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ARTICLE INFO ABSTRACT

Keywords: Protein modifications particularly phosphorylation is governed by a complex array of mechanisms to attain a
Biosensors ) functional conformation and regulate important biological processes in organisms during external environmental
Phosphoproteomics stimuli and hormone signaling. Phosphoproteomics is a promising field of proteomics for identification of pro-
Phosphoproteins

teins with phosphate groups and their impact on structure, function and localization of proteins. Techniques that
allow quantitative detection of proteins and their post-translational modifications (PTMs) have immensely led to
understand the structural and functional dynamics of proteins. Biosensor systems are a relatively new biotech-
nological approach that works on the principle of transforming the interactions of different biological samples viz
proteins, enzymes, aptamers, nucleic acids and so on into the signals such as electrochemical, colorimetric,
optical or magnetic which have been effectively useful in the detection and characterization of phosphoproteins.
The focus of our review is to provide a comprehensive account of the critical role and utility of novel biosensors
such as, fluorescence based, enrichment based, nanobody based biosensors, as promising technical intercessions
to identify phosphoproteins and their influence on structural dynamics of proteins. Furthermore, by studying the
innovative phosphoprotein biosensors we will be able to identify the aberrant phosphorylation patterns to
precisely diagnose diseases.

Post-translational modifications,

1. Introduction advances in protein structure characterization and designs have been

spurred by technical advancements and a huge growth of biological

Proteins (or polypeptides) are polymeric chains of amino acids that
form a biologically active three-dimensional (3D) structure macromol-
ecule outputs encoded from the genetic material of the cells [1,2]. The
native folded structure of proteins is defined by the amino acid sequence
of the biosynthesized polypeptide chain [3]. For decades, the prediction
of the 3D structure of proteins on the amino acid-based sequences is a
challenging topic in computational biophysics, due to its inherent sci-
entific appeal as well as the numerous possible applications such as
strong prediction algorithms for protein structure, ranging from genome
analysis to protein function discoveries. The issue of the production of
amino acid sequences which leads to folding into a specific 3D shape has
subsequently gained a lot of interest as a possible direction towards
rational protein engineering for biotechnology and medicine. These
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databases [4]. An important mechanism of protein activation is post-
translational modifications (PTMs) such as phosphorylation, glycosyla-
tion, acetylation, methylation, ubiquitylation, isoprenylation, SUMOy-
lation (Fig. 1). Among these modifications, phosphorylation is the most
common mechanism of PTM, affecting the structure, cellular activity
and protein function. The interplay of protein modification with mul-
tiple PTMs in prokaryotic and eukaryotic systems contains crucial bio-
logical information [5]. It is known that approximately 30-50% of
proteins might be phosphorylated at any time. The primary phosphor-
ylation targets in proteins are amino acids, such as, tyrosine (Y), serine
(S), threonine (T), histidine (H), aspartate (E), glutamate (D), lysine (K),
arginine (R), and cysteine (C) residues [6]. Addition of phosphate group
to the proteins induces the structural changes and in-turn regulates the
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Fig. 1. Schematic representation of different post translational modifications
inside the cell.

functions of cells like signal transduction, cellular metabolism,
apoptosis, and compartmentalization inside the cells [7]. Signal trans-
duction across mitogen-activated protein kinase (MAPK) cascades in
budding yeast, simultaneous stimulus (high salt concentration and
pheromones) alters numerous pathways previously considered to be
distinct to a particular stimulus. This intra-phosphorylation cross-talk
demonstrated that phosphorylation modifications in several pathways
interacting on greater levels as compared to previously assumed,
demonstrating that the combination of many inputs requires compli-
cated signaling cascade links [8,9].

Phosphoproteomics is a systemic study of protein phosphorylation
by identifying phosphoproteins and the phosphorylated amino acid
residues through applications of qualitative and quantitative approach
[1,2]. Characterization of protein modifications through the phospho-
proteomics is an important feature to examine protein structure, local-
ization and functions. Phosphoproteomics helps in finding the
regulatory functions of protein phosphorylation and dephosphorylation
in molecular networks, as well as the consequences of post-translational
modifications on cellular metabolism. Phosphoproteomics has moved
attention into screening of possible diseases treatments and plays an
important role in comprehension of how phosphorylation participates in
converting distinct messages through regular and abnormal physiolog-
ical responses [10]. Recent biotechnological approaches have lead us
towards integrating proteomics with genomics and transcriptomics to
explain different protein functions (mainly due to protein phosphory-
lation) during normal and stress conditions as for most of the protein
structures and functions are closely linked [1,11]. Various approaches
such as mass spectrometry (MS), Immunoassays, X-ray Diffraction,
Electron Microscopy (EM), Nuclear Magnetic Resonance (NMR) and
Radioactive ATP assays have been primarily used to identify structural
modifications, most importantly with protein phosphorylation [12,13].
However, these techniques or methods are unsuitable due to their high
cost, complexity and sensitivity. To overcome the lacuna associated with
the existing techniques, innovative biotechnological biosensors for
detecting protein phosphorylation and their impact on protein structure
are recently introduced. The current review provides updated account
on protein phosphorylation and its existing functional role in signal
transduction pathways and other cellular roles in higher organisms. The
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proceeding sections deals with the chronicle of plant phosphoproteo-
mics in different dimensions and majority of this review deals with the
basic background of biosensors and their technical applications in
detecting and characterizing the phosphoproteins.

