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Abstract
Protein phosphorylation is the most common post-translational modification in proteins. The majority of amino acids modified
in a protein are serine, threonine, and tyrosine. It is estimated that 30–60% of proteins in eukaryotes is phosphorylated and
the role of these modifications is well studied. The protein phosphorylation is much less abundant in prokaryotes. The role of
protein phosphorylation in prokaryotes is recently being realized. Identification of all the phosphoproteins present in a bacterial
cell by high-resolution mass spectrometry and using gel-free protein digestion approaches has revolutionized the field. This
review is mainly focused on the role of bacterial phosphoproteome and pathogenicity. A number of biochemical pathways such
as glycolysis, translation, response to stress, sugar transport, and most importantly virulence are also regulated by protein
phosphorylation.
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INTRODUCTION
Serine, threonine, and tyrosine (Ser/Thr/Tyr) residues are
the most common amino acids in a protein that is subjected
to phosphorylation. In eukaryotes, this most common
protein post-translational modification plays a significant
role in a large number of biochemical pathways including
signal transduction, regulation of protein function,
glycolysis, and protein-protein interaction. Until recently,
the protein phosphorylation was thought to be limited to
eukaryotes. The importance of protein phosphorylation
in bacteria is being realized now. Phosphorylated proteins
play an important role in the regulation of almost all
physiological processes in prokaryotes. These processes
include several key steps in the host infection such
as adhesion to the host, triggering and regulation of
pathogenic functions, as well as biochemical warfare.
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In prokaryotes, it is believed that about 1–5% proteins
are phosphorylated as compared to the eukaryotes
which have about 30–60% phosphorylated proteins.
Hence, to identify the phosphoproteins in a bacterium,
the phosphopeptides must be enriched from nonphosphopeptides. Several methods for phosphopeptide
enrichment have been developed, including immobilized
metal affinity chromatography, strong cation exchange
chromatography, and enrichment by antibodies specific
to phosphorylated peptides. The recent developments
in the high-resolution mass spectrometry and methods
to enrich the phosphopeptides led to the discovery of
phosphoproteome in a number of prokaryotes.
In one of the earlier studies, Macek et al. identified the
Ser/Thr/Tyr phosphoproteome of model bacterium
Escherichia coli.[1] It was the first prokaryote where the
large-scale phosphoproteome was identified using
phosphopeptides enrichment and high-resolution mass
spectrometry. This publication resulted in a significant
interest in bacterial phosphoproteomics and soon a
number of other studies were published. Soufi et al.
identified the phosphoproteome of Lactococcus lactis and
Misra et al. identified the phosphoproteome of Listeria
monocytogenes by phosphopeptide enrichment and “gel-free”
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high-resolution mass spectrometry.[2,3] Most recently, the
tyrosine phosphoproteome of Gram-negative Shigella
flexneri was determined by Standish et al. These studies
clearly established that Ser/Thr/Tyr phosphorylation
plays a very important role in different aspects of bacterial
life including virulence. The list containing some of the
bacterial species where the phosphoproteome has been
identified by phosphopeptide enrichment and highresolution mass spectrometry is presented in Table 1.

PHOSPHORYLATED PROTEINS IN VIRULENCE
The most important role played by phosphoproteins
is in the pathogenesis of the bacterium. A number of
proteins already known to play an important role in host
infection and bacterial survival have been reported to be
phosphorylated. Examples include superoxide dismutase,
catalase, PrfA, and WcaJ proteins. [4-7] Arguably, the
tyrosine phosphorylation plays a more important role
in virulence than serine/threonine phosphorylation in
pathogenic bacteria. Understanding the full role of the
phosphoproteins in bacterial pathogenesis is important in
discovering novel ways to block the infection by pathogenic
bacteria and treat the infection after symptoms develop.
The discovery of phosphoproteome of many pathogenic
bacteria has opened new ways to achieve this goal.[8-11]

PHOSPHORYLATED PROTEINS IN
PEP:SUGAR TRANSFERASE SYSTEM

Table 1: Ser/Thr/Tyr phosphoproteome of bacteria

Escherichia coli
Bacillus subtilis
Lactococcus lactis
Streptococcus pneumoniae
Listeria monocytogenes
Helicobacter pylori
Mycobacterium tuberculosis
Klebsiella pneumoniae
Acinetobacter baumannii
Clostridium acetobutylicum

97

Number of
Number of
Year
phosphosites phosphoproteins
81
78
73
163
143
126
500
93
91
52

79
78
63
84
112
67
301
81
77
44

PHOSPHORYLATED PROTEINS OF SUGAR
METABOLISM
A large number of proteins of sugar metabolism, like
glycolysis, have been identified to be phosphorylated.[12,13] In
L. monocytogenes, the majority of glycolytic including fructose-1,
6-bisphosphate aldolase, glyceraldehyde 3-phosphate,
pyruvate kinase, and enolase are phosphorylated on either
serine or threonine amino acids. The site of phosphorylation
on these enzymes appears to be conserved. For example,
in L. monocytogenes, the S211 is phosphorylated, and in
L. lactis, serine 216 is phosphorylated. Both of these sites
are conserved as seen by aligning the protein sequences of
these two enzymes. Likewise, glyceraldehyde-3-phosphate
dehydrogenase is phosphorylated on threonine 211 in
L. monocytogenes and threonine 212 in L. lactis. Phosphorylation
on some of the glycolytic proteins seems to be limited in
some bacterial species only. For example, triosephosphate
isomerase is phosphorylated only in Bacillus subtilis.[14] The
widespread conservation of phosphorylated sites on the
enzymes of sugar metabolism suggests an important role
of phosphorylation in the activity of these enzymes.

PHOSPHORYLATED PROTEINS IN RESPONSE
TO STRESS

Bacteria use PEP:sugar transport system also known as
PTS system to transport sugars and sugar derivatives.
In addition to this, they are involved in a large number
of cellular processes. A central protein of this system,
Hpr is reported to be phosphorylated on five different
sites in L. monocytogenes. In L. lactis, the fructose-specific
EIIABC is phosphorylated on two different serine residues.
Mannose-specific EIIAB is serine phosphorylated in E. coli
and threonine phosphorylated in S. pneumoniae. Several

Bacterium name

other components of PTS system are reported to be
phosphorylated on serine or threonine including EIIA,
EIIB, and EIIBCA.

2008
2007
2008
2010
2011
2011
2010
2009
2014
2012

Bacteria live in an environment where they are subjected
to continuous exposure to chemicals and conditions that
are stressful. They need a mechanism to survive adverse
conditions.[15,16] A large number of proteins have been
identified in bacteria that help bacteria in overcoming
challenges faced by bacteria. Phosphoproteomics studies
identified a number of these proteins to be phosphorylated.
DPS family proteins demonstrate potential to bind iron and
have been implicated in protecting DNA in bacterial stress
conditions. It has been reported to be phosphorylated
and phosphorylation might play an important role in its
function. Heat shock protein DnaK protects the bacterial
DNA in thermal stress. It has been reported to be
phosphorylated in E. coli, L. monocytogenes, and Streptococcus
pneumoniae.

CONCLUSION
Improvements in phosphopeptide enrichment and mass
spectrometry methods for phosphopeptide identification
methods allowed the identification of phosphoproteome
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of a number of bacterial species including pathogenic
bacteria. Phosphoproteins representing almost all the
bacterial processes have been identified. The sites of
phosphorylation are also mostly conserved. This indicates
that phosphorylated proteins play an important role in
bacteria including virulence.[17,18]
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