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A significant development in mass spectrometry instrumentation and software in the past 

decade has led to its application in solving complex biological problems. One of the emerging 

areas is Chemical Proteomics that involves design and use of chemical reagents to probe protein 

functions in ‘a live cell’ environment. Another aspect of Chemical Proteomics is the 

identification of target proteins of a drug or small molecule. This is assisted by photoreactive 

groups, which on exposure to UV light, covalently link the target proteins that can be purified by 

affinity-based enrichment followed by mass-spectrometric identification. This phenomenon of 

Photoaffinity labeling (PAL) has been widely used in a broad range of applications. Herein, we 

have designed chemical tools to study Zika endocytosis and phosphoproteomics. 

Zika virus has attracted the interest of researchers globally, following its outbreak in 2016. 

While a significant development has been made in understanding the structure and pathogenesis, 

the actual mechanism of Zika entry into host cells is largely unknown. We designed a chemical 

probe to tag the live virus, leading to the identification of the virus receptors and other host 

factors involved in viral entry. We further validated neural cell adhesion molecule (NCAM1) as a 

host protein involved in early phase entry of Zika virus into Vero cells. 

The second aspect is the development of the DIGE (Difference Gel Electrophoresis) 

technology for phosphoproteomics. Phosphoproteins are known to be involved in various signaling 

pathways and implicated in multiple diseased states. We designed chemical reagents composed of 

titanium (IV) ion, diazirine and a fluorophore, to covalently label the phosphoproteins. Cyanine3 

and cyanine5 fluorophores were employed to reveal the difference in phosphorylation between 

samples for the comparative proteomics. Thus far, we have successfully demonstrated the labeling 

of standard phosphoproteins in both simple and complex protein mixtures, and the future efforts 

are towards applying the technology to identify phosphoproteins in a cell lysate. 
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 TRACING ENDOCYTOSIS BY MASS SPECTR0METRY 

1.1 Introduction 

Endocytosis can be described as a process by which a cell internalizes plasma membrane 

lipids, proteins, and extracellular materials via membrane-coated vesicles. The different endocytic 

pathways can be broadly classified into phagocytosis and pinocytosis. Phagocytosis is the 

engulfment of pathogens and other foreign agents by specialized certain types of cells like 

macrophages.1 Pinocytosis is more general and can be observed in most of the mammalian cells, 

and it can be further divided into most widely studied clathrin-mediated endocytosis (CME), 

caveolae-mediated endocytosis, clathrin and caveolae-independent endocytosis, and 

micropinocytosis.2 These pathways differ in the size of the internalized moiety, and composition 

of the invagination, as well as the environment inside the vesicles, and sequence of structures and 

proteins involved in the pathway. As CME is recognized as the most commonly used 

internalization mechanism by various ligands3, this chapter will focuses on the details of CME, 

and the methods to map the pathway using mass spectrometry. 

1.2 Clathrin-mediated Endocytosis 

CME is the most extensively characterized cellular uptake mechanism and much progress 

has been made in deciphering the pathway for CME at the molecular level. Basically, CME 

requires the binding of ligands to specific receptors on the plasma membrane, to generate the 

signals required to initiate cellular uptake process. Some of the early examples of CME include 

clearance of lipoproteins from blood by induction of its internalization4, and antigen presentation 

on the cell surface by endocytosis of antigens for the activation of the immune system. The process 

is followed by recruitment of coat proteins to the membrane, and formation of specific coat at the 

cytoplasmic end of the plasma membrane. The coat is primarily composed of a cytoplasmic protein 

clathrin, which polymerizes at the plasma membrane only at the site of endocytosis. Clathrin 

assembly induces the membrane to bud inwards to form invaginations, which further grows to 

form clathrin-coated vesicles (CCVs) containing the ligand bound to the receptor. Eventually, the 

vesicle is pinched off from the membrane by another set of proteins led by a GTPase, dynamin, 

resulting in the internalization of the ligand-protein complex. The vesicle gets uncoated before 
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merging with different cellular compartments of the pathway, which hence decides the fate of the 

cargo (Figure 1). 

1.2.1 Formation of Clathrin-Coated Vesicles  

The forming of vesicle was observed using electron microscopy for the first time by Roth 

and Porter in 1964.5 Using electron microscopy, researchers studied the uptaking of yolk proteins 

by the oocyte of mosquito Aedes aegypti L. and observed the presence of pits on the surface of the 

oocytes, with a layer of 200 Å bristle-coat on the cytoplasmic face of the membrane. Structurally, 

these pits were found to be similar to the intracellular vesicles, suggesting that the vesicles were 

derived from the pits and represented a later stage of internalization. The vesicles closer to the 

membrane were about 140 - 150 µm in diameter, and the ones deeper into the cytoplasm were 

much larger in size and without the bristle-coat. This hints at the loss of the bristle-coat from the 

vesicles, which eventually fuse to deliver the yolk protein inside the oocyte. 

Five years later, the coated vesicles were isolated from the nerve endings of guinea pig brain6, 

and Pearse further isolated them from pig brain in 19757. Both of these studies were aimed at 

understanding the coat structure using electron microscopy. In the former, Kanaseki and Kadota 

described the vesicle as a basket like structure, composed of repeats of hexagons and pentagons, 

which was reconfirmed by Pearse. Besides the structure, Pearse also found that the coat is 

essentially made up of only one major protein with a very high molecular weight of about 180 kDa 

using gel electrophoresis. Also, the digestion of coated vesicles led to the loss of this protein band 

on the SDS gel, suggesting that the 180 kDa protein is specifically present on the outside of the 

vesicles (cytoplasmic face of membrane). Pearse named it as Clathrin. In later studies, purified 

coat proteins were further explored for their molecular arrangements. A purified clathrin exists as 

a trimer of heavy chains, each linked to a light chain.8,9 The three heavy chains appear as three 

bent flexible legs diverging from a common point, hence called a triskelion. The heavy chains 

trimerize at a domain close to the C-terminus, while the light chains do not interact with each 

other.10 Understanding the arrangement of clathrin units was challenging due to the heterogeneity 

of light chains. There are two types of light chains of clathrin (LC) in mammalian cells, LCa and 

LCb, which are randomly associated with the heavy chains in the triskelions, giving rise to four 

types of clathrin units- 3LCa, 2LCa-1LCb, 1LCa-2LCb, 3LCb. Moreover, the relative expressions 

of these light chains vary in different tissues. These light chains are considered to have regulatory 



15 

 

functions in vesicle coating and uncoating, as they possess the domains for phosphorylation, hsc70 

(an uncoating protein) binding and calcium binding.11,12 In 1992, through affinity purification of 

the fragments using the anti-clathrin antibody, Nathke et al. proved that the domains of clathrin 

heavy chains are involved in triskelion formation.10 This was followed by another study on clathrin 

assembly in 1995 from the same group.13 These studies indicated that the interacting domain 

(residues 1488-1587) of each heavy chain belongs to the carboxy-terminal third (residue 1074-

1675), which also forms the ‘hub’ of the triskelion. The ‘hub’ is comprised of the vertex, the 

proximal portion of the legs extending to the bend region, and mediates all the important functions 

of the triskelion, including trimer formation, interaction with the light chains, and self-

polymerization to form the cage. 

Along with clathrin, there have been growing evidences of co-isolation of some other 

polypeptides or coat proteins. Another major protein associated with CCVs was identified as 

‘adaptor’ or ‘accessory’ protein complex (AP complex) whose high molecular weight subunits of 

100 kDa and 50 kDa were frequently identified in gel electrophoresis.8 There are four different 

types of AP complexes: AP-1, AP-214,15, AP-316,17, and AP-418,19, each containing four subunits. 

Three subunits are conserved and common to all, namely σ (20 kDa), µ (50 kDa), and β (100 kDa). 

The fourth subunit of 100 kDa is characteristic to each AP complex, and is named after the Greek 

letters, γ for AP-1, α for AP-2, δ and ε for AP-3 and AP-4, respectively. Even though the AP 

subunits have similar arrangement in the complexes, their localization inside the cell differs 

significantly. For example, out of the four, AP-1 and AP-2 are the only major AP complexes 

associated with CCVs. AP-1 plays an important role in trans-Golgi network (TGN), while AP-2 

is critical in the cellular uptake process.14,15 Both AP-1 and AP-2 were shown to initiate clathrin 

assembly and coat formation.20 AP-2 is the primary focus here, as it is the most important adaptor 

protein complex involved in receptor-mediated endocytosis at plasma membrane.15 AP-2 interacts 

with cytoplasmic domains of transmembrane receptor proteins and helps in the recruitment of 

cytosolic clathrin to the membrane. In fact, it acts as a linkage between the membrane and clathrin. 

This was confirmed by electron microscopy in which adaptor protein was found to be in between 

the vesicle membrane and the clathrin coat surrounding it.21 The α domain of AP-2 complexes 

with the membrane proteins and the β is on the side of clathrin. Even in vitro, AP-2 and clathrin 

were found to polymerize together to form a lattice similar to a vesicle coat, under physiological 

conditions.20,22 
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Besides the above two coat proteins, the involvement of a few more proteins has been 

identified in clathrin-coated vesicles such as dynamin, amphyphysin, synaptotagmin, AP180 or 

CALM5, synaptojanin, and receptor-specific arrestins, and Eps15. The next section will include 

the specific roles of some of these proteins. 

Molecular mechanism for CCV formation: CME is highly complex and dynamic, but is highly 

regulated. A lot of understanding of the process resulted from the studies on synaptic-vesicle 

recycling in presynaptic neurons, and the proteins involved have isoforms commonly found in 

non-neuronal cells.23 The formation of clathrin-coated vesicles can be broadly divided into three 

steps: Binding of the ligand to the receptor which initiates recruitment of coat proteins to the 

membrane, assembly of coat proteins, and budding of vesicle that result into its release into the 

cytoplasm. The vesicle then gets uncoated in an ATP-dependent process by a heat shock protein 

cognate, hsc70, in combination with auxilin, which is also reported to have a role in clathrin 

assembly.24,25 The complexity of recruitment and assembly processes at the membrane require 

involvement of several other proteins which are discussed below. 

A number of molecules have been identified in the initial recruitment of coat proteins, 

primarily AP-2 complex, to the membrane. Phosphoinositides are membrane phospholipids that 

interact with N-terminal region of the α subunit of AP-2 with high affinity, and thus mediate its 

trafficking to the membrane.26,27 In a similar context, protein phosphatases like phospholipase D 

(PLD) and synaptojanin 1 were also shown to play a role in AP-2 recruitment. West et al. studied 

the effect of PLD on the adaptor recruitment, and found that the addition of exogenous PLD 

stimulates the AP-2 recruitment, while Neomycin, an inhibitor of endogenous PLD activity, 

inhibits both endosomal and plasma membrane recruitment of AP-2.28 Similarly, synaptojanin was 

also proposed to mediate the interaction between coat proteins and plasma membrane. Another 

protein, Synaptotagmin 1, was shown to be a key protein required for the ‘high affinity’ binding 

of AP-2 to plasma membrane.29 In fact, it was considered as a docking site for AP-2. 