2. Protein phosphorylation: a way forward to understand its
role in cellular dynamics

Protein phosphorylation is a PTM that is a common occurrence in
cells of eukaryotes. During such modifications, phosphate group (PO3~2)
covalently binds to the side chains of amino acid residues mostly serine,
threonine and tyrosine [14,15]. Several enzymes and receptors are
activated and deactivated via phosphorylation/dephosphorylation of
proteins by the enzymatic action of specific kinases and phosphatases
that are exceptionally significant in many cellular processes such as
protein synthesis, cell division, signal transductions, cell growth,
development, and senescence [16]. Thereby, this modification acts as
molecular regulators of proteins, switching its activity on or off (Fig. 2).
Phosphatase behaves in the opposite way as of kinases. The mechanism
of action is hydrolysis of phosphoric acid monoesters into a phosphate
group and a molecule with a free hydroxyl group. Protein phosphatases
when compared to protein kinases, are called passive housekeeping
enzymes. These are more difficult to detect because of their distinct
composition as compared to protein kinases [17]. As a result, phospho-
signaling networks are considered as the center of a wide range of
cellular processes. Protein kinases, phosphatases, with their associated
targets and phospho-binding proteins, make up the majority of phospho-
signaling networks [18]. The known targets of phosphorylation's include
various constituents of the cell such as enzymes, structural proteins, cell
receptors, ion channels and signaling molecules. For example, the
human genome consists of around 568 protein kinases and 156 protein
phosphatases that regulate phosphorylation events and thus, plays a key
part in biological processes including proliferation, differentiation and
cellular death. The kinases may be activated or deactivated in an array
of ways, including cis-phosphorylation/autophosphorylation of the ki-
nases, interaction with activator or inhibitor proteins, or observing their
localization inside the cells with respect to their substrates [19]. For
example, when the external stimulus/ligand binds to an integral mem-
brane protein having kinase action, the signal transduction of phos-
phorylation pathways are activated and phosphorylates different
cytosolic proteins, this cascade prolongs until the particular cellular
action is attained [20]. The mutations in the genetic material lead to
uncontrolled structural changes in the structures of phosphorylated
proteins that involves different signaling pathways and may be
responsible for different pathological conditions [1]. Protein phos-
phorylation is needed for plant cells to recognize as well as respond to
different external signals by kinase receptors to various targets. MAPK
and PI3K/AKT/mTOR are two of the most critical phosphorylation
pathways in higher plants and animals respectively, that play a signifi-
cant part in the direction of signal transduction and biological processes
[21]. Cell survival and proliferation are aided by the PI3K/protein
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Fig. 2. Phosphorylation/Dephosphorylation activation leads to activation/
deactivation of different proteins.
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kinase B (PI3K/Akt) pathway. This activates downstream kinases such as
mTOR, p70 ribosomal protein S6 kinase 1 (p70S6K1), and 4E-binding
protein 1 when the PI3K/Akt pathway is stimulated [10]. MAPK cas-
cades are one of the most frequent pathways for governing cell activity,
and they are found in all eukaryotes including plants, fungi, and mam-
mals [22]. MAPKs are present in the cytoplasm and the nucleus where
they function in a variety of cellular activities, such as growth, devel-
opment as well as in stress responses. They are crucial in the trans-
mission of environmental and developmental cues in plants [23-25].
Earlier reports have also confirmed the involvement of phosphorylated
proteins in the plant differentiation and development. The protein ki-
nases are responsible for the mechanism of phosphorylation and regu-
late various processes such as metabolism and different hormonal
responses [26]. Differentially expressed, post-translational phospho-
proteins were identified from oil palm tissues at various stages such as
embryogenic callus, somatic embryo maturation (globular, torpedo and
cotyledonary stages) and plantlet stages by LC-MS/MS. A total of 460
proteins were identified which were found to be similar to phosphory-
lated proteins identified (starch synthase 3, chloroplastic/amyloplastic,
cellulose synthase-like protein D1, fructokinase-6, chloroplastic, and the
E3 ubiquitin-protein ligase At1g63170-like isoform X2) in the gemi-
nated rice embryos and are responsible for metabolism of carbohy-
drates, protein synthesis or degradation [27]. Various phosphoproteins
which were early identified during seed germination in Arabidopsis,
rapeseed and soybean like GATA transcription factor 26 isoform X2,
acyl-CoA-binding domain-containing protein 5-like I soform X1, and
mitogen-activated protein kinase YodA-like, are important in the bio-
logical mechanisms mostly during embryo germination, seed develop-
ment [28]. Moreover, phosphoproteins that are involved in the somatic
embryogenesis such as transcription factor bHLH68-like, transcription
factor bHLH113-like, ethylene-responsive transcription factor LEP-like,
and somatic embryogenesis receptor kinase 2-like plays important role
in various biological processes, molecular functions and in different
cellular components [29]. The proteins identified on the basis of
different molecular functions were found higher ratios and were
differentiate in proteins, nucleotide, and ion binding, transferase, and
kinases. Similarly, the proteins reported that were involved in the
cellular components were having highest percentages as membranes,
nucleus and the cytoplasm.

3. Plant phosphoproteomics: understanding the technical
intercession to phosphoproteins

Phosphoproteomics analysis was often done through various ap-
proaches to characterize very complex set of phosphoproteins across
sub-cellular compartments and organelles [30]. The characterization of
the phosphoproteomic dynamicity to various environment constraints is
an effective approach to know and describe a wide range of plant
resistance processes. Phosphoproteomics works in identifying phos-
phorylated proteins, quantifying specific sites of phosphorylation,
linking these sites to particular kinases, which are important to biolog-
ical processes. Although with modern techniques, it is possible to gain
knowledge about plant phosphoproteome, still less is known about
various protein kinases and the factors, which mediate their specificity
in plants as compared to mammals. The need for the recognition of
targets for protein kinases to find signaling pathways led to the devel-
opment of new methods [31]. Majority of plant protein kinases are
discovered to take part in crucial functions in stress responses such as
salinity, low temperature and pathogen stress. Understanding
biochemical reactions that occur during stress reactions can help us to
have better insights into the plant biological processes [32,33]. In
plants, the main consideration is to identify the particular proteins for
phosphorylation and the signaling pathways regulated by such modifi-
cations. An effective phosphoproteomic analysis requires the selective
enrichment of phosphopeptides, proper peptide identification and
quantification detailed analysis of phosphorylation spots. Recent
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progresses in these fields have been thoroughly examined. The majority
of the innovations were initially identified in animal and yeast systems
before being introduced to plants [6,30-32]. The kinases cause covalent
additions of a phosphate group to serine, threonine, and tyrosine resi-
dues in eukaryotes and other amino acids mainly histidine, aspartate,
glutamate, lysine, arginine, and cysteine in prokaryotes. This is followed
by the removal of the phosphate groups by protein phosphates, which
are part of important signaling and regulatory mechanisms. Reversible
protein phosphorylation controls a variety of cellular functions,
including transmembrane signaling, intracellular signal amplification,
and cell cycle regulation [6]. Protein kinases compose of approximately
5.5% of the Arabidopsis genome, which is about twice as of human
genome. This indicates that phosphorylation events in plants have a high
level of precision and are organized in complex networks [37]. The
advancements in quantitative phosphoproteomics work in tantum with
plant research (Table 1). The growing available phosphoproteomic data
worldwide about various species and kingdoms will lead researchers to
carry out trans species or cross species studies for characterization of
phosphorylation conserved signatures as well as evolutionary adapta-
tions through phosphorylation in studied species. Protein phosphoryla-
tion and its biological significance have been studied using a mixture of
phosphoprotein/phosphopeptide enrichment methods and scientific
advancements in tandem mass spectroscopy. Through the observations
of the kinases in the levels of the responses, phosphoprotein enrichment
and mass spectrometry techniques can be employed in the finding of
substrates in the phosphorylation states. The most commonly used
phosphopeptide enrichment system make use of the affinity binding
between negatively charged phosphate and positively charged metal
ions [34]. Solid Cation Exchange (SCX) is mostly used in tandem with
Immobilized Metal Affinity Chromatography (IMAC) for enrichment of
phosphopeptides in two steps. SCX-IMAC was used for the first time in
plants, and 283 phosphopeptides were identified. Polymer-based Metal-
ion Affinity Capture (PolyMAC), a variation of IMAC, has demonstrated
high selectivity [38]. Phosphopeptide enrichment using metal dioxides,
particularly titanium dioxides (TiO») and zirconium dioxides (ZrOy) is
becoming more common. The number of phosphopeptides in biological
samples can be greatly improved by serial enrichment with TiO, and
ZrOy [38]. Similarly, protein microarray technologies (antibody
microarrays; reverse protein microarrays) can be utilized to detect the
phosphoproteins from different complex plant protein samples by using
large-scale HT arrays or small-scale customized techniques to detect and
quantify numerous PTMs [39].

