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Review 

The role of protein Ser/Thr/Tyr kinases in bacteriophage 
infection
Lei Shi1, Carsten Jers2, Boyang Ji3 and Ivan Mijakovic1,2

In the evolutionary arms race between bacteria and 
bacteriophages, both parties have evolved diverse defense 
systems and counter-defense strategies. Protein 
phosphorylation is a ubiquitous regulatory mechanism that 
enables rapid cellular responses to internal and external stimuli. 
Accordingly, protein phosphorylation-based responses have 
been established in both the bacterial host and the infecting 
phages. This review provides an overview of protein Ser/Thr/Tyr 
kinases involved in bacterial defense and phage counter- 
defenses, with a particular focus on insights gained from mass 
spectrometry-based phosphoproteomic analyses of phage 
infections.
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Protein phosphorylation on serine (Ser), threonine (Thr), 
and tyrosine (Tyr) residues plays an important regulatory 
role in allowing bacteria to respond and adapt to dynamic 
environments [1,2]. The attachment of phosphate trig
gers the changes in physicochemical properties of pro
teins, such as protein conformation, protein-protein 
interactions, or protein localization, hence altering the 
protein activity or stability [3]. Protein phosphorylation 
is catalyzed by protein kinases, and the reverse process 

of dephosphorylation is catalyzed by cognate protein 
phosphatases. Thereby, phosphorylation enables cellular 
signaling and regulation in a rapid and reversible 
manner. Ser/Thr/Tyr-type phosphorylations are espe
cially amenable to phosphoproteomic studies due to the 
chemical stability of their phospho-bonds. This has fa
cilitated rapid accumulation of knowledge about Ser/ 
Thr/Tyr-type phosphorylation using mass spectrometry 
(MS) proteomics [4–6].

Bacteriophages (phages) are bacterial viruses that infect 
the host and hijack the host cell machinery to produce 
new virions [7,8]. Bacteria have evolved diverse strate
gies to restrict phage infection [9], whereas phages also 
have evolved counter-defenses in this evolutionary arms 
race [10,11]. Protein phosphorylation has been demon
strated to play crucial roles in both processes [12], and its 
study sheds new light on our understanding of bacter
ia–phage interactions.

In this review, we summarize the current knowledge on 
the involvement of protein Ser/Thr/Tyr kinases in phage 
infection, and highlight the use of MS-based phospho
proteomics methodology to analyze the dynamics of ki
nase-mediated protein Ser/Thr/Tyr phosphorylation 
events during infection.

Protein Ser/Thr/Tyr kinases in bacteria–phage 
interaction
Both bacteria-encoded kinases and phage-encoded ki
nases have been reported to be involved in phage in
fection [12]. Figure 1 summarizes protein kinases with 
experimental validations of their involvement in phage 
infection. Structural alignment of the kinase domains 
indicates most of them belong to the super-family of 
Hanks-type kinases, while gp0.7 and its homolog 
JSS1_004 are classified as a special T7-type kinase 
(Figure 1a). Hanks-type kinases are widely distributed 
in bacteria, archaea, and eukaryotes and are evolutiona
rily conserved [13]. A typical Hanks-type kinase consists 
of a highly conserved cytosolic kinase domain and a di
verse extracellular sensing domain, enabling the altera
tion of the kinase activity by sensing different 
extracellular signaling ligands. Hanks-type kinases su
perfamily includes two main subdivisions, the Ser/Thr 
kinases and the Tyr kinases, but some of the members 
exhibit both Ser/Thr and Tyr kinase activity and are 
defined as dual-specificity protein kinases [14]. Hanks- 
type kinases play essential roles in eukaryotic immune
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responses. They act as signaling regulatory relay in both 
innate and adaptive immune responses to assist the host 
against virus infection [15,16], but also can be hijacked 
by the virus to facilitate the pathogenesis [17,18], and 
have therefore been established as an antiviral drug 
target [19]. T7-type kinase consists of an N-terminal 
kinase domain and a C-terminal shutoff (SO) domain 
that allows temporal regulation of kinase autopho
sphorylation [20]. As shown in Figure 1b, Stk1, StpK7, 
and IreK represent the domain organization as a typical 
Hanks-type kinase, suggesting a potential capability for 
extracellular signal sensing, while the cytosolic kinases 
are expected to be activated by intracellular signals. The 
signals that activate these Ser/Thr/Tyr kinases and the 
role of each kinase are outlined in the following sections 
(Figure 2).