Synaptotagmin is a synaptic vesicle protein, the binding of AP-2 with synaptotagmin is stimulated 

by the tyrosine-rich endocytic motifs of cargo proteins.30  

Besides coat protein recruitment to the membrane, a critical piece of information lies in the 

cytoplasmic domain of the receptor proteins. The sorting signals present on the cytoplasmic 

domain determine the selectivity of cargo. Some of the most widely studied sorting signals are rich 

in tyrosine31 and C-terminal dileucine32. The sequence YXXO, where X is any amino acid and O 
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is an amino acid with bulky hydrophobic side chain, is recognized by the AP-2 via its µ subunits, 

while different adaptor complexes bind to dileucines by diverse subunits.33 These adaptor proteins 

then initiate clathrin assembly. 

There are also other adaptor-like proteins that play the accessory role in the endocytosis 

process, by connecting the receptors with the clathrin coated vesicles, or directly interacting with 

clathrin or AP-2. This includes receptor-specific arrestins like β-arrestin and arrestin-3, which 

associate β-adrenergic receptors and other G protein-coupled receptors (GPCRs) to endosomal 

vesicles, and assist in their endocytosis. β-arrestin was shown to regulate desensitization and 

endocytosis of β2-adrenergic receptor by binding with its phosphorylated form.34,35 Another 

synaptic vesicle protein AP180 complexes with the AP-2 to enhance the clathrin coat assembly, 

and is also crucial for the endocytic mechanism, as its mutation in Drosophila led to impairment 

of synaptic vesicle endocytosis.36,37 An analogue of AP180 in non-neuronal cells, clathrin 

assembly lymphoid myeloid leukemia (CALM) was shown to interact with clathrin heavy chain.38 

In a study by Benmerah et al. the epidermal growth factor receptor substrate 15 (Eps15), a tyrosine 

kinase substrate involved in EGFR signaling pathway, was found to be associated with AP-2 and 

hence involved in endocytosis.39 The role of Eps15 in the cellular uptake process was further 

confirmed by its presence in the CCVs, and co-localization with both clathrin and AP-2 in vivo.40 

The N-terminal of Eps15 is composed of repeats of 70 amino acids that form EH (Eps15 homology) 

domain, while the C-terminus is rich in DPF sequence and possess the AP-2 binding site. EH is a 

highly conserved domain and is involved in multiple protein-protein interactions.41,42 One of these 

proteins, Epsin, was identified as a binding partner for Eps15 and an important player in endocytic 

process. Epsins are widely distributed in tissues, and also interact with AP-2 by their central region, 

as evident by their co-precipitation along with both Eps15 and AP-2 from brain extracts.43 Both 

Eps15 and epsin do not form major coat proteins, yet their interactions at the membrane promote 

clathrin lattice formation leading to invagination, and budding. 

After coat proteins recruitment and assembly that result in the formation of clathrin-coated 

pit, the next step is the scission to dissociate clathrin-coated vesicles from the membrane. A 

handful of proteins are known to be involved in this fission process to yield the clathrin vesicles. 

As mentioned previously, a key mediator is the protein dynamin, a 100kDa GTPase, with several 

isoforms present in mammalian cells.44 Initially identified as a microtubule-binding protein, 

dynamin was later shown to assemble at the plasma membrane to form helical tubes or ‘collars’ 
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around the neck of invagination, which then constrict and hence pinch the vesicle from the 

membrane.45,46 The role of dynamin was understood from studies on a homologous gene product 

from Drosophila shibire. The adult Drosophila with the shibire mutation suffers from temperature 

sensitive paralysis, which is the result of impairment in endocytosis.47 Further studies by Damke 

et al. on HeLa cells overexpressing mutant dynamin which lacks the GTP binding activity revealed 

a defect in the pit constriction and vesicle budding in mutant cells compared to the wild type. No 

effect on coat protein recruitment or assembly was observed, indicating dynamin’s importance in 

CCV formation.48 Amphiphysin is another protein known to involve in the fission process. Indeed, 

amphiphysin links CCV budding with dynamin activity and mediates clathrin interaction with 

dynamin. In vitro, amphiphysin alone was shown to form narrow tubules from spherical liposomes 

(a property of dynamin), and in combination with dynamin, assembles around the tubule in the 

form of ring to promote the fragmentation.49 

1.2.2 Vesicle Uncoating and Fusion with Endosomal Compartments 

Clathrin uncoating is an essential step as it allows the fusion of vesicles to the endosomal 

compartments. Hsc70 is recognized as the major protein responsible for the uncoating, with the 

help of auxilin and ATP.24,25,50 During this process, initially, an AP-clathrin-Hsc70-ADP complex 

formation takes place using the uncoated clathrin triskelions, which is followed by the exchange 

of ADP by ATP. The new complex AP-clathrin-Hsc70-ATP is a stable steady state complex and 

inhibits further clathrin uncoating activity of Hsc70. In the absence of AP, Hsc70 dissociates from 

the uncoated clathrin and continues to uncoat more clathrin from vesicles.51 

After uncoating, the vesicle fuses with the early endosomes to deliver the cargo, from where 

it is either recycled to the surface (recycling endosomes) or sorted for degradation (late endosomes 

or lysosomes). It might also include some specialized compartments like MHC class II required 

for antigen presentation in immune cells, or secretory lysosomes.52 It is relatively easier to 

investigate these late endocytic compartments by subcellular fractionation and morphological 

studies. However, since most of the molecules are degraded quickly after reaching lysosomes, the 

in vitro interaction studies are quite challenging. Lysosome contains an acidic medium and has 

multiple hydrolases to perform ultimate degradation of any endocytosed cargo. Usually, these late 

compartments receive the macromolecules from early lysosome and trans-golgi network (TGN), 

and there is an exchange of contents among late endosome and lysosomes.53 
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The whole intracellular trafficking of vesicles is tightly regulated by Rab GTPases. They are 

the master regulators that not only control the movement of vesicles between organelles, but also 

ensure their directionality. Different types of Rabs are located in different cellular compartments 

and have varying functions. For example, Rab5 is involved in early endocytic steps and modulates 

the merging of vesicles to form early endosomes, while Rab7 and Rab11 are linked with late and 

recycling endosomes.54,55 

1.3 Mass Spectrometry as a Tool to Study Endocytosis 

Mass spectrometry has been previously used as a tool to highlight perturbations in endocytic 

machinery in various diseased states. For example, changes in expression of CME proteins like 

dynamin-156–58, AP-259, and amphiphysin60 were observed in schizophrenia and bipolar disorders, 

by mass-spectrometric methods. Additionally, there have also been advancements in 

understanding endocytosis using proteomic approaches, which can be broadly classified into the 

following categories: 

1.3.1 By Isolating Clathrin-coated Vesicles 

One of the early mass spectrometric methods to reveal the players in clathrin-mediated 

endocytosis was by enrichment of vesicles into cellular fractions followed by their mass 

spectrometric analyses. This approach was applied to CCVs isolated from rat brain.61,62 Using 

quantitative proteomics, by either labeling with isotopic (SILAC) or isobaric (iTRAQ/TMT) tags, 

it provides information about the organellar localization of proteins.63–66 From an adult rat brain, 

CCVs were purified by differential centrifugation combined with a series of density-gradient 

centrifugations. The samples were further separated by gel electrophoresis, and proteins were 

identified by excising bands, in-gel digestion, and downstream mass spectrometric analysis. In 

total, 209 proteins were identified of which 92 were previously known CCV-associated proteins, 

including both heavy and light chains of clathrin, and all four subunits of AP-2 and AP-1 complex. 

Besides, 25 proteins were contaminants, leaving rest 92 as potential CCV-linked proteins.62 A 

similar proteomic approach was applied by Girard et al. to CCVs isolated from adult rat liver.67 

They identified 346 proteins with high reproducibility, encompassing all the known CCV coat 

proteins and 21 novel proteins. Through label-free quantitative proteomics, they revealed a 

relatively lower expression of clathrin light chains (CHLs) compared to heavy chain (CHC) in 
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CCVs enriched from liver, in contrast to previously established 1:1 ratio between CHC:CHLs in 

brain CCVs. Furthermore, the higher (3:1) ratio of AP2:AP1 in CCVs from brain was found to be 

reversed for CCVs purified from liver, suggesting that most of the CCVs from liver originate from 

TGN pathway. In a separate study, Enthoprotin was discovered as a novel clathrin vesicle-

associated protein from rat brain and liver, by mass spectromtery.68 Enthoprotin was found to 

colocalize with clathrin and AP-1, and further stimulate clathrin assembly by interacting with the 

clathrin heavy chain. In general, mass spectrometry can be used as a tool to discover novel CCV-

associated proteins. 

However, the mixing of organelles while tissue homogenization or cell lysate preparation, 

imperfect purification and sample contamination by membrane and abundant proteins are common 

problems encountered in subcellular proteomics. This might lead to assignment of false positive 

identifications to organelles. The issue was partially resolved by comparing the proteins identified 

in CCVs with vesicles obtained from clathrin-depleted cells using quantitative proteomics to avoid 

contaminants.69 The comparative proteomic strategy involved enrichment of CCVs from HeLa 

cells and mock CCVs from clathrin-knockdown cells, and employed two dimensional difference 

gel electrophoresis (DIGE) and iTRAQ for quantitative measurement of protein ratios. In total, 

522 proteins were quantified by iTRAQ labeling, out of which 53 had ratios of 2 or higher for 

CCVs/Mock CCVs. Half of these proteins were known CCVs related proteins, four were 

contaminants, and remaining were novel candidates. However, the purity of CCVs obtained was 

much lower than the previous studies on rat brain and liver. Borner et al. utilized an improved 

CCV purification method, and performed an extensive quantitative proteomic study on CCVs from 

HeLa cells.70 Besides siRNA knockdown of clathrin, the researchers also used auxilin depleted 

cells. As previously discussed, auxilin is known to have a role in vesicle uncoating. Hence, auxilin 

knockdown cells will have an accumulation of clathrin coat rich in clathrin-interacting proteins, 

but devoid of the cargo. Moreover, these clathrin cages will represent the proteins from endocytic 

vesicles rather than intracellular vesicles, hence assist in distinguishing between the two CCVs. 

Protein ratios were measured for CCVs relative to the ones obtained from clathrin depleted cells 

(CCVs/clathrin-knockdown) and auxilin depleted cells (CCVs/auxilin-knockdown) by SILAC-

mass spectrometry. As expected, majority of known coat components were found to have a high 

ratio for CCVs/clathrin-knockdown and low ratio for CCVs/auxilin-knockdown cells, while 

contaminants did not change much between samples. Specifically, AP-1 and AP-2 complex 
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proteins had inverse ratio profiles, as they belong to intracellular and endocytic CCVs respectively. 

The method further utilizes the protein profiling through cluster analysis. The quantified proteins 

meeting the selection criteria were grouped and visualized using Principal Component Analysis, 

and the proteins in the close proximity were found to exhibit similar functions. Clathrin, AP-1, and 

AP-2 were clustered separately and away from other proteins. These complexes were surrounded 

by some known interacting proteins and some novel candidate CCV proteins. Based on cluster 

profiling, 136 proteins were considered as CCV-associated proteins, which included >93% of 

known components and 36 new candidates. Hence by using comparative proteomic approach, the 

proteins specific to CCVs could be identified. 