4. Biosensors and their critical role in phosphoproteomic
studies

Biosensors are bioanalytical tools designed to detect analytes quan-
titatively in a sensitive manner that have broad series of advantages
ranging from drug discovery, medical diagnostics, food analysis, agri-
cultural and environmental monitoring, security and defense analysis.
The detection of biomolecules, which are either disease markers or drug
targets, is one of the major applications of biosensors. Electrochemical
biosensors for instance, are useful in identifying protein cancer bio-
markers in clinical settings [40,41]. Food analysis, stability, protection
and nutritional values can also be analyzed using biosensors [42]. The
research area has progressed tremendously from its beginning with clark
electrodes to modern-day biosensors. A biosensor works by combining a
biological element (antibodies, enzymes, nucleic acids or aptamers),
immobilized on a transducer, and connected to a detector to detect the
existence of one or more particular analytes, their concentrations and
kinetics in a sample [43]. Specificity and selectivity of biosensor is
resulted by the catalytic or affinity abilities of the biological element.
The signal that originates from the interface between the target analyte
and the biological element/sample is converted by a transducer to op-
tical or electrical outputs (Fig. 3). Biosensors are constructive, resolute,
precise, cost efficient, and simple to use in contrast to other usual
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Table 1

Representation of plant phosphoproteomic studies.
Sample Type Plant Proteomic Approach Method No. of phosphoproteins Reference(s)
Cadium Stress Rice Total protein None 86 phosphoproteins [122]
Cadium Stress Rice Total protein iTRAQ labeling; TiO, enrichment and LC-MS/MS 244 proteins [123]
Developing anthers Rice Total protein TiOz MOAC and Nano UHPLC-MS/MS 203 phosphoproteins [124]
Pistils Rice Total protein; Fe3"-IMAC protein enrichment; HILIC and Nano-LC-MS/MS 588 phosphoproteins [125]
Brassinosteroid treatment Rice Total protein; TiO, MOAC and LC-MS/MS 900 phosphoproteins [126]
Seeds Wheat Total Protein 2-DE, Pro-Q Diamond 14phosphopeptides [127]
Seedling Arabidopsis Total Protein TiOy 429 phosphoproteins [128]
Leaves Tomato Total Protein polyMAC 5471phosphoproteins [129]
Roots Arabidopsis Total Protein IMAC and TiOy 2260phosphopeptides [130]
Microsome Arabidopsis Total Protein TiO, 1229 phosphopeptides [33]
Leaves Cotton Total Protein TiOy 1315 phospeptides [131]
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Fig. 3. Working principle of biosensor and its components.

laboratory detection practices because of their portable, reusable, real-
time responses, highly specific and selective nature [43]. The biolog-
ical recognition elements are selected depending on the targets of in-
terest (such as antibodies and aptamers that are preferred for the
revealing of bacteria or pathogens, while as enzymes for catalytic re-
sults). The immobilization of biological analytes occurs in various ways
mainly through adsorption, covalent binding, entrapment and mem-
brane confinement.

4.1. Understanding biosensors

The basic fundamental components of biosensors are a biological
element and a sensor element which helps in generating signals accu-
rately to the concentration of an analyte in a reaction to interpret bio-
logical or chemical reactions. The first biosensor was an enzyme-based
electrode for the quantification of glucose in the sample. Currently
remarkable research is done to make the laboratories stable economi-
cally for the development of nano size and multiple function biosensors
[44]. Nano-materials are mostly applied in biosensors to provide effi-
cient transfer of charged ions between electrode and target, improved
electrocatalytic actions, rapid diffusion of the analyte, pre-concentration
of analyte molecules at the electrode surface, and anti-fouling capabil-
ities [42,45,46]. Such biosensors are all designed to identify a little
quantity of analyte in a complex biological matrix with a tiny sample
concentration and no fouling. Several approaches are being employed to
maintain the biosensor stable and usable for a longer period of time
[45]. The sensor element of the biosensor consists of signal transducing

part in the form of electrochemical, colorimetric, magnetic or optical
outputs for the selection of different analytes as the important compo-
nents of the biosensors, the advantages being the quick response abili-
ties, accuracy, portability, reproducibility and stability. The important
requirements that must be considered, while designing the highly effi-
cient biosensors are: a) analyte's immobilization should be in indigenous
configuration, b) higher convenience of the receptor sites to the specific
analytes and c) effective adsorption of the analytes with the surface in
use [43]. These requirements are keenly addressed while designing the
biosensors.

The effective immobilization of the biological element over the
sensor involves various mechanisms including a) physical adsorption, b)
self-assembled monolayer (SAM) and c) covalent avidin-biotinylated
complex binding. In physical adsorption mechanism coupling occurs
via hydrophobic forces, Vander Waal's interactions, and ionic in-
teractions for binding between the biological element and sensor. This
strategy has been employed to develop enzymatic biosensors [47].
When the biotinylated antibody (Ab) is immobilized on the transducer,
it forms Avidin-biotin Ab analyte complex. If the transducer has
monolayer assembled and the biological element is attached to the
sensor, such type is known as SAM immobilization mechanism (Fig. 4).
SAM biosensor was developed for tuberculosis by Costa and co-workers
[48]. They developed the electrochemical geno-sensor of mercapto-
benzoic acid and magnetite (Fe3O4) nanoparticles based on SAM for
immobilization of a DNA probe on bare gold electrode. The limit of such
geno-sensor was 6 ng/pL. Another genosensor for Mycobacterium tuber-
culosis was developed using Surface Plasmon Resonance (SPR) [49].
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Biosensors are grouped into various types based on the type of
transducer applied or the biological specificity conferring mechanisms
(Table 2). The transducer transforms the biomolecule-analyte interac-
tion into quantifiable optical or electrical signal readouts. The most
popular biosensors are based on the type of transducer used: (a) elec-
trochemical; (b) optical (including colorimetric); (c) mass based and (d)
thermal and energy based. On the basis of biological specificity or

Table 2
Main classification of biosensors.
Classification Application (s) Principle of Operation Reference
)
Electrochemical Biomembrane or Amperometric, [132]
based biosensor  lipid bilayer, conductometric,
antibodies, enzymes impedance,
potentiometric
Optical based Metallic Chemiluminiscence, [133,134]
biosensor nanoparticles, fluorescence, surface
immunosensors, palsmon resonance
receptor, nucleic
acid, liposome
Mass-based Coupling, binding Magnetoelectric, [134]
biosensor extension piezoelectric
Thermal and Amino acid oxidase, Thermometric, [135-137]
energy based enzyme thermistor, fluorescence resonance
biosensor metabolism, optical energy

imaging

recognition, biosensors are classified into five categories depending on
the biological recognition element: enzymatic, protein receptor-based,
immunosensors, DNA biosensors and whole-cell biosensors [50-53].
The perfect biosensor is highly responsive, selective with a constructive
signal to noise ratio, that gives a quantitative response curve over the
relative concentration of analyte, a spatially and time resolved readings
in vivo without disturbing the internal responses of the system, therefore
provides the information that is advanced over the other existing
approaches.