Bacterial kinase provides bacterial defense 
against phage
Bacteria-encoded kinases are often found to provide 
bacterial defense against phage infection.

PglW from Streptomyces coelicolor plays a crucial role in 
the phage growth limitation (Pgl) system against phage 
ϕC31 [21,22]. During the initial round of infection, PglW 
is found to be autophosphorylated and suspected to 
regulate PglZ through phosphorylation, which releases 
PglZ from the DNA methyltransferase PglX [23], 
thereby enabling methylation of the phage DNA. Al
though the burst of the infected phage is normal for this 

round, the progeny phages are modified, rendering them 
attenuated for the subsequent round of infection of Pgl+ 

hosts. However, the phosphorylation sites and phos
phorylation-dependent regulation of PglZ by PglW re
main unclear.

Stk2 from Staphylococcus [24], triggering phosphorylation 
on Ser/Thr, provides bacterial defense against phage 
phiNM1 by inducing abortive infection (Abi) [25,26]. 
Stk2 is activated by the phage DNA packaging protein 
PacK, resulting in the phosphorylation of numerous host 
proteins involved in DNA repair, RNA transcription, 
protein translation, and cell cycle. Consequently, the 
growth of the host cell is arrested, and the cell is com
mitted to death. Moreover, another Ser/Thr kinase Stk1 
[27] is involved in the Stk2-mediated Abi phenotype, by 
a phosphorylation cascade-like mechanism in which 
Stk2 activates Stk1 to provoke secondary phosphoryla
tion events [25,28]. Interestingly, Stk2 was found to be 
activated also by other phage proteins AVT76_GP14 
(43% identity to PacK) from phage phiNM2 and 
ST85ORF023 (no identity to PacK) from phage 85. It 
has been shown that 23% of Staphylococcal phages carry 
homologs of PacK, and 13% carry homologs of 
ST85ORF023, but only in Siphoviridae [25], which 
suggests that the bacterial defense mediated by Stk2 in 
Staphylococcus could be broad-spectrum for Siphoviridae.

IreK from Enterococcus faecalis [29,30], triggers a type VII 
secretion system (T7SS) antibacterial response against 
phage VPE25. The induced T7SS inhibits the growth of 

Figure 1  
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Overview of the protein Ser/Thr/Tyr kinases that have been reported to be involved in phage infection (a) Protein structure alignment of kinase 
domains. Upper: alignment of kinase domains of PKA-Cα (the alpha catalytic subunit of protein kinase A from mouse), a typical Hanks-type kinase as a 
control, and the other kinase domains in this review. PglW contains two kinase domains, which are indicated as PglW1 and PglW2. Lower: alignment of 
kinase domains of gp0.7 and JSS1_004. Protein models were created by AlphaFold 3 [50], and alignment was performed using UCSF ChimeraX [60]. 
(b) Schematic representation of the domain organization of kinases. Hanks-type kinase domain is indicated by green and T7-type kinase domain is 
indicated by red. NERD: nuclease-related domain; PK: protein kinase domain; PASTA: for penicillin-binding protein and Ser/Thr kinase associated 
domain; SBP: bacterial extracellular solute binding domain; SO: shutoff domain.  
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Figure 2  
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Protein Ser/Thr/Tyr kinase-mediated regulatory responses in phage infection. The phage is indicated in a white oval at the top of a dashed rectangle, 
and the corresponding bacterial host is indicated at the bottom. (a) Bacteria-encoded kinases. In phage infection, kinase PglW controls PglZ by 
phosphorylation, and thereby relieves the inhibition of PglZ on PglX, enabling PglX-mediated phage DNA methylation, thereby reducing the 
subsequent infectivity of progeny phage in Pgl+ hosts. Kinase Stk2 is activated by phage-encoded modulator PacK and triggers phosphorylation 
events, including that of another kinase Stk1, leading to arrested cell growth. Kinase IreK is autophosphorylated and activates the type VII secretion 
system (T7SS) via the phosphorylation of OG1RF_11099, and thereby inhibits the growth of non-susceptible neighboring cells. The 
autophosphorylation of kinase StpK7 inhibits the defense island BREX by phosphorylation of transcriptional factor MSMEG_1198. The phosphorylated 
MSMEG_1198 is incapable of promoting the expression of genes involved in restriction of phage infection. (b) Phage/prophage encoded kinases. The 
pf prophage KKP (kinase-kinase-phosphatase, PfkA/B, PfpC) module enables lysogeny-lytic control via the phosphorylation level of PfkA/B and 
MvaU. Phosphorylated MvaU inhibits the expression of Pf gene expression, including Pf excisionase encoding gene xisF, and thereby prevents phage 
production. Kinase gp0.7 extensively phosphorylates host nucleic acid-binding proteins to hijack the cell machinery for virion production, and also 
abolishes the bacterial defense. Kinase JSS1_004 abolishes the bacterial defense system via phosphorylation on key proteins. Kinase Stk933W is 
upregulated by phage HK97-encoded CII and further activated by HK97-encoded modulator GP41, thereby leading to the exclusion of the HK97 
infection.  