As a further improvement in quantitative proteomic method to identify the true components 

of CCVs, Borner et al. developed fractionation profiling71, a universal approach based on the 

principle of quantifying the fractionation behavior of CCVs, instead of obtaining an absolutely 

pure CCV fraction. The gene silencing studies do provide reliable information about the coat 

components of CCVs, yet they cannot be universally applied to all cell types. The method is highly 

specific for cell lines amenable to perturbations. In contrast, fractionation profiling is applicable 

to a wide range of cell lines. The method utilizes differential centrifugation along with SILAC for 

quantitation. HeLa cells were metabolically labeled with heavy amino acids, and fractions were 

obtained from both light and heavy labeled HeLa cells. The ‘light’ fraction was further sub-

fractioned into three fractions of similar total protein amount, using a series of increasing speed 

centrifugations, and the ratio of proteins in the three subfractions were quantitated against the 

reference ‘heavy’ labeled fraction. As expected, the abundance of known CCV proteins, like CHC, 

AP-1 and AP-2, reduced proportionally with increasing centrifugation speed, hence distinguishing 

them from non-CCV proteins with different distribution profiles. The diverse applicability of the 

approach was demonstrated on Drosophila S2 cells, being the first method to reveal CCV proteome 

of an insect cell. The investigators profiled more than 3500 and 2400 proteins from CCVs obtained 

from HeLa and S2 cells respectively. Therefore, the measurement of relative abundance 

distribution across fractions enabled the identification of true CCV components with high 

sensitivity and selectivity. 
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1.3.2 By Using Chemical Proteomic Approaches 

1.3.2.1 Receptor Identification by Ligand-Receptor Capture (LRC) Technology 

As discussed previously, the process of endocytosis begins by the activation of receptors to 

initiate sorting signals. Receptors are particularly interesting as they are the first point of contact 

between the cell and various ligands including proteins, drugs and pathogens. This binding triggers 

the endocytosis of interacting cargoes; hence receptors are of great importance in the process. A 

landmark study to reveal the membrane proteins or receptors for an array of ligands was published 

by Wollscheid and colleagues. The Chemical Proteomic technology, called TRICEPS, utilizes a 

trifunctionalized reagent to covalently label the ligand of interest. The reagent comprises of a NHS-

based reactive ester to label the free amines on proteins (or other ligands), a protected hydrazine 

to capture the oxidized receptor glycoproteins, and a biotin tag for affinity purification and 

downstream mass spectrometric identification.72 Another similar study was recently published 

called HATRIC, which makes use of click chemistry for enrichment, hence reducing the false-

positive identifications due to non-specific protein binding of streptavidin.73 

1.3.2.2 Employing Functionalized Dendrimer 

All previous developments based on vesicle isolation provide comprehensive analysis of 

CCV proteome with high confidence, however, lack the ability to identify transiently associated 

proteins to CCVs. For example, the cargo cell surface proteins like receptors are known to reside 

in clathrin coated vesicles for a shorter time, and eventually move to early, late, or recycling 

endosomes. On the same lines, the above methods are unable to offer any information about the 

changes in CCV proteome with time, which is often more important in the study of cellular uptake 

process. We developed a novel strategy to decipher endocytosis by chemical crosslinking based 

mass spectrometry, enabling identification of protein changes at multiple time points.74 The 

method called TITAN (Tracing Internalization and TrAfficking of nanomaterials), relies on the 

functionalization of a polyamidoamine generation 3 (PAMAM G3) dendrimer with a UV-reactive 

photocrosslinker, a fluorophore, and an affinity handle for both covalently-linking the proteins and 

mapping the endocytic pathway of nanoparticle internalization (Figure 2A). The PAMAM 

dendrimers are potential carrier molecules for therapeutic agents. G3-G1 PAMAM dendrimer 

conjugate, with G1 dendrimer linked to a fluorescence-labeled new generation taxoid, was shown 

to internalize efficiently in ovarian and breast cancer cells at a 20 µM concentration.75 The 
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modified dendrimer was allowed to enter HeLa cells at 37 °C for 0.5-2 hour, and UV light was 

irradiated to crosslink dendrimer-interacting proteins at fixed time points, followed by affinity 

purification and quantitative mass spectrometric analyses (Figure 2B). The aldehyde-hydrazide 

bioconjugation was employed for affinity purification, which enabled stringent washing conditions 

of 2% SDS, 8 M urea, and 3 M NaCl to remove non-specific interactors. The proteins were 

identified by LC-MS/MS. Using label-free Quantitation (LFQ), any protein which increased by 

two-fold in UV compared to No UV control, was considered as a crosslinked protein. In total, 809 

proteins were crosslinked, including TFRC, CLTC (clathrin), and LAMP1 as marker proteins for 

different stages of endocytosis. Besides, a vast majority of other players in endocytosis were 

identified with high confidence (Figure 3). Hence, TITAN enabled an unbiased and high-

throughput identifications of endocytic proteins. The method offers an additional advantage of 

providing information at spatial resolution, hence revealing direct interactors during the 

internalization of nanoparticles. 

1.4 Conclusion and Future Directions 

Endocytosis is a complex cellular uptake process that comprises recruitment of several 

cytoplasmic proteins to the cell surface and induction of different signaling processes. The 

internalization begins by the attachment or binding of the cargo to the membrane ‘receptor’ protein, 

and formation of a pit enclosing the cargo, followed by the release of the invaginations to yield 

coated vesicles. The major proteins that form the vesicle coat are clathrin and adaptor proteins 

primarily AP-2. After release, eventually, the vesicle gets uncoated and fused to the early 

endosome. Subsequently, the cargo might follow the lysosomal degradation path via late 

endosome or the recycling pathway, assisted by the Rab7 or Rab11 respectively. 

Mass Spectrometry offers a powerful and sensitive way to investigate the endocytosis 

process, besides the traditional methods. While there are a handful of mass spectrometric studies 

on endocytosis, based on nanoparticle internalization, it is only recently that a time-resolved 

proteomic strategy was developed, called TITAN, to trace nanoparticle internalization. This high 

throughput method provides unbiased identification of proteins involved in nanoparticle entry, 

besides offering the advantage the visualization to monitor the process. The method relies on the 

functionalization of a PAMAM dendrimer with a UV-photocrosslinker and a fluorophore for mass 

spectrometric protein identification and visualization respectively. It is a first proteomic study of 
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its kind to provide protein identifications at spatial resolution, as it allows the capture of direct 

interactors of nanoparticle during its entry into the live cell. 

With the recent advancements in mass spectrometric instrumentation, and software for 

chemical proteomic and crosslinking use, the understanding of the complex endocytosis 

mechanism has truly enhanced. The idea of functionalization of nanoparticles could be further 

expanded to infectious viruses or pathogenic bacteria. This will serve as a useful tool to decipher 

the pathways utilized by various infectious agents to cause pathogenesis.  
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Figure 1.1: Diagram showing the phases of endocytosis: Ligand binding, Coat proteins 

recruitment, Coat assembly, Scission leading to release of clathrin coated vesicle, Uncoating, and 

Fusion with early endosome. 
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Figure 1.2: (A) Schematic representation of the functionalized dendrimer. (B) Experimental 

workflow for TITAN analysis. 
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Figure 1.3: Spatiotemporal information for dendrimer-interacting proteins involved in the 

clathrin- and caveolar/raft-mediated endocytic pathways revealed by TITAN analysis. 
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 MAPPING THE EARLY STAGE ENTRY OF ZIKA 

VIRUS INTO HOST CELLS 

2.1 Summary  

The outbreak of Zika in early 2016 created worldwide urgency and demanded rapid 

development in research pertaining to Zika virus. Till date, this has led to the elucidation of 

structure of Zika virus, development of neutralizing antibodies, and exploration of the host 

factors involved in Zika entry into various cell lines. The later, though, is not completely 

unraveled, primarily due to the lack of a robust and high-throughput method to study the 

enveloped virus internalization. Here, we present a novel technology to trace the early stage 

entry of Zika virus into host cells. Zika virus was labeled on its surface with a chemical probe, 

which carries a UV-photocrosslinker to covalently link any virus-interacting proteins on UV 

exposure, and a biotin tag for subsequent enrichment and mass spectrometric identification. The 

'surface modified' virus was allowed to either attach or enter Vero cells, followed by UV-

photocrosslinking at certain time points, to reveal the receptor or other host proteins critical for 

virus internalization. We identified Neural Cell Adhesion Molecule (NCAM1) as the potential 

attachment factor/ receptor for Zika virus, which we validated using antibody inhibition in Vero 

cells and overexpression into HEK 293T cells. Furthermore, using the technology we isolated 

other direct interactors of Zika virus, which might be critical for its pathogenesis. The method 

could serve as a universal tool to map the entry pathway of other enveloped virus, including 

Dengue and West Nile from the family Flaviviridae. 

2.2 Introduction  

Zika was first discovered in the Zika valley of Uganda in 1947 (1), however, only after the 

recent outbreak in South Americas it was declared a health emergency (2). Early cases were 

observed with skin rash, fever and other mild symptoms, but later a close relation between Zika 

infection and microcephaly in newborns and Guillain-Barré syndrome (GBS) in adults were 

reported (3,4). The primary mode of transmission to humans is through an infected mosquito, 

Aedes aegypti. 
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Zika belongs to Flaviviridae, the same family as dengue virus (DENV), West Nile virus (WNV), 

Japanese encephalitis virus (JEV), and yellow fever virus (YFV). It is a positive-strand RNA 

virus with a genome of about 11,000 nucleotides, which are translated into a single polyprotein, 

further processed by viral and host proteases to form three structural and seven non-structural 

proteins. Like other flavivirus, a mature Zika virus is composed of a nucleocapsid enclosed in an 

icosahedral shell containing 180 copies (90 dimers) each of the envelop E and membrane M 

proteins (5). E protein is the key surface glycoprotein involved in receptor-binding and 

membrane fusion with the host cell (6). 

Zika virus has been the focus of immense investigation since the recent epidemic. Initial 

studies on Zika structure revealed its structural similarity with other virus from Flaviviridae, 

besides the peculiar Asn154 glycosylation site present on each of the E proteins (7), the thermal 

stability, and the compact surface of the virus (8). Progress has also been made towards 

developing therapeutics, by isolating neutralizing monoclonal antibodies from infected human 

subjects (9). However, a much deeper understanding of the immune response elicited and the 

various virus-host interactions are required for the rapid development of antiviral agents.  

Identification of direct interactors of Zika virus during its entry into the host cells not only 

suggests different molecular pathways manipulated by the virus, but also provides immense 

opportunity to develop antivirals by offering new potential drug targets. However, owing to the 

transient nature of these interactions and the extreme rapidness in the flavivirus entry, in general, 

tracing the direct interactors of virus is a formidable task. One of the key proteins that assist in 

virus binding and entry is a receptor protein.  Furthermore, mapping the host factors critical for 

viral infection will highlight the molecular pathways manipulated by the virus to maneuver to its 

benefits. 

Here, we present a novel chemical proteomic technology to trace the virus entry and 

identify virus-interacting proteins. The virus ‘surface proteins’ were chemically labeled using a 

probe that bears a UV-photocrosslinker and a biotin handle (Figure 1B). The trifunctionalized 

probe contains a cysteine-reactive maleimide group to label the virus surface proteins, a diazirine 

for covalently crosslinking the virus-interacting proteins on exposure to UV light, and a biotin 

tag for enrichment and downstream mass spectrometric analysis (Figure 1A). The three 

functionalities are separated by a polyethylene glycol (PEG)-like linker to confer membrane 

impermeability so as to allow endocytic viral entry, while offering the flexibility for efficient 
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crosslinking and enrichment. The labeled Zika was used to infect Vero cells and proteins were 

crosslinked at fixed time points to identify the virus receptors and elucidate the virus entry 

mechanism (Figure 1C). Vero cells were chosen due to the well-established high infectivity of 

Zika, and the diazirine group was selected due to its high selectivity in protein crosslinking (10). 