5. Biosensors for identification of phosphoprotein

Various tools have primarily been utilized for the analysis of struc-
tural changes that occurs with different protein modifications (primarily
due to phosphorylation). Some of these are described below along with
their pros and cons.

5.1. Mass spectrometry

Mass spectrometry (MS) is an analytical tool, which measures the
mass to charge ratio (m/z) of gas phase ions and is a vital tool for pro-
teomics research for characterizing proteomes, to develop new bio-
markers and to understand the cell and molecular regulator systems. MS
is the primary bioanalytical approach for a thorough investigation of
post-translation protein changes which is necessary for the dynamic
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phosphoproteome profiling and quantification [54]. Various ionization
methods are applied for the quantifying of phosphopeptides and phos-
phoproteins by MS approach. They include Fast Atom Bombardment
(FAB), Electro Spray Ionization (ESI), Plasma Desorption and Matrix
Assisted Laser Desorption Ionization (MALDI). The ESI-MS and MALDI
time-of-flight (TOF) have enhanced the sensitivity/specificity of the
mass detection of peptides at the femto-mole level and addition of
phosphate to an amino acid can be determined by sequencing the pep-
tide using Collision Induced Dissociation Mass Spectrometry (CID-MS).
In recent decades, MALDI-TOF/TOF method has been widely used to
identify proteins that are responsible to increase the tolerance of plants
under different kinds of abiotic stresses such as salinity, moisture and
water-deficit stresses [55-57]. The mass spectrometric method is
therefore, directional, quick and potential method for phosphoprotein
analysis. Rice phosphoproteomic experiments have made significant
advances in phosphoproteomics strategies such as phosphoprotein
recognition, phoshopeptide enrichment, MS based characterization, and
phosphorylation quantification over the last two decades and thus
providing tremendous opportunities to classify phosphoproteins and
phosphosites [35,58]. In biological systems, two-dimensional gel elec-
trophoresis (2DE) is one of the flexible and commonly applied technique
for proteome studies and phosphorylation changes. It generates a
graphic design of all proteins which allows for directional detection of
possible variations in protein isoforms and PTMs that were not expected
by gene analysis [59]. Moreover, thousands of proteins are detected
from a complex mixtures by using isoelectric focusing (IEF) and SDS-
polyacrylamide gel electrophoresis [59]. The reports of tyrosine phos-
phorylated (pY) plant proteins are becoming progressively more wide-
spread, and there have been several efforts to explain the pY-proteomics
of various organisms. The application of targeted mass spectrometry
techniques has been promising in identification and quantification of
pY. Targeted techniques such as selected reaction monitoring (SRM) or
multiple reaction monitoring (MRM) are two of the most important
techniques for the analysis of particular phosphosites. In these ap-
proaches, a triple quadrupole instrument is necessary to detect the
specific precursors and product ions charge by mass ratio values of the
target peptides for the quantification of phosphorylated and un-
phosphorylated. Parallel Reaction Monitoring (PRM) is an important
approach related to the single and multiple reaction monitoring and is
recently employed to identify, separate and detect the particular pre-
cursors and product ions of target protein. This approach is now more
specific than Orbitrap because the later is used for high-resolution mass
separation and the identification of low-resolution electron multiplier.
In addition to this, PRM is extremely responsive and fast as it enables the
identification of whole fragment ions in single scan for the target pre-
cursor ions in comparison to the selected reaction monitoring or mul-
tiple reaction monitoring that characteristically identifies fewer
fragment ions in a sequence. The method is more helpful in identifying
low abundance phosphopeptides due to its higher mass accuracy as
enable the different phosphosites confidently. Synthetic heavy isotope-
labeled standards such as absolute quantification (AQUA) of peptides
can be coupled to these targeted approaches, and enables absolute
quantitation [60]. Despite the fact that experimental methods for MS-
based phosphoproteomics data acquirement have advanced appre-
ciably in recent years, resulting in a steadily increasing number of visible
phosphosites. There are still a number of drawbacks for investigating
signaling mechanisms and phosphopeptides using phosphoproteomics
data which ultimately paved way for other advanced biotechnological
approaches to follow. Some of these limitations include the lack of
observed phosphopeptides as strong/ sharp peaks particularly in the
presence of non-phosphorylated proteins due to ionic suppression and
the binding efficiency of phoshopeptide to columns because of hydro-
philic nature. Another difficulty associated with them is the production
of too small or too large peptide fragments as these are not observed in
mass spectrum. Phosphopetides are negatively charged and thus elec-
trospray becomes difficult as it is performed in positive mode.
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Recognition of phosphorylated serine, threonine or tyrosine residues
using MS is not generally possible. Phosphoserine and phospho-
threonine residues are labile (for example, f-elimination), while phos-
photyrosine residues are comparatively extra stable. This necessarily
leads to diverse MS techniques for the analysis [61].

5.2. Immuno-based tools

Standard in situ protein detection techniques for immune-
fluorescence and immune-histochemistry include the use of only one
primary protein antibody. However, phosphospecific antibodies typi-
cally detect the nearly similar phosphorylated epitopes of the targets.
The generation of protein phosphorylation specific antibodies (PSSAs)
made in-situ study of phosphoproteins possible leading to glimpses of
various protein phosphorylation reactions in different complex cellular
structures as well as tissues and high exact identification of phosphor-
ylated proteins using Duolink (that works on the principle of in situ
proximity ligation assay). In situ proximity ligation assay provides a
strong yet easy way to quantitatively observe post-translation changes,
such as phosphorylation of proteins with outstanding specificity and
sensitivity in fixed cells and tissue by employing Duolink-components.
Moreover, covalently transformed proteins may as well be detected in
vivo using the Duolink dual recognition format [62]. Monoclonal anti-
bodies raised against neurofilament proteins became the first PSSAs.
Their identification as PSSAs was an unexpected finding. The PSSAs
generated using synthetic tyrosine-containing phosphopeptides were
also used for observing the activation of erbB-2 [61]. PSSAs for almost
300 types of phosphoproteins as well as phosphorylation sites are now
commercially available. About 90% of phosphorylation in proteins oc-
curs at the amino acids mostly in serine and threonine. Therefore, it is
necessary to identify and quantify such sites. Site-specific phosphory-
lated amino acid antibodies can be helpful in quantifying such signaling
transductions and mapping the phosphorylation sites. Characterization
of such sites through chemical modifications or mass spectroscopy in the
very early developmental stages is important as well as promising. The
antibody that is to be used is predicted and identified with bioinfor-
matics data such as algorithm Scan-site that establishes the ordered data
of proteins associated with anticipation of antibody cross reactivities.
Understanding the epitope sequences will allow the formation of specific
matrix to predict the sites where the phosphorylated protein will
interact with the specific antibody. The main benefit of using this
method is its ability to generate antibodies that distinguishes sub-group
kinase substrates or the sites of modifications such as methylation,
acetylation and proteolytic cleavages [61]. This analysis is an advan-
tageous upon the use of amino acids that may be modified and used as
immunogens, because using the modified amino acids in the perspective
of varied peptides tends to select the antibodies, which are widely
reactive. Such incorporation provided increased contact surface and
binding energy of antibody-antigen interactions for higher affinity.
These two effects generate antibodies that focus on constant residues
and are widely resistant at various positions. The strength of immune-
based tools lies in their higher sensitivity, multiplex capabilities, quan-
titative outputs while as the weakness of these techniques are long-
drawn-out antibody generation, antibody cross-reactions, inadequate
accessibility of phosphorous-specific antibody, requirement for exterior
functionalization [61].

