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ABSTRACT 

Estrogen signaling plays a vital role in breast, ovarian and endometrial cancers. 

The actions of estrogen are mainly mediated by classical estrogen receptors, ERα and 

ERβ that belongs to the nuclear receptor superfamily. In recent years, a class of 

membrane-associated estrogen receptors are found to mimic the functions of classical 

ERs, including genomic as well as non-genomic signaling. These non-genomic signaling 

events include pathways that are usually thought of as arising from transmembrane 

growth factor receptors and G protein-coupled receptors (GPCRs). GPCRs belong to a 

superfamily of cell surface signaling proteins. GPCRs represent the most significant 

family of validated pharmacological targets in medical biology. A member of the GPCR 

family, named GPER, mediates rapid biological responses to estrogen in diverse normal 

and cancer cells, as well as transformed cell types. The identification and 

characterization of GPER will lead to understand the mechanisms underlying complex 

biological pathways and identify potentially new drug targets.  

Here, we proposed a novel gel-free method to isolate and enrich GPER from 

crude lysate using home-made hydroxyapatite column (HTP). The HTP eluate was 

subjected to cellulose acetate (CA) filteration, followed by on-membrane protein 

digestion with different proteases and analyzed by MALDI MS. GPER was identified by 

peptide mass fingerprinting (PMF) after intensive data analysis. Sequence analysis 

reports 3 potential N-glycosylation in GPER. We manually validated 2 out of 3 

glycosylation sites in GPER from the obtained MS/MS data and also validated the glycan 

moieties predicted by Glycomod. This approach is the first of its kind to  identify GPER 

and characterize post-translational modifications (PTMs) by MS-based proteomic 

analysis. The proposed method is simple, robust and unique with great reproducibility. 

Finally, we designed and synthesized polymer nanoparticles (NPs) in an effort to 

capture GPER with high affinity and selectivity from crude lysate. PNIPAm-based NPs 

were synthesized by a free radical precipitation polymerization method with no control 
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over the functional monomer sequence. The NP binding affinity was evaluated against 

both truncated-GPER (short peptide epitopes) and GPER (whole protein). As the NPs 

were designed with complementary functionality against the peptides/protein, the NPs-

peptide/protein binding will be through multipoint interactions. The initial qualitative 

results obtained by immunoblotting analysis revealed interesting hints on GPER’s 

competitive affinity towards NPs when probed against multiple antibodies. We 

anticipate to use this strategy as a sample purification step prior to MS-based 

proteomic analysis. 

Key words: GPR30/GPER, breast cancer, MALDI MS, N-glycosylation, synthetic polymer 

nanoparticles.  
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CHAPTER 1 
GENERAL INTRODUCTION 

 
 



1.1 Receptors and ligands: an overview 

 Cell membranes in eukaryotes are naturally equipped with thousands of 

receptors, of many different kinds. Eukaryotic cells also encase their cell organelles like 

nucleus, ribosomes, endoplasmic reticulum, Golgi apparatus, mitochondria, lysosome 

with internal membranes that play host to a bunch of intracellular receptors. In general, 

receptors are nothing but protein molecules, ingrained in either the cell membrane or the 

cytoplasm of a cell. As the name denotes, receptors are macromolecular structures that 

receive information.[1] More specifically, receptors enable cells to sense stimuli or physical 

changes in the internal or external environment, so that the cells can adjust to new 

situations. Based on their physical presence, receptors can be easily put into two broad 

categories, cell surface receptors and internal receptors (cytoplasmic and nuclear 

receptors). Receptors that are found on the membrane of internal cell organelles are also 

categorized under intracellular receptors, and interestingly, they share functional 

similarities with cell surface receptors.  

Receptor proteins recognize and respond to endogenous chemical signals. The 

chemical signals can act either at the plasma membrane or within the cytoplasm (or 

nucleus) of the target cell.[2] The signaling molecules that bind to the receptors are 

referred to as ligands and can be endogenous or exogenous in origin. A ligand can be any 

small molecule such as light-sensitive compound, odorant molecule, hormone, 

pheromone, growth factor, cytokine, neurotransmitter, toxin, pharmaceutical drug, or 

peptide (small protein).[3][4] Irrespective of the nature of initiating signal, the cellular 

responses are determined by the presence of receptors that specifically binds the 

signaling molecules.[2] Each receptor is unique and assigned to activate a specific cellular 

biochemical pathway when triggered. Every single receptor will just tie to ligands of a 

specific structure. Receptor-ligand interaction can be compared to a lock and key system, 

where a lock will just accept a specifically fashioned key (Fig. 1.1).[5] On binding its 

corresponding receptor, the ligand initiates or inhibits the receptor’s designated 

biochemical pathway. 
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Figure 1.1 Lock and key model. 