The diazirine group allows tracing the virus movement in ‘real-time’, which is challenging due 

to the highly dynamic nature of the process and the transient virus-host protein interactions (11). 

Moreover, the crosslinking chemistry permits the identification of receptors, which otherwise 

being a hydrophobic membrane protein, presents its own challenges (12, 13). Compared to the 

previously reported mass spectrometric method (14) for identification of receptors, specific to 

glycoproteins, our method offers the additional advantage of covalently linking proteins at 

different time points, thus serving the dual purpose of identification of receptors and other host 

factors involved in different stages of virus entry. Lastly, this novel technology can be applied to 

relatively unstable enveloped viruses, owing to the minimal labeling by cysteine-reactive 

maleimide group. 

2.3 Experimental Procedures 

2.3.1 Materials 

Cells and Reagents: Vero (African green monkey kidney) and HEK 293T (human 

embryonic kidney) cells were maintained in DMEM media supplemented with heat-inactivated 

10% FBS, at 37 °C and under 5% CO2. Low passage cells were used for the virus propagation 

and all other infection experiments. The anti-NCAM monoclonal antibody for blocking cell 

surface protein and immunofluorescence assay was purchased from BD Biosciences (Cat. No. 

559043), while the antibody for Western blot was obtained from Cell Signaling (Cat. No. 3576). 

Streptavidin-HRP antibody was bought from R&D Systems (Cat. No. DY998), and 4G2 

antibody was generously provided by Richard Kuhn, Purdue University. All reagents for 

synthesis were obtained from Sigma-Aldrich, ChemPep Inc, Peptides International Inc, 

Novabiochem (EMD Millipore), and Alfa Aesar. 
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2.3.2 Mature Zika Preparation 

Approximately 1 x 10^9 Vero-Furin cells (15) were infected at a multiplicity of infection 

(MOI) of 0.1 with Zika virus (strain H/PF/2013) at 37 °C (16). Virus particles were purified from 

media collected at 60 and 72 hours post infection (hpi) according to (17). Briefly, virus particles 

were precipitated from the media with 8% polyethylene glycol (PEG) 8000 overnight at 4 °C, 

pelleted at 8891xg for 50 minutes at 4 °C.  Re-suspended particles were pelleted through a 24% 

sucrose cushion, re-suspended in 0.5 mL NTE buffer (20mM Tris pH 8.0, 120mM NaCl, 1mM 

EDTA) and purified with a discontinuous gradient in 5% intervals from 35% to 10% K-tartrate, 

20mM Tris pH 8.0, 1mM EDTA. Mature virus was extracted from the gradient, concentrated and 

buffer exchanged into NTE buffer. 

2.3.3 Plaque Assay 

The plaque assay was performed as described previously with some modification (18). 

Purified Zika virus was diluted serially in the order of ten folds, and incubated with monolayers 

of Vero cells for 1 hour at room temperature. Cells were layered with agarose, and incubated at 

37 °C for 3 days. Plaques were counted following cell staining using Neutral red. 

2.3.4 Synthesis and Purification of Labeling Reagent 

The virus-labeling reagent was synthesized on the Rink-Amide-AM-Resin (200-400 mesh) 

1% DVB, manually, using standard solid phase peptide synthesis approach. A 20% piperidine 

solution in DMF (N,N-Dimethylformamide) was used to deprotect the fmoc (9-

Fluorenylmethoxycarbonyl) groups, while 95% TFA (Trifluoroacetic acid) was used for boc 

(tert-Butoxycarbonyl) group deprotection. HCTU (O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate) was utilized as an activating agent for the carboxyl 

group on the incoming reactant, in presence of the base NMM (4-methylmorpholine). The 

synthesis was performed on the 30 µmol scale, and using 2.5 times excess of the reagents 

compared to the resin. Each step involved the deprotection of amine group, activation of 

carboxyl group followed by coupling reaction. The excess reagents were removed by thorough 

washing of beads by DMF. Ninhydrin test was performed after each deprotection and coupling 

reaction. 
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The synthesis was performed using the strategy, as previously described (19). 80 mg (30 

µmol) of Rink-Amide-AM-Resin was added to the fritted reaction vessel. Beads were 

conditioned with DMF for 15 minutes. The solution was removed by filtration, and 20% 

piperidine was added to the beads for fmoc deprotection. The mixture was rotated for 30 

minutes, and solution was removed followed by beads washing with DMF. A reaction mixture of 

Fmoc-Lys-Biotin-OH (44.60 mg, 75 µmol), HCTU (31.03 mg, 75 µmol), and NMM (16.49 µl, 

150 µmol) in DMF was added to the resin, and rotated for 4 hours at room temperature. The resin 

was washed with DMF, and fmoc deprotection steps were repeated. A solution of N-Fmoc-Nʺ-

succinyl-4,7,10-trioxa-1,13-tridecanediamine (40.70 mg, 75 µmol), HCTU (31.03 mg, 75 µmol), 

and NMM (16.49 µl, 150 µmol) in DMF was rotated with the resin for 4 hours. Excess reagents 

were removed and the resin was washed with DMF. Similarly, Fmoc-Lys(Boc)-OH (35.14 mg, 

75 µmol), N-Fmoc-Nʺ-succinyl-4,7,10-trioxa-1,13-tridecanediamine (40.70 mg, 75 µmol), and 

6-Maleimidohexanoic acid (15.84 mg, 75 µmol) were coupled after fmoc deprotection. The resin 

was washed with DMF and dichloromethane, and the molecule was cleaved from the resin using 

95:5 mixture of TFA:TIS (Triisopropylsilane) for 1.5 hours. The cleavage step also deprotects 

the boc group, making available a free amine in the product. The crude product was concentrated 

and HPLC (Agilent 1100) purified using a gradient of 5-85% B (A: 0.1% TFA/H2O, B: 0.1% 

TFA/CH3OH) for 30 minutes on Waters XBridge Prep BEH130 C18 column 5 µm, 10 X 250 

mm. MALDI-MS was performed to characterize the product. 

In order to add the diazirine functionality, the pure maleimide-biotin product was dissolved 

in DMF and reacted with excess NHS-LC-Diazirine (succinimidyl 6-(4,4´-

azipentanamido)hexanoate) in phosphate buffer pH 8, for 2 hours at room temperature. The 

product was purified by directly loading the mixture on the column and using similar HPLC 

conditions. The final product was characterized by MALDI-MS, dissolved in DMF and used for 

virus labeling. 

2.3.5 Virus Labeling 

Purified Zika virus was diluted to 500 µl with PBS pH 7, and mixed with the synthesized 

labeling reagent in the concentration of 0.1 µM. The virus was labeled by end to end rotation in 

4 °C overnight. The labeling was initiated a day before the cells reached confluency for 
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infection. The reaction was quenched by adding three times higher concentration of cysteine, 0.3 

µM. 

2.3.6 Virus Infection and Crosslinking of Host-Proteins 

Vero cells were first grown in T-150 flasks in DMEM supplemented with 10% FBS, then 

passaged to the 15 cm plates and grown to confluency. Cells were washed with cold PBS twice, 

and cooled down in 4 °C for 5 minutes. The labeled virus was diluted in DMEM and added to 

the cooled cells at an MOI of 5. Cells were rocked for 1 hour in 4 °C, to allow for virus 

attachment. For the receptor crosslinking, the unbound virus was removed, cells were washed 

once with cold PBS, and directly exposed to the UV light for 15 minutes on ice. All the above 

operations were performed on ice and using cold PBS to minimize any virus entry. To 

understand the virus internalization mechanism, virus was allowed to enter cells by incubation in 

37 °C for 4 and 8 minutes, after pre-attachment for an hour at 4 °C. Subsequent to UV 

photocrosslinking, cells were collected by scraping in PBS, and stored in -80 °C until further 

processing. As a control, cells treated with the labeling reagent and exposed to UV were 

included. 

2.3.7 Sample Preparation for LC-MS Analysis 

Frozen cells were lysed in 1% SDS supplemented with protease inhibitor on ice, using 

sonication (10 cycles for 10 seconds each, with an interval of 10 seconds). Cell lysates were 

cleared by centrifugation at 14000 rpm to pellet down cell debris, and supernatant were used for 

the biotin-Neutravidin affinity purification. Bicinchoninic acid (BCA) assay was performed for 

protein quantitation, and the lysates equivalent to 1 mg protein for each sample were reduced and 

alkylated by boiling at 95 °C, in 10mM TCEP (Tris(2-carboxyethyl)phosphine) and 40mM CAA 

(chloroacetamide) respectively. The lysates were then diluted to 0.1% SDS and rotated with 50 

µl preconditioned Neutravidin beads in 4 °C overnight. The beads were washed three times with 

0.1% SDS in Tris pH 8.5, and then transferred to the low protein binding eppendorf tubes, where 

they were further washed three times with 25mM ammonium bicarbonate (ABC) buffer pH 8. 

200 µl ABC buffer was added to the beads, and proteins were digested on-bead at 37 °C using 2 

µl Lys-C for 3 hours and 200 ng trypsin for 12 hours. The supernatant containing peptides was 

collected and beads were washed twice with 50 µl ABC buffer, further pooled with the 
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supernatant. Peptides were acidified and desalted using in-house StageTips with SDB-XC (3M). 

The peptides were dried, resuspended in 0.1% formic acid, and analyzed by LC-MS/MS. 

2.3.8 LC-MS/MS Analysis 

The peptides were loaded on a 45 cm column, in-house packed with C18 resin (2.2 µm, 

100Å, Michrom Bioresources), and separated using the gradient system 10-30% B (solvent A: 

Water/ 0.1% formic acid, solvent B: 80% Acetonitrile/ 0.1% formic acid) over 60 minutes at a 

flow rate of 250 nl/min. Liquid Chromatography was performed on an EASY-nLC 1000 

(Thermo) connected to the Orbitrap Velos Pro mass spectrometer (Thermo) by a nanospray 

source. Data acquisition was performed in data-dependent mode, in which a full scan (range 

from m/z 350-1800 at a resolution of 30000) was followed by MS/MS scans of top 10 abundant 

peptides with a dynamic exclusion for 60s and dynamic list of 500. 

2.3.9 Statistical Analysis 

Raw files were processed with MaxQuant v1.5.5.1 (20), and the Label-free Quantitation 

(LFQ) (21) was performed. The raw data was searched against UniProtKB green monkey 

(Chlorocebus sabaeus) FASTA database with Andromeda search engine (22), using standard 

parameters. Carbamidomethylation was set as a fixed modification for cysteines, while oxidation 

of methionine and acetylation at N-terminus were selected as variable modifications. Enzyme 

specificity was set to trypsin with maximum two missed cleavages. The search was performed 

with 1% false discovery rate (FDR) at both peptide and protein levels. The identifications were 

transferred from the sequenced peaks to the unidentified peaks of the same m/z within a time 

window of 0.7 minutes (match between runs) across samples. All potential contaminants were 

removed, along with proteins only identified by site. Proteins with valid values in minimum two 

out of three replicates in at least one group were only considered, and values were imputed for all 

missing values based on normal distribution. Data was analyzed by Perseus (23), and t-test was 

performed to identify proteins with significant changes (permutation based FDR 5%). Proteins in 

the significant region with at least 2.5-fold change for UV at different time points vs control 

were considered as crosslinked proteins, which were further analyzed by Ingenuity Pathway 

Analysis, DAVID (Database for Annotation, Visualization, and Integrated Discovery), and 
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STRING. Proteins were matched to their homologs from UniProt human database for the 

analysis. 