5.3. Nuclear magnetic resonance

Nuclear Magnetic Resonance (NMR) spectroscopy is another
approach used to detect protein structure at micro levels mainly in the
solution phase. The mechanism of NMR was first of all described inde-
pendently by Bloch; Purcell and coworkers [63,64]. The principle of
NMR is that the nucleus of atoms is composed of protons and neutrons
(except hydrogen nucleus, consists of proton only). When a couple of
protons or neutrons exist in the nucleus, they are aligned in a way so that
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their spins are terminated out. Therefore, a net spin subsists for a nucleus
alone if it has an unpaired/odd proton or neutrons or both and alone
such nuclei are NMR reactive or observant. Several nuclei of biological
interest are accessible for study, mainly hydrogen (H), phosphorus (P),
sodium (Na) and carbon (C). The first in-cell NMR principle was
explained and demonstrated by Serber and Co-workers [65] in Escher-
ichia coli cells, where the name “in-cell NMR” was applied to explain
high resolution NMR to acquire structural information of a macromol-
ecule. For example, a protein within living cells as to “in vivo NMR”
which refers to the assessment of small molecules inside the living or-
ganisms. In-vivo NMR is normally connected with lower sensitivity and
loss of signal and the requisite protein amount is considerably higher
than the endogenous levels [61,66]. The organization of the Tau protein
and functions were investigated with high resolution NMR-
spectroscopy. The NMR analytical process allowed Tau phosphoryla-
tion sites to be identified, all modifications were visualized in a partic-
ular experiment and the degree of the incorporation of phosphates was
also quantified [67]. The functional protein kinases have been studied
using NMR. However, these investigations have found that conforma-
tional changes and dynamics in the regulatory function of kinases play a
crucial role [68].

5.4. Electron microscopy

Electrons are also utilized to detect protein structural changes. Pro-
teins scatter electrons approximately ten thousand times more power-
fully than X-rays and these electrons are accelerated inside electric fields
quite a hundred thousand volts to wavelengths which are shorter than
the distance between the atoms in protein structure [69,70]. The addi-
tion of cryo-technology with electron microscopy (EM) leads to precise
structural study of bigger membrane phosphoproteins. Such EM helps in
studying conformational changes and interactions, which are mostly
short-lived and complex to separate and steady in their biochemistry.
Cryo-EM is used to determine the ribosome configuration to obtain the
knowledge on the protein biosynthesis and its regulation, spliceosome,
photosystem II-light harvesting super complex [71] and ATP synthases
[72,73], the exosome [74], chaperone heat-shock protein [75] and the
serine/threonine protein kinase mTOR. It also helps in studying the
rearrangement of protein subunits and binding to diverse partners and
substrates throughout their gathering and functional cycles. The disad-
vantage of EM technique is the time required for the generation of
samples, difficult to obtain images of tilted samples, very low noise to
signal ratio and requirement of high-vacuum environment [76].

5.5. X-ray crystallography

X-ray crystallography (XRC) is an experimental detection of the
atomic and molecular composition of a protein, in which the crystal
configuration causes incident radiations to be scattered into several di-
rections. By observing the angles and intensities of these diffracted rays,
a crystallographer can generate 3D images of the number of electrons
inside the protein crystalline configuration. Therefore, micro-level
analysis of structural characteristics for large number of proteins is
promising [77]. The discovery of X-ray crystallography almost 100 years
before by Von Laue has led to the foundation for imaging 3D crystal
structures. In biological sciences, various structures such as entire
cellular structure, viral structures, structure of organelles and various
necessary protein species are not able to crystallize and therefore, such
structures are not viewed through X-ray crystallography. To overcome
these limitations, other approaches such as nuclear magnetic resonance
(NMR) or crystallography electron microscopy can be used [78]. The
two processes of X-ray diffraction microscopy are constantly under
development in which first is based upon the X-ray diffraction [79] and
second is Bragg's diffraction by the crystalline sample structure to
identify the shape and strain effect in the nanocrystal []. The disad-
vantages of XRC are that it is restricted to solid samples only, not
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favorable for complex physiological systems, requires large quantity of
sample, extended investigation time period, harmful to sample because
of radiations and phase troubles all through the investigation which
leads to small signal to noise fractions [1].

6. Emerging biosensor tools for phosphoproteome analysis

Consequently, it is necessary to understand the changes in protein
structure through new techniques and approaches. Thus, it is important
to gain a deeper understanding of how new advanced biosensors can
identify protein structural changes. In the past three decades, consid-
erable attention has been devoted to biosensor research to be used for
numerous purposes with remarkable progress. Based on publications on
biosensors and phosphoproteome detection using the same in public
domain by using specific keyword-based search on PubMed (htt
ps://pubmed.ncbi.nlm.nih.gov); an increased trend in research is
being observed (Fig. 5). The different biosensor tools that are utilized
includes Foster or Fluorescence Resonance Energy Transfer (FRET)
based, Nanobody based, Enrichment based, Kinase Activity based and
Translocation based biosensors (Fig. 6).

6.1. Forster or fluorescence based biosensors

Fluorescent technology offers great sensitivity, flexible design, great
performance and autonomous operation. It recently emerged as a unique
identifier for studies linked to protein kinases. These biosensors have
been established to make possible the live-cell revelation of protein
configurational changes caused by phosphorylation. Long-range dipo-
le-dipole interactions are used in fluorescence resonance energy transfer
(FRET) biosensors to pass ATPs from a donor fluorophore to the recip-
ient fluorophore in a non-radiative fashion through vanderwaal's in-
teractions and a genetic switch with a fluorescent protein duo capable
for FRET which enables observation of the conformation of the switch by
the alteration in fluorescence [81,82]. Fluorescence biosensors are
engineered for enabling real time observation of protein conformational
changes essentially because of phosphorylation. To identify structural
modifications associated with an enzyme that causes phosphorylation, a
fluorescence-based technique was designed for in vitro and in vivo
investigation of modifications of aurora kinase A (AURKA) which is the
most important protein kinase feature of different abnormal cell di-
visions and the process of commencement through the cell cycle [1]. The
two fluorophores-donors enhanced GFP (EGFP) and acceptor-mCherry/
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Fig. 5. Number of publications using phosphorylated biosensors retrieved from
PUBMED (protein and phosphorylated biosensors). Consulted in May 2021.
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Fig. 6. Major types of modern biosensor tools for phosphoproteome studies with their general mechanism.