1.1.1 Cell surface receptors 

 Human cells are constantly communicating with each other and the outside world 

through the specialized integral membrane proteins that are collectively known as cell 

surface receptors (membrane receptors, transmembrane receptors). Cell surface 

receptors bind to an external ligand molecule and perform signal transduction, converting 

an extracellular signal into an intracellular signal. By doing so, the cell surface receptors 

play a unique and significant role in cellular communications and signal transduction. 

Ligands that interact with cell surface receptors are mostly impermeant signal molecules 

that can’t enter the cell. Every cell surface receptor has three main components: an N-

terminal ligand binding domain (extracellular domain), a hydrophobic membrane-

spanning region, and a C-terminal cytoplasmic domain (intracellular domain) inside the 

cell. The extracellular domain usually includes the binding site for the ligand, while the 

intracellular domain activates a series of intracellular signaling events once the ligand 

binds. The size and extent of each of these domains vary extensively, depending on the 

type of receptor. So far, a wide range of these receptors have been identified and 

studied.[2] They are grouped into three main classes of receptors, namely: ligand-gated 

ion channel receptors, enzyme-coupled receptors, and G protein-coupled receptors. The 

names of these receptor classes are defined by the mechanism used to transform external 

signals into internal ones - via ion channel opening, enzyme activation, or protein action, 
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respectively. Because cell surface receptors interact with signal molecules or ligands 

externally and permit them to affect cell function without actually entering the cell.[6]  

Ligand-gated ion channel receptors (Fig. 1.2) are also known as ionotropic receptors. 

These receptors bind a ligand and open a channel that allows the flow of specific types of 

ions such as Na+, K+, Ca+ or Cl- across the cell membrane, which changes the membrane 

potential, causing an electric current.[7] To form a channel, this type of cell surface 

receptor have an extensive membrane-spanning region. In order to interact with the 

phospholipid fatty acid tails that form the crux of the cell membrane, many of the amino 

acids in the membrane-spanning region are hydrophobic in nature. In contrast, the amino 

acids that line up on the inside of the channel are hydrophilic to allow the passage of 

water or ions. These receptors are responsible for the rapid transmission of signals across 

synapses in the nervous system. Good examples of such receptors are the 

neurotransmitter receptors.[2] Although the ligand-gated ion channel receptors are found 

mainly in the nervous system and other electrically excitable cells such as muscle cells, 

the other two types of cell surface receptors are found particularly in every cell type of 

the body.[7] 

 

Figure 1.2 Ligand-gated ion channel receptors.[2] 
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Enzyme-coupled receptors (Fig. 1.3) are cell surface receptors, composed of an 

extracellular domain containing the ligand binding site and an intracellular domain, often 

associated with an enzyme. In some cases, the intracellular domain of such receptor itself 

is an enzyme whose catalytic activity is regulated by the binding of an extracellular 

chemical signal. As of 2009, only six types of such receptors are known and they are 

receptor tyrosine kinases, tyrosine kinase associated receptors, receptor-like tyrosine 

phosphatases, receptor serine/threonine kinases, receptor guanylyl cyclases, and 

histidine kinase associated receptors.[8] The great majority of them are protein kinases, 

often tyrosine kinases, which phosphorylate intracellular target proteins, thereby 

changing the physiological function of the target cells.[2]  

 

Figure 1.3 Enzyme-coupled receptors.[2] 

The enzyme-coupled receptors normally have large extracellular and intracellular 

domains, but the membrane spanning-region consists of a single alpha-helical region of 

the peptide strand.[9] On binding their ligands externally, the receptors undergo 

conformational change that activates the enzyme, which then turn on a variety of 

intracellular signaling pathways. They are discovered through their role in responses to 

extracellular signal proteins that regulates the growth, proliferation, differentiation and 
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survival of cells in animal tissues. Disorders of cell growth, proliferation, differentiation, 

survival and migration are fundamental to cancer, and abnormalities in signaling via 

enzyme-coupled receptors have a major role in the development of this class of 

diseases.[8] 