2.3.10 Antibody Inhibition of Virus Infection  

Antibody inhibition assay was performed according to the protocol described before (24). 

Vero cells in six-well plate were preincubated with 30 µg/ ml of anti-NCAM or control IgG in 

DMEM for 45 min at room temperature. Cells were then infected with purified zika at an MOI of 

0.1 in the presence of antibody. Cellular RNA was purified after 24 h, and RT-qPCR was 

performed to measure viral RNA.   

2.3.11 RNA Extraction and RT-qPCR 

RNA was extracted using RNeasy mini kit (Qiagen, Valencia, CA) as per manufacturer's 

protocol, and RT-qPCR was performed using SuperScript III Platinum SYBR Green One-Step 

qRT-PCR kit (Invitrogen, Grand Island, NY). The purified total RNA in water, were normalized 

and used to generate cDNA. Gene expression was measured using Applied Biosystems 7300 

real-time PCR system. The conditions used were 4 minutes at 50 °C, 5 minutes at 95°C, and 40 

cycles of 15 seconds at 95 °C and 1 minute at 60 °C. The number of viral RNA copies was 

determined using a standard curve. 

2.3.12 Overexpression of NCAM in HEK 293T cells 

HEK 293T cells at the confluency of 60% were transfected with an expression plasmid 

with NCAM1 (GenScript, OHu00262D), using lipofectamine 2000 reagent. 48 hours post 

transfection, cells were challenged with Zika virus at MOI of 0.1. The virus was incubated with 

the cells at 4 °C for 1 hour, and increase in viral attachment was measured using RT-qPCR. 

2.3.13 Immunofluorescence 

Vero cells or HEK 293T cells (for transfection with NCAM1) were seeded on cover slips in 

24-well plate. Cells were washed with PBS and fixed with 3.7% paraformaldehyde for 10 

minutes at room temperature. Cells were again washed with PBS three times and blocked with 

2% BSA in PBS for 1 hour. Anti-NCAM antibody in blocking solution was incubated with the 

cells for 1 hour at room temperature. Cells were washed three times and incubated with anti-

mouse FITC or anti-mouse Alexa Fluor 488 for 1 hour at room temperature. DAPI staining was 
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performed for 10 minutes, followed by final three PBS washes. Cover slips were mounted on 

glass slide and images were captured using Olympus IX81 fluorescence microscope with a 60X 

oil immersion objective. 

2.3.14 Western Blot 

Following overexpression of NCAM1 in HEK 293T, cells were lysed at 48 hours post 

transfection. The samples were boiled at 95 °C in gel loading buffer and 1,4-Dithiothreitol 

(DTT) for 5 minutes. The cell lysates were separated on the precast NuPAGE 4-12% Bis-Tris 

polyacrylamide gels (Invitrogen) for 90 minutes at constant voltage of 150V. A MOPS solution 

(50 mM MOPS, 50 mM Tris-base, 1 mM EDTA, 0.1% SDS) was used as a running buffer. The 

proteins were transferred onto polyvinylidene fluoride membranes in Bicine-Bis-Tris transfer 

buffer containing 12% methanol, for 75 minutes at a constant current of 275 mA. The membrane 

was blocked with 2% BSA in TBST, and probed with anti-human NCAM (Cell Signaling) for 1 

hour at room temperature. Following washings, anti-mouse IgG HRP-conjugated secondary 

antibody (Cell Signaling) was utilized for visualization. 

2.4 Results and Discussion 

2.4.1 Design and Synthesis of Labeling Reagent 

The labeling reagent is designed so as to be biocompatible with desired aqueous solubility. 

Maleimide was preferred as the virus ‘surface’ labeling functionality, due to the minimal labeling 

of cysteine residues. Zika, like other flavi viruses and enveloped viruses in general, are quite 

unstable and prone to undergo structural changes under external influence. Considering the virus 

stability, and in order to ensure virus infectivity, we preferred minimal labeling of virus under 

mild conditions at neutral pH. The other important functionality is a UV-photocrosslinker, 

diazirine which was employed due to its high selectivity attribute. The carbene formed after 

exposing to UV light crosslinks any protein in close-proximity to Zika virus, which is likely 

receptors or other host proteins from pathways manipulated by the virus in the infection process. 

The short half-life and reactive nature of carbene ensures a fewer non-selective crosslinking of 

proteins besides virus-interacting proteins. The two functional moieties are separated by a 

biocompatible and polar linker to impart flexibility for efficient crosslinking. The third moiety is 

biotin, required for affinity purification of viral E protein and the crosslinked host proteins, 
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which were subsequently identified by quantitative proteomics. The synthesis of reagent was 

performed on the solid phase resin. The identity of intermediate and the final product were 

confirmed by NMR and Maldi-MS. 

2.4.2 Labeling of a standard protein 

Bovine serum albumin (BSA) was used as a model protein to test the labeling capability of 

the reagent. BSA was incubated with 1 mM of reagent in phosphate buffer pH 7, overnight in 

4 °C. Reaction was quenched, and biotinylated proteins were enriched on streptavidin beads. The 

captured proteins were eluted by boiling, and separated on SDS-PAGE. According to 

quantitation based on band intensities, the labeling efficiency was estimated to be 25-30% 

(supplementary fig). Separately, prior to labeling, BSA protein sample was pretreated with TCEP 

and CAA to reduce and alkylate the cysteine residues. As shown in supplementary fig., the BSA 

labeling by the reagent was blocked by the alkylation of cysteine residues, suggesting the reagent 

labeling site as the available cysteines. 

2.4.3 Labeling of Zika E proteins 

Pure Zika virus was labeled using the maleimide-based labeling reagent by gentle end-to-

end rotation overnight. After quenching the reaction with excess cysteine for 1 hour, the particles 

were denatured with 0.2% SDS, and the labeled surface proteins were captured on high capacity 

streptavidin agarose (Thermo Scientific) for 1 hour at room temperature. The beads were pelleted 

by gentle centrifugation. Flow through was removed and beads were washed three times with 

harsh washing condition of 1% SDS for five minutes each. The beads were boiled in gel loading 

buffer to elute the labeled E proteins, which were separated on gel and visualized by silver stain. 

We also confirmed the identity of E proteins by immunoblotting using 4G2 antibody and a HRP-

conjugated secondary antibody (Supplementary Figure 1C). Note that we used a higher capacity 

streptavidin beads here to maximize enrichment, with the additional advantage of stringent 

washing condition to avoid any non-specific binding. We detected no loss of labeled proteins 

with this washing condition, during our optimizations, which is similar to the reported data (25). 

2.4.4 Infectivity testing of labeled Zika Virus 

One of the challenges in a chemical proteomic based study of virus-host interactome for 

flavi virus, an enveloped virus, is their inherent instability to mechanical or chemical agents. 
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Hence, after chemically labeling the surface proteins of Zika, we confirmed the infectivity of 

virus particles and compared it with the ‘unlabeled’ virus using plaque assay. No loss of 

infectivity was observed under labeling conditions for 1 mM reagent concentration. 

Furthermore, several unique peptides from E protein of Zika were identified by mass 

spectrometry with high confidence. The labeled virus diluted in DMEM, when added to Vero 

cells, successfully entered the cells confirming the infectious nature of labeled Zika. About 11 

unique peptides from E protein were identified and quantified across the three time points of 

infection. Moreover, we did not identify any peptides from membrane (M) protein, capsid, or any 

of the non-structural proteins of Zika, further confirming the exclusive tagging of virus surface 

with the reagent. It is primarily owing to the membrane impermeable attribute of the reagent 

imparted by the PEGylated linkers. Hence, we concluded that the ‘minimal’ labeling of virus 

achieved by cysteine-reactive maleimide group does not perturb the infectivity of the virus. 

2.4.5 Identification of Zika receptors and other host factors/ direct interactors with Zika virus 

Flavi virus are quite promiscuous in their selection of receptors for entry to different cells 

(26). The complex entry mechanism might involve multiple receptor interactions to help virus 

internalize. Though some previous studies have identified AXL, TIM, and TAM to be putative 

receptors for Zika, some conflicting evidences suggest that the virus might also employ some 

different class of receptors. Furthermore, while most of the virus are believed to enter cells by 

Clathrin-mediated endocytosis, there is no evidence suggesting the absence of any parallel mode 

of virus entry. The complexity of flavi virus entry mechanism hints at the presence of varied 

virus-protein interactions after recruitment of host cellular proteins following viral infection. In 

order to identify receptors, we allowed the virus to attach to the cells in 4 ˚C for 1 hour, 

immediately followed by UV photocrosslinking. For the virus entry, we chose 4 and 8 minutes as 

previous study indicates the localization of a similar flavi virus to late endosomes in 5-6 minutes 

post incubation at 37 ˚C (11). After crosslinking proteins at certain time points of attachment or 

entry, cells were harvested and proteins were extracted followed by enrichment using neutravidin 

beads. Proteins were identified by shotgun proteomic strategy, and quantitated using Label-free 

quantitation. In total we identified about 300 crosslinked proteins, out of which more than 70 

proteins are implicated in virus infection across different time points (Figure 2). Notable we 

identified a putative receptor at 0 minutes, Neural Cell Adhesion Molecule (NCAM1), which is 
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also a receptor for rabies virus (27). Besides, we identified integrin alpha-3 (ITGA3), at 0 and 4 

minutes of infection. Integrins are highly conserved transmembrane glycoproteins which serve as 

receptors for herpes virus 8 (HHV-8), herpes simplex virus 1 (HHV-1), Human cytomegalovirus 

(HCMV), adenoviruses, coxsackievirus A9 and B1, Foot-and-mouth disease virus, Hantavirus, 

Rotavirus, and human echovirus 1 (28). A relation between West Nile, a flavi virus, infectivity 

and integrins has also been established (29). Another protein CD81 was identified with high 

confidence only at 0 minutes, suggesting its interaction with the Zika E protein. CD81 is a well-

known co-receptor for HCV. We posit that NCAM1, integrins and CD81 are putative attachment 

factors or receptors for Zika virus (Figure 3). 

Furthermore, we identified RPSA at all the three time points with high confidence, 

indicating its possible role in the early stage infection of Zika virus. Ribosomal protein SA 

(RPSA) is a protein found in different cellular compartments, and serves a wide range of 

different functions. One of them is its receptor activity for laminin, hence also termed as a 

laminin receptor. Besides laminin, the protein has also been shown to act as a receptor for a wide 

range of viruses including Sindbis virus (30), Dengue virus (31, 32), Venezuelan equine 

encephalitis virus (33), West Nile virus (34), Japanese encephalitis virus (35) and various 

serotypes of Adeno-associated virus (36). 

A few other proteins crosslinked at 0 minutes are AP2M1 and CALM1. The µ domain of 

adaptor protein-2 complex interacts with the tyrosine-rich or dileucine motifs on cytoplasmic tail 

of receptor proteins. AP2M1 has further been shown to be modulate infectious entry of many 

more viruses including . CALM1 was also reported by a recently published study on Zika host 

factors. 