non-susceptible neighboring cells and consequently re
stricts the phage production [31]. IreK is activated by 
membrane damage in lytic phage infection and hereafter 
controls transcription factor OG1RF_11099 to promote 
gene expression of the T7SS cluster, including the LXG 
toxin encoding gene OG1RF_11121. However, it re
mains unclear how IreK regulates OG1RF_11099. No
tably, T7SS-mediated antagonism influences distantly 
related bacterial species among Gram-positive bacteria, 
which allows growth inhibition to occur in a diverse range 
of non-susceptible cells during phage infection. How
ever, the phosphorylation sites of OG1RF_11099 and the 
mechanism by which IreK controls OG1RF_11099 re
main unknown.

Bacterial kinase seized by phage to abolish 
bacterial defense
Interestingly, bacteria-encoded kinases can also be hi
jacked by phage to abolish bacterial defense. StpK7 
(MSMEG_1200) from Mycobacterium smegmatis, phos
phorylated on Thr, helps mycobacteriophage TM4 es
cape the bacterial defense [32]. StpK7 is located within a 
bacteriophage exclusion (BREX)-like gene island 
(MSMEG_1191 to MSMEG_1200) in the host genome 
[33]. Phage infection activates StpK7, which thereafter 
phosphorylates the transcription factor MSMEG_1198 
and abolishes its capability to upregulate another tran
scription factor MSMEG_1197. MSMEG_1197 posi
tively regulates two phosphatidylglycerol production 
genes, MSMEG_1194 and MSMEG_1195. Thereby, 
StpK7 forces the host cells to maintain lipid homeostasis 
for phage adsorption. In addition, StpK7 abolishes the 
expression of two lethal genes MSMEG_1192 and 
MSMEG_1199, and thus prevents cell suicide, ulti
mately allowing phage production. StpK7 provides a 
unique example of how a bacterial defense system is 
hacked by a phage to revoke host counter-defense.

Phage kinase restricts bacterial defense
Most of the phage-encoded kinases are demonstrated to 
restrict bacterial defense.

The kinase-kinase-phosphatase (KKP) component 
(PfkA-PfkB-PfpC) from Pf prophage phosphorylates on 
Ser/Thr residues and plays a dual role in that it regulates 
both Pf production and counter-defense in Pseudomonas 
aeruginosa [34]. In planktonic cells, pfkA is highly ex
pressed and maintains the phosphorylation level of 
MvaU, which inhibits the expression of Pf genes, in
cluding the Pf excisionase encoding gene xisF, and 
consequently abolishes the production of Pf phage 
(Figure 2b). In biofilms, pfpC expression is upregulated 
and leads to MvaU dephosphorylation and therefore re
lieves the repression of prophage genes. The KKP 
module also functions as a tripartite toxin–antitoxin 
system in bacterial defense [35], in which PfkA/B restrict 
cell growth and viability, while PfpC relieves the re
pression. Notably, a bioinformatic analysis identified 
more than 1200 putative KKP gene clusters across Gram- 
negative bacteria, with the majority encoded within 
prophage regions, suggesting that this phosphorylation- 
based mechanism may be widespread [34].

The kinase gp0.7 (gene 0.7) from bacteriophage T7 [36], 
also known as TK7, triggers phosphorylation on Ser/Thr/ 
Tyr residues and enables the phage to hijack its host 
Escherichia coli [20,37]. During the early infection stage, 
gp0.7 hyper-phosphorylates the host proteins. Through 
its C-terminal nucleic acid-binding domain, gp0.7 binds 
DNA, resulting in preferential phosphorylation of nearby 
nucleic acid-associated proteins. Those proteins are in
volved in transcription, translation, and nucleic acid 
processing [38–40], and hence the phage is allowed to 
hijack the related cellular processes for reproduction. 
Those proteins are also involved in bacterial defense 
[20]. Phosphorylation of RcaT, a toxic effector in Retron- 
Eco9 system [41], leads to its inactivation and thereby 
abolishment of the corresponding Abi defense. Phos
phorylation on DarT, a toxin in the DarTG1 prevalent 
toxin–antitoxin system [42], affects its conformation and/ 
or stability, and thereby leads to the abolishment of the 
DarTG1 system.