Red fluorescence protein (monomeric RFP), were labeled at the -NH3
and -COOH ends respectively to the protein-AURKA. When AURKA is
phosphorylated at the amino acid (Thr288), the catalytic sub-unit ex-
periences alterations, the donor and acceptor fluorophores come in close
proximity and fluorescence is observed therefore, helps in FRET iden-
tification (Fig. 6). The change in fluorescence efficiencies defines the
distances between the two fluorophore pairs (donor and acceptor fluo-
rophores) and is related to the levels of phosphorylation induced
conformational changes in protein AURKA. Therefore, Fluorescence
resonance energy transfer efficiencies offer promising knowledge about
active modifications of AURKA structure and its functions [1]. FRET is
distance and orientation dependent, along with fast drop in effectiveness
at nano-scale spaces smaller than the scatter limit of light and is a
functional biophysical property for sense proximity on a nanoscale to be
visualized as co-localization. The common design for a kinase/s-
messenger biosensor involves a sensor unit, which sense the targeted
changes and a reporter unit to observe the sensor unit's state. This high
throughput fluorescence-based biosensor approach is currently applied
and is verified for large number of other proteins in plants. In such ap-
proaches various tags such as CLIP (20 kDa), Halotags (33 kDa) were
covalently bound with both donor and acceptor fluorescent pairs to
bring them into considerable proximities (less than or equal to 10 nm)
which is favorable for FRET measurements when specifically attached
with the target proteins resulting in higher contrast and higher temporal
resolution imaging [83]. Wang and Co-workers in 2015, designed one
quantum dot (QD) based nanosensor. On the surface of streptavidin-
functionalized QDs, phosphorylated and biotinylated peptides were
assembled in its design after catalyzing with protein kinase which yield
FRET signal formed between QDs and peptide [25].

6.2. Nanobody based biosensors

Protein kinase assays have made substantial development from the
last few decades. A variety of techniques for protein kinase action

analysis and inhibitor screening have been published to date, including
radiometric, colorimetric, electrochemical, fluorescent, and other tech-
niques. New intriguing results in creating protein kinase biosensors with
improved precision, specificity, and sensitivity have recently been
achievable due to various types of nano-materials, therefore, thankful to
the advent of nanotechnology. These are used in a variety of applications
because of their unique physical structures and exceptional optical,
electrical, catalytic, and magnetic capabilities [40,84-86]. Nanobodies
are defined as the small (12-15 kDa) recombinant, antigen specific and
invariable single-domain fragments having the fully potential antigen-
binding capacity of the original heavy chain-only antibodies that
naturally occur in Camelids [87,88]. Nanobodies are encoded therefore
by single exon and these single-domain antibodies can be used as bio-
sensors to track conformational properties of their targets inside a living
cell [89]. Nanobodies, unlike typical antibodies, can penetrate the small
clefts and voids of protein molecules (such as kinase active sites)
allowing them to detect small structure changes with greater sensitivity.
Nanobodies also have a higher affinity for target antigen epitopes, a
short half-life, and are less toxic to cells under physiological conditions
[90]. The specific and selective nanobodies should be for specific target
proteins, which is necessary for expanding various biosensor applica-
tions. The various present techniques such as chromatography or surface
plasmon resonance are not useful in the purpose of binding interactions
between nanobodies and target protein. For solving these limitations, an
engineered yeast-display nanobody library (containing at-least 13,108
unique full-length nanobody clones) was just now formed in which the
identification process involves incubation of antigens along with fluo-
rescent tag and a newly formed yeast library [91]. The structurally
specific nanobody was identified by analyzing their binding abilities
with specific antigens such as applied in G-protein coupled receptors
(GPCR) by utilizing magnetic activated cell sorting (MACS) or fluores-
cence activated cell sorting (FACS) [1]. As the cytoplasm of the cells is
reducing in nature and therefore, these nanobodies possess limited di-
sulfide bonds which make them stable in such environment [92]. The
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application of nanobody-based biosensors in different experiments, has
also established the role of endocytosis on the signaling by the receptors
and in the endosomal signaling pathways. Using such biosensors has
been also helpful in understanding the receptor activation and their
signal transduction such as in plasma membrane, endoplasmic reticu-
lum, golgi bodies and other compartments. A nanobody biosensor
(Nb37-GFP) was employed for recognition of Gas (a guanine nucleotide
free form) from GTP for different substrate and hormones that involves
phosphorylation cascades in endosomes [93]. Nanobody binding to
particular sites of the proteins was found to be affecting the structures of
that targeted protein [94]. The selection of bound clones was done and
then increased in copy number in the typical yeast culture media. The
small nanobodies are also applicable in studying permeability charac-
teristics of cells to analyze protein conformational changes within the
living cells. Lin and Co-workers [87] detailed the essential phosphor-
recognition processes while developing protein kinase detection tech-
niques. These include the phospho-specific recognizing proteins, metal
chelation, ATP analog labels, phosphorylation product measurement,
and many more. Metal chelation (e.g., Zr*", Zn®", Ti**, and Cu?*) is the
most common method for phosphorus recognition. However, these
methods are linked with different limitations, which include recogni-
tion, efficiency and stability issues. Therefore, research and develop-
ment of nanobodies will be advantageous in fulfilling the various
expectations of nanobody, based biosensors. Furthermore, the self-
assembly of alkyl phosphates on the surfaces of metal oxide nano-
particles mostly SnOj, TiOg, Al3O4, ZrOy, and ZnO has been demon-
strated. As a result, these metal oxide nanoparticles may be used to
concentrate phosphopeptides [95].