Synaptotagmins are another class of membrane trafficking proteins which are characterized 

by N-terminal transmembrane domain and two C2 domains at C-terminus, responsible for 

calcium-dependent phospholipid binding. A related class of proteins recently discovered is called 

extended-synaptotagmins (E-Syts) marked by three or five C2 domains (37). Out of the three 

extended-synaptotagmins (E-Syt1, 2, and 3), E-Syt2 is essentially required for clathrin-mediated 

endocytosis of fibroblast growth factors receptors (FGFR) (38). In the same study, the E-Syt2 

was found to interact selectively with activated FGFR, EGFR (epidermal growth factor), and 

adaptor protein AP-2. We identified E-Syt2 exclusively at 4 and 8 minutes of Zika infection, 

suggesting the possible role of this transmembrane protein in Zika endocytosis. 
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At 8 minutes of infection, we identified an isoform of a key component of recycling 

endosomes, RAB11A. The role of RAB11A in transport of viral ribonucleoprotein (vRNP) or 

core proteins to plasma membrane for the generation of new virus particles of influenza and 

HCV respectively, is well documented (39). However, some virus may also utilize recycling 

endosomal pathway to evade lysosomal degradation. Our study suggests the use of recycling 

pathway by Zika virus after entry. Besides Rab11, we also observed RAB5A at 8 minutes. 

Several studies have established the importance of Rab5 in the entry of Zika virus, Dengue virus, 

and West Nile virus (40, 41). Our observation for Rab5 and Rab11 at late time point of entry is 

consistent with the published data on Japanese Encephalitis virus (JEV), another neurovirulent 

pathogen from flavi virus family structurally similar to the Zika (42). 

HSPA8, also known as Hsc70 (heat shock cognate 70), is known for its role in the later 

stage of endocytosis, more precisely in vesicle uncoating. In our study, It was crosslinked only at 

8 minutes of Zika entry, demonstrating clathrin-mediated pathway employed by the virus to 

infect Vero cells. 

We also identified ARPC3, a component of ARP 2/3 complex known to mediate actin 

polymerization, at a late time point of infection (43). ARP 2/3 complex is critical for the human 

immunodeficiency virus (HIV-1) infection, as its inhibition limits the viral infection. A similar 

reduction in infection of DENV was reported after siRNA knockdown of ARPC1B, another 

component of the ARP 2/3 complex emphasizing its critical role in flavi virus infection (44-47). 

Studies hint at the role of this complex at a late stage in Clathrin-mediated endocytosis, which is 

in accordance with our observation. 

2.4.6 NCAM is a receptor for Zika virus 

Since NCAM1 is abundantly expressed in brain and Zika causes neurological disorders, we 

tested NCAM as a potential candidate for Zika receptor. As NCAM is expressed on the plasma 

membrane, and hence was crosslinked at 0 minutes, we investigated if antibody blocking of the 

NCAM causes any reduction in the Zika infectivity. For this purpose, we employed CD56 

antibody which binds to the extracellular immunoglobulin-like domains present in all three 

isoforms of the NCAM, and is recommended for the functional assays. We first tested the ability 

of the antibody to bind to the Vero cell membrane using immunofluorescence without membrane 

permeabilization, and observed strong fluorescence signal (Figure 4A). Then, we incubated Vero 
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cells with anti-NCAM or control IgG for 45 minutes at room temperature, prior to infection by 

Zika at MOI of 0.1. 24 hours post-infection, cellular RNAs were extracted and Zika RNAs were 

quantitated using qRT-PCR. We noticed a significant reduction in internalized Zika RNAs, 

across three biological replicates, which indicate NCAM as a host factor involved in Zika 

infection (Figure 4B). 

To further confirm the receptor activity of NCAM, we overexpressed NCAM1 in HEK 

293T cells and performed attachment assays with Zika virus. HEK 293T cells lack NCAM 

protein and have minimal infectivity by Zika (22), which makes them an ideal system to test the 

receptor activity for Zika virus. HEK 293T cells were, initially, transfected with expression 

plasmid encoding NCAM1, and the protein overexpression was confirmed by Western blotting 

48 hours post-transfection (Figure 5A). Furthermore, we tested the localization of overexpressed 

NCAM using immunofluorescence and found it on the membrane of transfected cells (Figure 

5B). Two days post-transfection, HEK 293T cells were incubated with Zika virus for 1 hour at 4 

˚C. Cells were washed and harvested, and qRT-PCR was used to quantitate Zika RNAs. We 

found a two to three fold increase, confirming NCAM as a Zika receptor (Figure 5C). 
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A. 

 
 

 

B. 

 

Figure 2.1: Trifunctionalized reagent designed to label Zika ‘surface’ E proteins and capture 

virus-interacting proteins. (A) Design of Virus labeling reagent. Maleimide reacts with available 

cysteines on the virus surface under mild conditions, diazirine enables crosslinking proteins at 

fixed time points allowing tracing virus movement in ‘real-time’, and biotin acts as a handle for 

protein enrichment and downstream analysis. The three functionalities are separated by 

membrane-impermeable polyethylene glycol (PEG)- like linker offering the flexibility required 

for capturing interacting proteins. (B) Labeling of Zika E proteins. Purified zika virus was 

diluted in PBS pH 7 and rotated overnight in 4 °C with the labeling reagent. Reaction was 

quenched with three-fold excess cysteine for 1 hour. (C) Design and workflow for capturing 

virus receptor and mapping its entry. Labeled zika was diluted in DMEM and incubated with 

confluent cells for 1 hour at 4 °C. Additionally, cells were incubated in 37 °C for fixed time 

points to allow virus entry. Unbound virus was removed and cells were directly exposed to UV 

light, following which cells were harvested by scraping. Cells were lysed, and crosslinked 

proteins were captured on the neutravidin beads. Proteins were digested on-beads, using 

sequential Lys-C and Trypsin digestion, and analyzed by LC-MS/MS on an Orbitrap Velos Pro. 

Quantitation was performed using MaxQuant, and proteins identified uniquely in the UV 

compared to control, with FDR of 1%, were considered as crosslinked proteins. 
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Figure 2.1 Continued 

C. 
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A. 

 

 

Figure 2.2: Proteins crosslinked at different time points of infection. (A) Heat map for proteins 

crosslinked at 0, 4, and 8 minutes of infection (FDR 0.05) normalized to the control. Proteins in 

the significant region with ratios of 2.5 and higher for the UV at different time points compared 

to the control, are considered as crosslinked proteins and used for further analysis. (B) Principal 

Component Analysis, Cellular Component Distribution, and number of proteins implicated in 

viral infection (by Ingenuity Pathway Analysis) at different time point of infection. 

  

Control UV 0 min UV 4 min UV 8 min 

Control 0 min  4 min  8 min 
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Figure 2.2 Continued 

B. 

 

  



53 

 

A. 

 

Figure 2.3: NCAM is a receptor for Zika Virus (A) Anti-NCAM inhibits Zika infection of Vero 

cells. Immunofluorescence showing the binding of anti-NCAM antibody to Vero cells. After 

antibody inhibition of NCAM, about 50% reduction in viral infectivity was observed. (B) 

Overexpression of NCAM1 in HEK293T increases Zika infection. Expression plasmid with 

NCAM1 was transfected into HEK293T cells. 48 hours after transfection, immunofluorescence 

was used to confirm surface expression of NCAM. qRT-PCR revealed an increase in Zika RNAs 

after NCAM overexpression.  
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Figure 2.3 Continued 

B. 
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A.                                                                                              B. 

 

Figure 2.5: Protein labeling by reagent. (A) Standard protein Bovine Serum Albumin (BSA) was 

labeled with the reagent in phosphate buffer pH 7 overnight, and the reaction was quenched with 

excess cysteine for 1 hour. The labeled proteins were enriched on streptavidin beads, followed by 

three 1% SDS washes and elution by boiling. The reagent labeling efficiency was quantified by 

comparing the protein band intensity with the input. A no-reagent control was employed to 

account for non-specific binders. In parallel, the BSA was reduced and alkylated prior to 

labeling, to confirm the labeling site on the protein by the maleimide-diazirine-biotin reagent. 

(B) Purified zika virus was labeled by the reagent using the same protocol as above. (C) The 

infectivity of labeled virus was tested by plaque assay. The number of plaque forming units (pfu) 

after virus labeling were compared with the unlabeled virus. 
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A. 

 

 

 

Figure 2.6: Synthesis, HPLC purification, and Characterization of the labeling reagent. (A) 

Synthesis was performed on the solid support, Rink-amide-AM resin, and cleaved from the resin 

using 95% TFA. (B and C) 1H NMR, 13C NMR and MALDI characterizations of Maleimide-

Biotin and Maleimide-Biotin-Diazirine respectively. 
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Figure 2.6 Continued 

B. 

Maleimide-Biotin 

 

 
1H NMR (500 MHz, DMSO-d6) δ 7.91 (d, J = 8.1 Hz, 1H), 7.86 – 7.71 (m, 4H), 7.66 (q, J = 5.9 

Hz, 2H), 7.54 (bs, 3H), 7.26 – 7.18 (m, 1H), 6.91 (s, 2H), 6.89 – 6.83 (m, 1H), 6.42 – 6.20 (m, 2H), 

4.28 – 4.16 (m, 1H), 4.10 – 3.94 (m, 3H), 3.49 – 3.18 (m, 24H), 3.04 – 2.85 (m, 11H), 2.70 (dd, J 

= 15, 5.6 Hz, 1H), 2.71 – 2.61 (m, 2H), 2.49 (d, J = 12.4 Hz, 1H), 2.33 – 2.16 (m, 8H), 1.94 (dt, J 

= 13.4, 7.4 Hz, 4H), 1.68 – 1.47 (m, 11H), 1.46 – 1.32 (m, 11H), 1.31 – 0.99 (m, 11H). 
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Figure 2.6 Continued 

 
13C NMR (126 MHz, DMSO) δ 174.1, 172.0, 171.8, 171.6, 171.6, 171.5, 171.1, 162.8, 158.2, 

158.0, 134.5, 117.4, 115.1, 112.7, 69.8, 69.6, 68.1, 68.1, 61.1, 59.3, 55.5, 52.4, 37.0, 36.0, 35.9, 

35.8, 35.3, 35.2, 31.4, 31.2, 30.8, 30.7, 30.6, 29.4, 29.4, 29.3, 29.0, 28.3, 28.1, 27.8, 26.7, 25.8, 

25.4, 24.9, 23.0, 22.5. 
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Figure 2.6 Continued 

C. 