JSS1_004 from Salmonella phage JSS1, phosphorylates on 
Ser/Thr/Tyr residues and enables the phage to
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counteract multiple bacterial defense systems during its 
infection of S. enterica [43]. To abolish the phosphor
othioate (PT)-based DNA degradation (Dnd) defense 
system [44], JSS1_004 phosphorylates DndF and DnH, 
which alters the conformation and thereby activity of the 
DndFGH complex, leading to diminished discrimina
tion and cleavage of non-PT modified foreign DNA. 
Additional phosphorylation events targeting other bac
terial defense modules, such as clustered regularly in
terspaced short palindromic repeats-Cas system 
SIR2+HerA, QatABCD, and DUF4297+HerA, were also 
observed, suggesting that the JSS1_004 functions as a 
broad-spectrum effector to neutralize diverse host de
fense mechanisms [43].

Prophage kinase excludes infection by 
unrelated phages
However, there is also a prophage-encoded kinase that 
protects the host against infection by unrelated phages. 
Stk933W from prophage 933W [45], phosphorylates Thr 
residues and provides its host, E. coli, protection from 
infection by the unrelated phage HK97 [46]. HK97 CII 
protein promotes the expression of Stk933W, and HK97 
Orf41 triggers the autophosphorylation of Stk933W. 
Stk933W phosphorylation results in cell death and hence 
prevents HK97 phage production, thereby protecting the 
bacterial community. However, the substrates of Stk933W 
remain unclear, as does the mechanism of cell death re
sulting from the Stk933W-mediated phosphorylation.

Global analysis of the kinase-mediated 
protein Ser/Thr/Tyr phosphorylation events 
during phage infection
Our understanding of protein phosphorylation during 
phage infection has evolved in parallel with advances in 
proteomics methodology (Table 1). This methodological 
progression is particularly well illustrated by studies of 
phage T7 infection of E. coli, which now serves as a 
paradigm for phosphorylation-based phage counter-de
fense. Initial work using one-dimensional gels demon
strated that T7 infection induces phosphorylation of 
numerous host proteins in a manner dependent on an 
early phage-encoded protein kinase, later identified as 
gp0.7 [37,47,48]. Subsequent two-dimensional gel studies 
refined these observations, revealing that gp0.7 targets 
specific host proteins, including translation initiation fac
tors and ribosomal proteins, and that the resulting phos
phorylation contributes to efficient phage growth under 
certain conditions, although it is not strictly essential for 
infection [38,39]. In contrast, recent LC–MS/MS-based 
phosphoproteomic analysis has revealed a far broader and 
more dramatic impact of T7 kinase activity on the host 
cell [20]. This study demonstrated that activation of gp0.7 
leads to a rapid and pervasive surge in host protein 
phosphorylation, with > 12 000 phosphopeptides detected 
and close to complete, highly stoichiometric 
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phosphorylation of at least ∼80 host proteins. Notably, 
this wave of phosphorylation is transient and confined to 
the early phase of infection, consistent with autopho
sphorylation-mediated inactivation of gp0.7 [49]. Time- 
resolved MS-based phosphoproteomics captured this 
early phosphorylation burst at the proteome-wide and 
site-resolved scale. Functional characterization of selected 
targets showed that phosphorylation can directly in
activate bacterial defense effectors, allowing us to expand 
our knowledge of gp0.7 from a regulator of a small 
number of specific pathways to function as a broad- 
spectrum counter-defense kinase [20].

A similar phosphorylation-based counter-defense strategy 
has recently been described for JSS1_004, a homolog of 
gp0.7. Global phosphoproteomic analysis revealed ex
tensive remodeling of the host phosphoproteome during 
JSS1 infection, with 480 phosphosites identified in 333 
proteins involved in multiple cellular metabolic pathways. 
It also includes multiple components of bacterial defense 
systems. Moreover, 120 phosphosites and 27 phosphopro
teins were found to be upregulated in ΔJSS1_4 [43].