6.3. Enrichment based biosensors

The enrichment strategies are mainly done either at the levels of
phosphoproteins or at the levels of phosphopeptides. Most enrichment
strategies involve chemical modifications, affinity chromatography
(having affinities for peptides or proteins, which contain negatively
charged phosphate groups on a positively charged matrix) or immuno-
precipitation by utilizing phospho-specific antibodies. The phospho-
peptide enrichment strategies start with protein extraction. As the
total protein extracts from a given tissue is generally complex, therefore,
multi-step protein extraction is important leading to higher proteome
fractions (such as three fraction protein extraction applied for Arabi-
dopsis thaliana pollen). In the first step of protein extraction, a Tris-based
extraction buffer is used to get salt-soluble fractions and with different
steps, protein is extracted. The peptide mixture, including modified
peptides (for example phosphorylated and glycosylated ones) is
enriched for phosphor-peptides. The enhanced or enriched fraction is
consequently MS-analyzed. A second purification step utilizes different
selection matrices, such as Fe®* IMAC (Immobilized Metal ion Affinity
Chromatography) or TiO,-MOAC (Metal Oxide Affinity Chromatog-
raphy) for removing the left over non-phosphorylated peptides earlier to
Mass Spectrometry analysis. Also Zr-IMAC magnetic microparticles is
used in the phosphoproteomic enrichment processes and performs at the
same, if not better, than the IMAC and MOAC procedures [96]. A recent
study found, single-stranded (ss) DNA aptamers to specifically bound to
phosphorylated peptide epitopes of Tau protein as an alternative to
antibodies using the enrichment method [97]. A method based on pro-
tein chip immunosensor was developed for increased sensitivity for
detection of Listeria spp. It provides 10 fold increase in sensitivity
compared to bacteria immunosensing coupled to FRET detection [98].
Traditional aggregation of nano-particles has been used as enrichment
substrate and indicators to various analytes of agriculture and food
samples like proteins, cells, nucleic acids and metal ions due to its ease of
modification, simplicity of operation, and high applicability [99-101].
On the basis of pre-concentration principle, various enrichment methods
such as material-based enrichment techniques, electric-based enrich-
ment techniques [102], and bio-organism-based enrichment techniques
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[103] are proposed to pre-concentrate low-abundant analytes [104].
The biosensor incorporated enrichment method (where low-abundant
samples are incorporated with the biosensor investigative devices) is
an established general approach to enhance the sensitivity and precision
of the analysis of phosphoproteins in the analyte. The first two tech-
niques are used analytically because of greater utilization in the field of
agriculture. In material based enrichment method the enriched samples
are adsorbed or particularly attached to the sorbent [105]. There are
three types of material-based enrichment approaches viz, magnetic
beads, absorbent equipment and aggregated nanoparticle. Magnetic
beads consist of magnetic material like iron oxides, oxides of cobalt,
manganese etc. The most commonly used is iron oxide that acts as
absorbent of biosensor integrated analysis because of its large surface
area, cost effectiveness, modification friendly and greater efficiency.
Mesoporous nanomaterials, which have 3Dstructures, huge surface area,
and multiple nano-scale pore channels, are mostly used in the enrich-
ment of phosphopeptides [106]. Ordered mesoporous carbon compos-
ites with metallic zirconia nanoparticles were produced and
demonstrated with good hydrophilicity for phosphopeptides selective
enrichment [85]. Functionalized metal organic frameworks (MOFs)
have recently been studied for phosphopeptides specific enrichment
[107,108]. Dual-functionalized MOFs, for instance, have been produced
[109], which combines the affinities of immobilized metal ion affinity
chromatography (IMAC) and metal oxide affinity chromatography
(MOAC). MOAC was provided by the Zr—O cluster, whereas IMAC was
provided by immobilized Ti**. For phoshopeptide, it demonstrated a
strong binding capacity as well as excellent post-enrichment recovery
[110].

6.4. Kinase activity based biosensors

Protein kinases regulate almost every aspect of cellular activity.
These critical signaling nodes combine several route inputs to control
complicated physiological processes and help in detecting various ab-
normalities. The fluorescence protein-based biosensor generations have
reformed kinase signaling research to allow precise kinase action mea-
surements inside living cells. Kinase action imaging is rapidly being
utilized to decipher the genetic control of protein kinase A (PKA), an
archetypal kinase which orchestrates several physiological processes by
integrating many pathways [111]. The kinase-based biosensors depend
on phosphorylation caused by kinase enzyme, which leads to the protein
conformational changes and results in the formation of various signal
readouts such as electrochemical or optical or magnetic outputs. The net
phosphorylation levels are detected by measuring directly or by
measuring kinase action during phosphorylation [1]. Wang and Co-
workers in 2017, devised an easy and more sensitive electrochemical
biosensor to detect phosphorylation activity of PKA in which positively
charged electrochemical probe [Ru(NHg)SCI]2+ is altered to contact the
changed peptides or modified electrodes (because of compact forma-
tion) and self-assembly monolayer which is positively charged sample
peptide [112]. When the phosphorylation was done, SAM was loosened
and facilitated the probe permeability because of the interactions be-
tween the phosphate and probe. On that basis, ‘on’ biosensor signal was
made-up and had achieved the purpose of tyrosine kinase activity assay
which was based upon the changes of tyrosine residues earlier and later
on phosphorylation of the residues. Another well-organized technique
for examining protein kinase catalytic action and screen inhibitor is
highly advantageous to kinase-related drug discovery, premature dis-
eases identifications and remedial effects. A simple example of kinase
catalyzed based biosensor is detection of the action of casein kinase II
(CK2) based on phosphorylation modification against enzyme
carboxypeptidase Y (CPY) digestion triggered signal amplifications, in
which CK2 catalyzed phosphorylation event prevents the substrate
peptides from the digestion of CPY and results in a weak electrochemical
signal. While in absence of phosphorylation, the substrate peptide is
cleaved by CPY and a strong electrochemical signal is attained [113]. A
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new and easy electrochemical approach for kinase action assay and in-
hibitor selection was designed, based on phosphorylation protection
against CPY digestion, where the Fe(CN)GB’/ 4 were established as the
electrochemical probe, and the peptide rich in negatively charged
aspartic acid was utilized as substrate peptide [105]. A biosensor with
good sensitivity for detecting kinase activity and degree of phosphory-
lation was developed using electrochemically mediated polymerization.
This method depends on phosphorylating the substrate with the kinase
of interest, followed by attaching polymerization initiator in the form of
alkyl halide to the phosphorylated sites and then attachment of the
electroactive polymer through electrochemically mediated atom trans-
fer radical polymerization (eATRP) [114]. These kinase-based bio-
sensors though being less expensive than current methods and
independent of the need for phosphospecific antibodies, have many
drawbacks, as these are limited to in vitro conditions only and these are
usually substrate-specific and not suitable for common usage. Further-
more, kinase-based sensors are presently limited to the use of synthe-
sized peptides as proof of concept, and their viability for application in
real-sample analysis is still to be determined [1].