Maleimide-Biotin-Diazirine 

 
1H NMR (500 MHz, DMSO-d6) δ 8.00 – 7.88 (m, 2H), 7.88 – 7.77 (m, 4H), 7.72 (p, J = 5.8 Hz, 

3H), 7.28 (p, J = 2.7, 2.2 Hz, 1H), 6.99 (s, 2H), 6.94 (s, 1H), 6.45 – 6.31 (m, 2H), 4.32 – 4.26 (m, 

1H), 4.15 – 4.03 (m, 3H), 3.54 – 3.41 (m, 17H), 3.40 – 3.24 (m, 7H), 3.14 – 2.92 (m, 16H), 2.81 

(dd, J = 12.4, 5.1 Hz, 1H), 2.56 (d, J = 12.4 Hz, 1H), 2.40 – 2.23 (m, 8H), 2.06 – 1.96 (m, 6H), 

1.96 – 1.88 (m, 2H), 1.72 – 1.52 (m, 13H), 1.52 – 1.40 (m, 10H), 1.40 – 1.08 (m, 18H), 0.96 (s, 

3H). 
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Figure 2.6 Continued 

 
13C NMR (126 MHz, DMSO) δ 174.0, 171.8, 171.6, 171.5, 171.5, 171.4, 171.1, 170.5, 162.7, 

134.5, 69.8, 69.5, 68.1, 61.1, 59.2, 55.4, 52.6, 52.4, 37.0, 35.8, 35.7, 35.4, 35.2, 35.2, 31.5, 31.4, 

30.7, 29.9, 29.8, 29.4, 29.3, 29.2, 28.9, 28.9, 28.2, 28.0, 27.8, 26.1, 25.8, 25.3, 25.1, 24.8, 23.0, 

19.3. 
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 DEVELOPMENT OF DIGE (DIFFERENCE GEL 

ELECTROPHORESIS) FOR PHOSPHOPROTEOMICS 

3.1 Introduction 

Since, DiGE is a type of two-dimensional gel electrophoresis, it is important to briefly review 

this classical and versatile method of protein separation. 

The evolution of 2-Dimensional gel electrophoresis took place alongside proteomics. 

Though proteomics, with the advancement of the field, utilizes much broader techniques, 2-D gel 

electrophoresis still finds its use as a tool for simplifying complex protein mixtures before 

subjecting them to mass spectrometry for protein identification. When it comes to biological 

samples, the complexity demands a high resolution protein separation method and 2-D gel 

electrophoresis indeed solves this purpose.1,2 However, this method is a little complex compared 

to the normal gel electrophoresis (1-D) and does involve multiple steps, which are discussed below. 

3.1.1 Steps for 2-Dimensional Gel Electrophoresis (2-DE): 

In general, 2-D gel electrophoresis (2-DE) involves the separation of proteins, initially, based 

on their isoelectric point (pH at which the protein remains in its electrically neutral form) followed 

by the separation according to their molecular weight (Figure 3.1).1 

3.1.1.1 Sample Preparation 

A perfect sample preparation method would be the one that involves the dissolution of all 

the proteins quantitatively without any modification to them, leaving behind any other interfering 

substances. Also, what is more important is the sample compatibility with the following step (in 

this case, isoelectric focusing). Since, in the next step, proteins are separated based on their 

isoelectric point (pI), the primary requirement is not to alter their charges in any way, during 

sample preparation. This excludes the use of most commonly used detergent, SDS (Sodium 

Dodecyl Sulfate) or any other ionic detergent for dissolving proteins. Hence, the best solution here 

is the use of chaotropes (urea and thiourea), which are very powerful protein denaturing agents 

due to their ability to increase disorder in water molecules and cause unfolding of proteins.3,4 

However, chaotropes alone are not capable of maintaining the dissolved state of proteins under 
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conditions of isoelectric focusing. Hence, non-ionic detergents (primarily CHAPS), are used along 

with urea.1  

Above mixture of urea and CHAPS works well in most of the cases. However, there is an inherent 

problem associated with the use of urea. The probability of carbamylation of proteins increases, 

especially during storage, with the use of urea.5 So, the problem of protein modification comes 

into picture. 

When the pH of the system shifts to the basic side, there is another problem of thiol and 

phenol ionization. Tyrosine phenol ionization is less common compared to that of cysteine thiol. 

These ionizations can again alter the overall charge on the protein, leading to erroneous results. In 

order to prevent this, it is not a bad idea to convert all the cysteine thiols to disulfide bonds at this 

stage.6,7  

3.1.1.2 Isoelectric Focusing 

Usually, the sample protein solution is mixed with the strip rehydration solution, and the 

immobilized pH gradient (IPG) strip is incubated with it under electric field for several hours. The 

process is convenient, but it involves some significant protein loss.8  

Another important consideration in 2-DE is the application of a very high electric field. 

About 170 V/cm field strengths are common in case of 2-DE, compared to just 15 V/cm for general 

electrophoresis (1-D). On the IPG strip, a protein moves as long as it remains in its ionized form 

(at any certain pH) due to electric field. However, this movement stops when protein reaches its 

isoelectric point (neutral form). As the protein gets closer to its pI, the speed of migration goes 

down and that’s why, there is a requirement of much higher field strength for isoelectric 

focusing.1,2 After multiple hours of operation, all the proteins get stabilized at their pI after which 

there is no further movement and proteins get separated on 1st dimension (termed as isoelectric 

focusing). 

Biological samples usually contain varying amount of salts. If these samples are not 

substantially desalted, there is a problem of excessive sample heating while applying strong 

electric field strengths. As a solution, usually a low to middle-range field strength is applied 

initially for some time (for instance 15 V/cm for 3 hours) to allow faster-moving salts to stabilize 

first, before increasing the voltage to very high.1  
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One of the biggest issues or inherent problems associated with 2-DE is the high probability 

of protein precipitation. The definition of pI itself highlights the least solubility of proteins at their 

isoelectric pH. At this pH, proteins have net neutral charge and hence, there is no (to least) 

repulsive forces between proteins, which is a potential reason behind their precipitation. This 

brings another limitation of 2-DE, which is its inapplicability to membrane proteins.9  

3.1.1.3 Strip Equilibration 

It involves the treatment of IPG gel (strip) with SDS. During this process, the proteins 

separated on the strip will be covered with SDS. This is required for the second dimension 

molecular weight-based separation. The principle is same as normal gel electrophoresis, in which 

SDS imparts negative charge to all proteins.10  

3.1.1.4 SDS-PAGE 

This is done according to the standard protocol. The only difference is that IPG strip is 

actually brought in contact with the top part of the gel, so that proteins earlier separated according 

to their pI, can now be separated further using normal SDS gel electrophoresis. Only precaution 

here is to start the gel at a fairly low voltage. This is because, as pointed out earlier, the solubility 

of proteins is quite low in IPG strip. Low voltage gives SDS sufficient time to re-dissolve these 

proteins.1  

3.1.1.5 Protein Detection and Identification 

Multiple staining methods are available for detection of proteins. Nevertheless, none of them 

is perfect. Coomassie blue, the most standard protein staining reagent, suffers with its limitation 

of low sensitivity.11 But, it is still the method of choice for proteomics, due to its compatibility 

with the mass spectrometry.12 Other common methods are silver staining and fluorescence-based. 

Silver staining is predominantly used for its nanogram sensitivity.13 However, it has poor linearity 

and mass spectrometry compatibility.14,12 To overcome this, formaldehyde-free silver staining 

protocol was developed.15 While, fluorescence method combines the advantages for both previous 

methods. It delivers an excellent sensitivity, linearity and compatibility with the downstream 

protein analysis methods.12  

Though 2-DE is usually performed in the conventional order of isoelectric focusing 

separation first and SDS-PAGE next, the opposite order is also been described.16,17 But, the 
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conventional order is preferred, as it is economical and also, due to the ease of gel staining and 

protein identification after SDS-PAGE. 

It is noteworthy to mention here that in the past, the reproducibility of isoelectric focusing 

(first dimension separation) was very poor. This was due to the use of carrier ampholytes in 

isoelectric focusing, which was subsequently replaced by IPG strips with much better 

performance.18 However, when it comes to detection of mutational level protein changes, this 

reproducibility is not good enough. Since, 2-D gel gives the global view of the entire proteome of 

the cell on just a rectangular slab, it is associated with a lot of inherent variability. 

3.1.2 DiGE (Difference Gel Electrophoresis) 

DiGE was developed to solve the variability or reproducibility problem of 2-DE. In order to 

detect the differential protein expression levels in two samples, the 2-D gel for both samples need 

to be compared. For this purpose, the overlay of the two gels is required. However, in a case of 2-

D gel, which usually lacks good reproducibility in terms of spot position, combined with the 

complex nature of samples, it is extremely difficult to superimpose spots on two different gels. 

Sometimes, a number of replicate gels are run and an electronic average is taken. But, this method 

has a little success because the variations in 2-D gels are enormous. In order to avoid this gel-to-

gel variability, it was proposed to run both samples (test and control) on the same gel. As an 

instance, both normal and cancerous cell extracts can be run on the same gel to detect the protein 

changes during cancer occurrence. This led to the invention of DiGE (Difference Gel 

Electrophoresis), which allows quantitative comparison of the protein changes, by running both 

samples on the same gel.19,20  

The next challenge was to identify which spot belongs to which sample, for which it was 

essential to label both samples with different dyes (let’s say one red and other blue) (Figure 3.2).21 

As shown in above figure, in DiGE, two or three samples are labeled with different dyes and 

then they are mixed together before subjecting to isoelectric focusing. All remaining steps are same 

as 2-DE. A detailed representation of principle of DiGE is shown in Figure 3.3.22  

In Figure 3.2, the two red spots indicate the proteins having higher expression level in test 

sample compared to the control. Similarly, light blue spots correspond to the proteins with reduced 

expression in the test sample (or control protein is higher). All other proteins with no difference in 
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expression levels between the test and control will appear as a violet spots (absolute overlap of red 

and blue spots). 

3.1.2.1 Advantages of DiGE 

 Since the samples are mixed together before separation, if there is a sample loss, it will be 

same for both samples. This is just one of the many ways DiGE eliminates different variability. 

DiGE offers perfect spot to spot matching, to detect even the slight difference in protein 

expressions of the samples (<15%). It is a highly sensitive method and can detect 0.5 fmol of 

protein. The linearity of detection is also exceptionally high (>10,000 fold)19,23  

3.1.2.2 DiGE Dyes: 

Four parameters were chosen in the design of dyes for DiGE:  

1) Both dyes should react with the same amino acid residue of proteins. 

2) They should possess similar mass (molecular weight). 

3) Dyes should not alter charges on proteins. This is paramount because of the reasons 

explained earlier. For 2-DE, maintaining the natural charge on proteins is pivotal, so as 

to allow them to separate based on their isoelectric point. 

4) Lastly, they should have different fluorescent properties. Their excitation frequencies 

should be far enough to be able to excite only one dye at a time. 

The first one is important, in order to have a similar extent of labeling on both samples. It is 

logical to state that protein labeling increases the mass of proteins (especially when fluorescent 

dyes are big molecules of considerable mass) and, hence, affects their migration during second 

dimension separation (SDS-PAGE) of 2-DE. Hence, it is important to have even labeling or same 

level of protein labeling in both samples. There are two types of labeling suggested for these dyes: 

Saturation labeling and Minimal labeling. In saturation labeling, all the reactive residues on protein 

are occupied by the dye, while in minimal labeling each protein is labeled by only one dye. If there 

is any level of labeling in between these two extremes, there tends to be mass differences among 

labeled proteins.19,20 Two kinds of dyes were developed: Lysine reactive and Cysteine reactive. 

Lysine–reactive dyes: Lysine residues are quite common in any protein. Initially, the 

saturation labeling was tried with lysine-reactive dyes. Unfortunately, it led to protein precipitation, 

as the protein molecular weight increased significantly due to presence of a number of lysine 
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residues per protein. Then, method was optimized for minimal labeling of proteins using same 

dyes. However, a minor issue was identified in this case. Since, it is a condition of minimal labeling, 

not all the proteins get labeled. As a result of this, the unlabeled proteins run with a slightly faster 

pace compared to labeled proteins. This observation is quite common, particularly in the case of 

low molecular weight proteins (below 30 kDa). 

