cell wall integrity, mating and
appressoria formation along with actin-dependent
endocytosis in U. maydis (92). In U. maydis
intracellular cAMP levels fluctuate according to the
nutrient conditions and regulate the morphogenetic
transition between filamentous growth and budding.
This involves nutrient limitation or exposure to low pH
triggers filamentous growth while high glucose
concentration increases intracellular cAMP and
triggers bud formation (93). Additionally, different
cAMP-PKA signalling components like adenylate
cyclase, cPKA (catalytic subunit) and rPKA
(regulatory subunit) of PKA are all crucial for tumour
development in corn, independent of their roles in
sexual development (94). In U. maydis the formation
of an infectious filament containing a G2 arrested
dikaryotic hypha is crucial for appressoria formation
(95). The G2 arrest is mediated by the inhibitory
phosphorylation of Cdkl by Cdc25 phosphatase.
This inhibitory phosphorylation is mediated by the
cytoplasmic localisation of Cdc25 by Bmhl protein
assisted by DNA damage response kinases like Atrl
and Chk (95, 96), this is further supported by the fact
that atrl and chk1 mutants of this pathogen lose their
pathogenicity and are avirulent in nature.

11. ROLE OF PKS IN PINE WILT DISEASE
NEMATODE, BURSAPHELENCHUS
XYLOPHILUS

Pine wilt disease (PWD) is one of the
serious diseases affecting the native pine tree
species caused by the nematode Bursaphelenchus
xylophilus and it spreads from one tree to another by
the cerambycid beetle Monochamus spp (97). PWD
affects Pinus spp globally and is known to cause
significant timber loss in the affected countries (98)
along with huge pecuniary losses in terms of disease
management. Arginine kinase (AK) which belongs to
the category of phosphotransferase is exclusively
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found in the tissues of invertebrates (99,100) and
plays an indispensable role in their cellular energy
metabolism (101). Since AK is only present in the
invertebrates and completely absent from the
vertebrates especially mammals, therefore, it can be
a potential chemotherapeutic target for invertebrate
pest management (102, 103). In a study by wang
et.al 2012, one arginine kinase gene from B.
xylophilus (Bx AK1) was cloned and a dsRNA
targeting this gene was developed and tested for its
RNAi (RNA interference) effect on the nematode
(104). RNAI not only reduced the nematode survival
rate but also reduced its fertility and the fecundity rate
suggesting that RNAi based targeting of arginine
kinase genes like Bx AK1 can be used as an effective
strategy to control nematode pests.

12. SUMMARY AND FUTURE
PERSPECTIVES

With the increasing prevalence of some
severe infectious diseases and development of drug-
resistant strains of pathogenic parasites, we need to
develop some robust diagnostic tools for timely
diagnosis and advanced therapeutic approach for the
cure of such diseases. Little research has been done
on the role of host and parasite kinome in disease
occurrence and spread. This review clearly sheds
light on the role of kinases in controlling different
aspects of pathogen life-cycle including mating,
proliferation and survival within the host organism
contributing to overall virulence of the pathogen and
disease pathophysiology (Figure 2 and Table 1). Itis
evident from this article that different classes of PKs
like Ser/Thr kinases, MAPK PKnA etc. and their
associated proteins play a crucial role in bacterial and
fungal life-cycle thereby aiding in disease
manifestation and spread. Thus, in-depth knowledge
of the role of pathogen kinases underlying the
molecular basis of these infections and disease
breakdown opens up a new horizon for research
endeavours focusing on designing better diagnostic
tools and therapeutic compounds which would help
in controlling the outbreak and spread of some of the
deadly infectious diseases of both plants and
animals.

The crucial role of kinases in signal
cascades makes them a potential centre for drug
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research. Drugs targeting kinases which play a key
role in cell cycle have already been developed to treat
deadly diseases like Cancer (e.g. Gleevec).
However, these drugs are highly specific to the
binding domain of the associated kinases (105).
Gleevec binds to tyrosine kinase, Abl but does not
have an affinity towards other tyrosine kinases,
including the closely related Src tyrosine kinase. Both
Abl and Src tyrosine kinases have identical structures
including N and C- terminal lobes and similar drug-
binding pocket. The selectivity of the drug is based
on two alternative conformations of a conserved
segment in the activation loop, DFG- motif (for Asp-
Phe-Gly). DFG- out position is the Gleevec binding-
competent while the DFG- in position is binding-
incompetent (106). Thus, choosing protein kinases
as potential drug targets will require an in-depth study
of the structure and functions of the signalling
cascades and signalling molecules. Thus, parasite
kinases represent a domain which still remains
unexplored and further research will definitely give a
new direction to clinical therapeutics of many
infectious diseases caused by parasitic pathogens.
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