6.5. Translocation based biosensors

Kinase Translocator Reporters (KTRs) analogous to kinase-based
biosensors are genetically encoded fluorescent reporters that trans-
form kinase activity into a nucleo-cytoplasmic shuttling event.
Translocation-based biosensors use spatial movement to detect protein
structural change events. Localization changes are generally carried via
phosphorylation in living cells, and thus KTRs exploits this process to
assist kinase reporter development [115]. Transport bio-sensors (TB)
may be applied for mapping and quantifying the activity of nuclear
import and export signals (NLS/NES) [116], evaluate transport co-
factors, and discover substances that interfere with nucleo-cytoplasmic
transport [117]. During expression in eukaryotic cells, it frequently
shuttles between the nucleus and the cytoplasm, but it preferentially
localizes to the cytoplasm due to the different strengths of the transport
signals (NES > NLS). In the expression constructs, NLS-/NES-sequences
are interchangeable, allowing for quick assessment of potential trans-
port signals. Briefly, a KTR is an engineered construct in which a kinase
substrate is merged to a nuclear localization signal (NLS) and nuclear
export signal (NES) either of which may be phosphorylatable as well as
to a fluorescent protein to carry microscopy-based detection of its
localization [115,118]. An unphosphorylated kinase translocator re-
porters enters the nucleus using its nuclear localizing signal (through
bonding with importin). Inside the nucleus, the export signal being
phosphorylated and experiences a structural change which allows the
kinase translocator to break its bond with the importin and exit from the
nucleus and form a fresh bonding to the exportin protein [118].
Therefore, the reporter is transferred inside and outside of the nucleus
that mainly depends on structural modifications because of kinase ac-
tion. These reporters have been promising for simultaneously measuring
several forms of kinases (such as JNK and ERK) in cells by epifluor-
escence microscopy [1]. Protein translocation assays have the possibil-
ities to be used for lead series analysis, chemical library primary
screening, and even gene silencing studies. However, reliable and
trustworthy biological readout systems with a higher signal-to-noise
ratio are indispensable for any relevant applications of high-content
and high-throughput cell-based assays [119]. Research observations
have suggested that the efficiency of KTRs is more as compared to the
fluorescence based reporters to identify the unphosphorylated states of
the proteins [118]. In fluorescence based biosensors, the phosphorylated
protein forms a compact configuration due to which, it is not available to
dephosphorylated enzymes but in case of KTRs which easily and
constantly change between these two forms of transport from nucleus to
cytoplasm and vice versa as phosphorylation and dephosphorylation
affects the transport of the protein e.g, an element of MAPK protein
family namely ERK5 (an extracellular signal regulated kinase 5)
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regulates the shuttling and localization of signaling cascade between
nucleus and cytoplasm inside the cell. Such shuttling of ERKS is CRM1
dependent and is found to be regulated by nuclear localization export
process. NES as mentioned earlier is a small leucine-rich sequence of
amino acids that interacts with the export receptor CRM1/Exportinl.
These results suggested an important significance of dependence of
control mechanism by phosphorylated protein shuttling. Therefore, the
only purpose of kinase-based biosensors depends on the kinase activity
that makes it more advantageous and purposeful than other biosensors
and other existing tools for identification and characterization.

6.5.1. Protein structural changes induced by aberrant phosphoproteins

The conformation changes in the protein structure due to the outer or
inner disturbances strongly affect the protein functions and therefore,
effect cellular metabolism. An important regulator of phosphorylated
serine or threonine to undergo dephosphorylation is Phosphoprotein
Phosphatase-1 (PP1) which regulates number of signaling pathways
inside cell. Such aberrant phosphoprotein enzyme has been reported to
be involved in a variety of pathological conditions. The phosphorylated
threonine which is not dephosphorylated due to the aberrant phospha-
tase Phosphoprotein inhibits the functions by making protein complexes
instead of directly inhibiting the structures or substrate competitions
[117]. Therefore, equilibrium between the protein kinases and phos-
phatases is important to regulate the various biological processes. An
important cellular process -autophagy depends upon the phosphoryla-
tion and it was reported that the autophosphorylation of Atgl protein is
a “regulatory switch” which decides the beginning of the process [122].
A recent proteomics approach is recently developed known as Limited
proteolysis-coupled mass spectrometry (LiP-MS) which identifies the
complex conformation changes on proteomics wider scales. The extract
of proteins of interest, undergo first nonspecific double enzyme digest
step in their natural conditions which is followed by the complete digest
with particular sequence specific enzyme treatment (trypsin) in dena-
turing environments. Such enzyme digestions create conformation spe-
cific peptides which are open to Mass spectroscopy studies.
Subsequently, shotgun/targeted mass spectroscopy and unlabeled
quantification is used to identify and measure structure/conformation
dependent digested phosphopeptide sequences directly in the protein
extracts. The various applications of LiP-MS involve the detection of
induced protein conformational changes, drug target identification,
identifications of disease-associated protein conformation changes
along with the investigation of various aggregates straight from the
biological samples [123]. Therefore, Mass spectroscopy approaches
have been promising in the identification of various structural modifi-
cations due to the different post translational modifications and the
resolution of dissociation constants due to the protein-ligand in-
teractions [124].

7. Conclusion and future perspectives

The development of several modern techniques significantly aids in
the quantification of phosphorylation profile and their stress-induced
modifications in plants. These rapid, sensitive and simple techniques
for studying phosphoproteome studies are critically important for un-
derstanding different signal communication pathways and structural
conformations important for investigating cellular dynamics. Various
techniques for understanding different PTMs, particularly phosphory-
lation and protein kinase activity detection have been developed in the
past years. Mostly in vitro techniques proved to be successful such as
mass spectrometry, immune-based techniques, nuclear magnetic reso-
nance, X-ray crystallography techniques and so on which led to the
discovery of new nodes and limits in signaling as well as regulatory
pathways which are dependent on phosphorylation. Even though
several innovative insights have been attained from quantitative phos-
phoproteomics, some progress is needed to comprehensively improve
total PTM proteome. Currently, modern biosensor tools based
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phosphoproteomic technologies like FRET, Nanobody, electrochemical,
kinase and translocation-based biosensors have been established as an
exciting addition to already existing biosensors to discover new phos-
phorylation sites and signaling pathways. These biosensors have the
ability to undertake protein structural analysis more efficiently and
inexpensively. As a result, more long-lasting, sensitive, specific, and
biocompatible biosensors for phosphoprotein/phosphopeptide or phos-
phate from complex sample matrices are required, as well as novel po-
tential bioreceptor/transducer as probes to observe PTM regulations. As
large data set accumulates, informatic tools will be indispensable, (like
informatics has reported phosphorylation probabilities to be frequent at
the ends of protein sequences). Researchers not only provided new in-
sights into the complex phosphorylation regulatory networks in plants,
but also important information for future functional observations of
protein phosphorylation in plant growth and crop development under
different abiotic and biotic stresses. The phosphoproteomics techniques
are still evolving and far from optimal. Further improvements are
important for comprehensive analysis of the phosphoproteome. Addi-
tionally, to reduce the effects of interferences, practical and efficient
separation procedures must be created. Apart from the aforementioned
considerations, developing portable, cost-effective, and high-
throughput analytical methods remains difficult due to the require-
ment for multidisciplinary expert collaboration. Challenges for the
future include generating an approach that ensures that all sites of
phosphorylation are characterized and precisely quantified. In this
context, improvement of enrichment strategies and quantification of
phosphorylation are the main aims towards the future.
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