Cysteine–reactive dyes: There are relatively a much fewer number of cysteine in a protein, 

which makes the saturation labeling feasible for these dyes.19,20 Due to this, cysteine-reactive dyes 

have shown a comparatively much higher sensitivity. This makes the labeling of samples, with 

extremely low protein concentrations, possible and it has been demonstrated in multiple studies.24-

28 

The dye masses need to be same, so that the labelled proteins have similar masses too 

(provided proteins have similar extent of labeling), which allows them to run at the same pace on 

SDS-PAGE gel. The most commonly used dyes for DiGE that possess above mentioned 

parameters are lysine-reactive Cy3, Cy5 and Cy2 (cyanine based dyes). As stated earlier, 

substoichiometric labeling or minimal labeling is preferred for these lysine-reactive dyes. These 

dyes are available in their NHS form (Figure 3.4), which undergo nucleophilic substitution with 

the amines (of lysine) to form amide bond. All of them are also single positively charged, which 

compensates for the loss of positive charge of lysine amines, keeping the overall charge of protein 

unchanged.19,20,22  

3.1.3 DiGE in Phosphoproteomics and Goal of the study 

DiGE has been applied to study the protein expression changes in the process of whole 

animal development (example Drosophila melanogaster23,29 and zebrafish30), to identification of 

disease biomarkers in body fluids.31 The application has been shown for the proteome change at 

tissue level, to subcellular level to body fluids. However, almost all of these studies detect the 

change at the protein expression level. It does not give any information about the post-translational 

modifications (PTMs) of these proteins, which in instances are more important in disease 

pathogenesis. 

Protein phosphorylation has been identified as a very important PTM, involved in regulation 

of numerous pathways in a normal functioning of cell. Any change in the phosphorylation of 

proteins, mainly at serine, threonine and tyrosine, may lead to a perturbation in the signaling 
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pathway or even prognosis of disease (example cancer). A number of proteomic approaches have 

been used to identify this difference in phosphorylation levels between normal and cancerous cells. 

One of the commonly used approaches is gel-based proteomics, which involves the separation of 

complex protein mixtures on 1-D or 2-D gel, followed by mass spectrometric analysis (for protein 

identification). Nevertheless, these methods are not suitable for comparison of whole proteome of 

diseased and normal cells. This is due to the very fact that gels suffer from often poor 

reproducibility, which makes gel-to-gel comparison very difficult. 

Here, for the first time, we are trying to apply DiGE principle to phosphoproteomics (DiGE-

P) in order to solve this reproducibility problem. In other words, the aim is to label normal and 

cancer cell extracts differentially (using different dyes), with the amount of labeling proportional 

to their phosphorylation levels. Next steps would be to mix both labeled samples together and 

subjecting it to first and second dimensional separation. Again, the idea is to detect the 

‘phosphorylation change’ instead of ‘protein change’ in diseased states. 

3.2 Methods and Results 

3.2.1 Design of Novel DiGE-P Reagent 

The design of the DiGE-P reagent is similar to the VIPing reagent reported earlier.32 

However, instead of biotin, DiGE-P reagent has a photoactive linker. In general, the reagent has 

three functionalities as shown in figure 3.5A- Titanium (IV) for selective binding to 

phosphoproteins, a UV-photocrosslinker for covalent labeling of proteins, and a fluorophore for 

the visualization. 

Initially, when the reagent is incubated with complex protein mixture, titanium (that acts a 

strong lewis acid) binds to phosphate groups by a weak coordinate bond (Figure 3.5A). 

Subsequently, after shining UV, the reagent is made covalently linked to the same phosphoprotein. 

Now, the covalently labeled phosphoproteins are separated on the gel which can be detected by 

the fluorescence. Ideally, only the phosphoproteins should be labeled by the reagent, out of the 

whole complex protein mixture. Using different fluorophores, different reagents can be 

synthesized to label the samples differentially (say normal cell with Cy 3, and cancer cell with Cy 

5 reagent). 
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As shown is Figure 3.5B, the core of the molecule is peptidic in nature. It is chosen due to 

the well-established chemistry behind and the ease of solid phase peptide synthesis. This is again 

similar to VIPing reagent.32 Also, for the photo-reactive UV linker, diazirine was used. On shining 

UV, it forms an extremely reactive carbene with the loss of N2, which quickly labels the protein. 

The selectivity of labeling using diazirine is reported to be the highest among all other photo-

linkers, owing to his very high reactivity. In other words, carbene is likely to form covalent bond 

only with the protein with which titanium is already bound. If there is no protein in the immediate 

vicinity, it reacts with water and gets quenched. 

3.2.2 Synthesis of Reagents 

As stated earlier, the core of the reagent is peptide in nature. Hence, its synthesis was 

performed by the well-established solid phase (peptide) chemistry. The molecule was built on the 

Rink amide resin, with each functionality added to the molecule core by the formation of a new 

peptide bond.32  

The synthesis of the reagent was performed using the synthetic route shown in figure 3.6. 

Each amide bond formation step involved sequential deprotection of N-terminus, activation of C-

terminus by HCTU, followed by coupling reaction. Ninhydrin test was performed to monitor 

different steps of the reaction. A positive test after the deprotection step (presence of free amine) 

and a negative test after the coupling step confirmed success of the respective reactions. The 

molecule was cleaved from the resin using 95% TFA to get compound 1 (Figure 3.6). The 

phosphonate in the molecule still had the protecting group, which was removed by treatment with 

TMSBr to yield compound 2. Lastly, the NHS-diazirine was reacted to give compound 3, which 

contains the fluorophore (TAMRA), UV reactive diazirine, and the phosphonate (for Titanium 

coordination). 

As expected, MALDI showed (M + H)+ peak at m/z 823.6 for compound 2 and (M – N2 + H)+ 

peak at m/z 906.4 for compound 3. It has been documented before that diazirine, under MALDI 

conditions, loses N2 easily.33 HPLC purification and MALDI analysis were performed for 

compound 2 and 3 (Figure 3.7). 

Finally, the titanium coordination to phosphonate was performed by immobilizing the 

reagent on zip tip and incubating with an acidic solution of Titanium oxychloride. It is noteworthy 
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to mention here that, similar to above DiGE-P reagent, another reagent was synthesized with a 

longer chain between diazirine and amide (Figure 3.8). 

3.2.3 Phosphoprotein Labeling 

The labeling was performed using glycolic acid as the binding solution. In brief, protein 

sample was incubated with the reagent (0.4-0.5 µM) in glycolic acid for 15 minutes at room 

temperature. During this process titanium (of reagent) binds to phosphoproteins. Excess reagent 

was removed using zeba column and UV light was shone for 15 minutes for covalent labeling of 

proteins. SDS-PAGE was performed. Gel was scanned using Typhoon and stained with coomassie 

blue. 

3.2.3.1 Detection of Phosphoproteins in a Standard Protein Mixture 

A four-protein mixture of two phosphoproteins (ovalbumin and α-casein) and two non-

phosphoproteins (BSA and β-lactoglobumin) was prepared and labeled with the DiGE-P reagent 

using above method. Each lane has 2 µg of four-protein mixture (Figure 3.9A). First lane is ladder, 

and second lane is the loading control (no reagent). In results, the phosphoproteins were selectively 

labeled, with a high sensitivity. The α-casein showed a much stronger signal compared to 

ovalbumin, due to higher number of phosphorylated residues in α-casein. More importantly, it can 

be clearly observed that with increase in glycolic acid concentration, there is a better labeling of 

phosphoproteins (with optimum glycolic acid concentration of 3-5 M). The selectivity and 

sensitivity were further demonstrated in figure 3.10. 

3.2.3.2 Labeling of Phosphoproteins in Complex Mixtures 

Next, the selectivity of DiGE-P labeling was investigated by spiking phosphoproteins in 

Human Plasma (1 µg each of ovalbumin and α-casein spiked in 33 µg human plasma proteins) 

(Figure 3.9B and 3.11). Human plasma is a highly complex sample that contains huge amount of 

plasma proteins (primarily albumin), besides many other constituents. Also, the phosphorylation 

level in human plasma is quite low. In results, there was some non-specific albumin labeling 

observed, but phosphoproteins were detected with good signal strength. 
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3.2.3.3 Quantitative ability of DiGEP 

Samples were labeled with Cy3 and Cy5 DiGEP reagents. Cy3- and Cy5-labeled samples 

were pooled for SDS-PAGE analysis. As shown in Figure 3.12, α-casein was visible in 

fluorescence detection, again showing good selectivity. Quantitative analysis of images under two 

different fluorescence wavelengths revealed the ratio of two protein samples close to the 

theoretical value. 

3.3 Conclusion and Future Work 

DiGE, a modified form of 2-DE, overcomes the reproducibility problem of 2-D gels and 

allows the comparison of two or more samples by running them on the same gel. It offers great 

sensitivity and has an excellent linearity of detection. 

This is for the first time, we are trying to apply DiGE technology to phosphoproteomics, so 

as to detect the phosphorylation differences between normal and diseased (cancerous) cells. Thus 

far, we have been successfully able to synthesize the reagent and use it to label the simple four-

protein mixture. The method also works, to some extent, for the complex protein mixtures like 

human plasma that has a very low phosphorylation level. However, the method needs further 

optimization in case of complex protein mixtures. 

In the future, we wish to apply this novel technology, DiGE-P, to label phosphoproteins in 

complex mixtures like E.coli, yeast, plant cell lysates and even extracts from human cancer cell 

lines. This will be followed by in-gel digestion and phosphoprotein identification using mass 

spectrometry. 
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Figure 3.1: Principle and Steps of 2-DE.1 

 

 

 

Figure 3.2: General Representation of DiGE.21 
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Figure 3.3: Principle of 2D DIGE.22 

 

 

 

Figure 3.4: Structures of cyanine dyes used in DiGE.19,20 
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A.            B. 

      

Figure 3.5: DiGE-P Reagent (A= schematic representation, B= An example of actual DiGE-P 

reagent). 

 

 

 

Figure 3.6: Synthetic Route for DiGE-P. 
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A. 

 

B. 

 

Figure 3.7: MALDI for compound 2 (A) and 3 (B). 
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Figure 3.8: Another DiGE-P reagent and its MALDI. (M – N2 + H)+ peak observed at m/z at 

1018.40. 
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A. 

 

B. 

 

Figure 3.9: Optimization of Phosphoprotein Labeling. Fluorescence image and Coomassie Blue 

stain of DiGE-P labeled 2 µg four-protein mixture of standard phospho and non-phospho 

proteins (A), and 1 µg phosphoproteins in complex mixture with human plasma (B). 
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A. 

 

 

B. 

 

Figure 3.10: Selectivity (A) and Sensitivity (B) testing of DiGE-P using standard four-protein 

mixture. 
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Figure 3.11: Selectivity testing of DiGE-P using 1 µg α-casein spiked in 20 µg human plasma. 

 

 

Figure 3.12: Fluorescence image and Coomassie Blue of DiGE-P (Cy3 and Cy5) labeled model 

phosphoprotein α-casein in human plasma. 