Similar themes are beginning to emerge from phospho
proteomic studies of other phage-host systems. KKP 
module from P. aeruginosa was shown to trigger widespread 
phosphorylation when PfkA was overexpressed, and 
phosphoproteomic analysis identified 2170 phosphosites, 
belonging to proteins in essential cellular metabolic path
ways [34]. Although the precise functional consequences of 
most of these phosphorylation events remain to be defined, 
these data suggest that large-scale phosphorylation may 
also underlie prophage-mediated counter-defense and ly
sogeny control. Phosphoproteomics has also shed addi
tional light on host-encoded kinase systems that function 
in bacterial defense. In Staphylococcus species, activation of 
the Ser/Thr kinase Stk2 by PacK triggers 32 phospho
peptides, including proteins related to transcription, 
translation, cell-cycle control, and stress response [25].

Altogether, these studies illustrated how the application 
of increasingly powerful phosphoproteomic methodolo
gies has shifted the view of phosphorylation during 
phage infection from isolated, pathway-specific mod
ifications to a system-level regulatory strategy, under
scoring that extensive phosphorylation can be deployed 
both by phages and by bacterial hosts, albeit with op
posite outcomes.

Perspective
Despite the extensive presence of Ser/Thr/Tyr kinase 
genes in bacterial genomes, only a few kinases were 
identified as phage-infection-related. Changes in protein 
phosphorylation during phage infection are drastic, and it is 
not certain that all those phosphorylation events can be 
ascribed to the known protein kinases. Therefore, one 

important question in the field is whether we are aware of 
all protein kinases involved in phage infection. Today, the 
advances of deep-learning techniques present unique ad
vantages in data processing and protein structure predic
tion, in particular, with the release of AlphaFold [50]. We 
expect these techniques to accelerate the identification of 
novel protein kinases that could be dedicated to the phage- 
infection response. Longin et al. proposed such a pipeline 
for artificial intelligence (AI)-driven enzyme discovery [51]. 
The pipeline starts with enzyme discovery through deep- 
learning-driven genome mining and genomic context 
analysis. Although it has been revealed that most of the 
bacterial defense system genes are often clustered as a 
defense island in the bacterial genome [52–54], and the 
presence of PglW in the Pgl system in such defense islands 
[52] has been demonstrated, our understanding of the 
presence of Ser/Thr/Tyr kinase genes in defense islands is 
still limited. The pipeline proposed by Longin et al. may 
lead to a significant expansion of our knowledge of protein 
phosphorylation in phage infection response. Moreover, by 
integrating the sequence and structural information with 
the evolutionary context, such AI-based techniques may 
provide insights into the determinants of protein kinases’ 
catalytic specificities and kinetics.

Another major challenge in the field is the quantification 
and functional characterization of the rapidly growing da
taset of phosphosites reported from MS analyses. The Ser/ 
Thr/Tyr kinases are known to exhibit promiscuity toward 
substrates [55,56], which is also demonstrated by the stu
dies of gp0.7, JSS1_004, and PfkA/PfkB. This indicates 
that phage- or host-encoded kinases can rapidly rewire 
large portions of the cellular proteome, either to disable 
host defenses or to trigger abortive infection, rather than 
fine-tuning individual processes. However, the mechanism 
underlying the hyper-phosphorylation events and re
construction of the phosphorylation-driven cellular re
sponse network remains to be fully elucidated.

Regarding the signals that activate these kinases, our 
knowledge is severely limited. There is a hypothesis 
that cell membrane damage or related stress response 
triggered by phage infection could lead to kinase acti
vation, but the particular signals are still undiscovered. 
Furthermore, one cannot exclude the existence of eu
karyotic-like phosphorylation cascades in bacteria–phage 
interactions, in light of the kinases being cytosolic and 
lacking the typical signal-sensing domain. For example, 
Stk1 was thought to be activated also by Stk2, and such 
potential kinase cross-talk events in Bacillus subtilis have 
been indicated by previous studies [57].

Therefore, a systematic view of the phosphorylation 
landscape and longitudinal dynamics is needed. The 
combination of AI-driven kinase discovery, time-resolved 
MS-based phosphoproteomics, and high-throughput func
tional characterization of protein phosphorylation, together
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with prediction of protein-ligand and protein-protein in
teractions and subsequent experimental validation [58,59], 
could begin to fill our knowledge gaps concerning the 
regulatory mechanisms underlying bacterial defense and 
phage counter-defense.
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