G protein-coupled receptors (GPCRs) (Fig. 1.4) are the largest of all the cell surface 

receptors. GPCRs bind a ligand and activate a membrane-bound, trimeric GTP-binding 

protein (G protein). The activated G protein then interacts with either an ion channel 

(effector) or an enzyme in the cell membrane, initiating a sequence of other effects. All 

GPCRs share the structural feature of crossing the cell membrane seven times, but each 

receptor has its own specific extracellular domain containing the ligand binding site and 

intracellular domain with G protein binding site.[9] GPCRs are also referred to as 7-

transmembrane receptors (7TMRs), heptahelical receptors, serpentine receptors or 

metabotropic receptors. Metabotropic receptors do not form an ion channel passage, 

instead, they are indirectly linked with ion channels on the cell membrane through signal 

transduction mechanisms.[10] Heterotrimeric G proteins have three subunits: α, β, and γ. 

When a ligand binds to a G protein-coupled receptor in the cell membrane, a guanosine 

diphosphate (GDP) molecule associated with the α subunit is exchanged for guanosine 

triphosphate (GTP). The β and γ subunits dissociate from the α subunit, and a cellular 

response is triggered either by the α subunit or the dissociated β-γ complex. Hydrolysis of 

GTP to GDP terminates the signal.[9] Cell signaling using GPCRs occurs as a cyclic series of 

events. These receptors mediate responses involving hormones, local mediators and 

neurotransmitters.[2] Because of their involvement in wide range of cellular processes, 

GPCRs are typically an appealing target for the development of drugs to treat a number 

of diseases.[11] Hundreds of different GPCRs have been identified so far. Some of the well 

know examples include the β-adrenergic receptor, metabotropic glutamate receptors, 

receptors for odorants in the olfactory system, and many types of receptors for peptide 

hormones.[11] 
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Figure 1.4 G protein-coupled receptors.[2] 

1.1.2 Internal receptors 

Internal receptors (Fig. 1.5), also known as intracellular receptors, are found in the 

cytoplasm or nucleus of the cell and are normally activated by cell-permeant, 

hydrophobic or lipophilic ligand molecules that can pass through the cell membrane.[2]  

 

Figure 1.5 Internal receptors.[2] 
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To initiate signal transduction, these ligands must passively diffuse through cell 

membrane. On entering the cell, many of these molecules bind to proteins that act as 

regulators of mRNA synthesis to mediate gene expression. Gene expression is the cellular 

process of transforming the information in a cell’s DNA into a sequence of amino acids 

that ultimately forms a protein. When the ligand binds to the internal receptor, a 

conformational change exposes a DNA-binding site on the protein. The ligand-receptor 

complex moves into the nucleus, binds to specific regulatory regions of the chromosomal 

DNA, and promotes the initiation of transcription (Fig. 1.6).[12] As the ligand-receptor 

complex makes it all the way to the nucleus of the cell, these receptors are often called 

nuclear receptors.[13] Some intracellular receptors are located primarily in the cytoplasm, 

while others are in the nucleus. In either case, once these receptors are activated they 

can affect gene expression by altering DNA transcription. Internal receptors can directly 

influence gene expression without having to pass the signal on to other receptors or 

messengers. Intracellular receptors are used widely by some classic hormones such as 

thyroid and steroid hormones.[14][15] 

 

Figure 1.6 Signal transduction through internal receptors.[9] 
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Among all the above discussed receptors, GPCRs are the most abundant class of 

receptors in the human body.[16] They play a crucial role in an incredible range of functions 

in humans. More than one-half of all prescribed drugs achieve their effects by binding to 

GPCRs. However, only a small portion of GPCRs have been investigated as drug targets 

leaving a wide area to explore and understand. 

1.2 G protein-coupled receptors 

G Protein-coupled receptors constitute by far the largest and most distinct 

superfamily of cell membrane signaling proteins in eukaryotes, with their unique seven-

transmembrane-helix structure. They transduce extracellular signals as exerted by a 

hormone or neurotransmitter to an intracellular effector pathway through the activation 

of heterotrimeric G proteins.[17] In human, nearly 800 different genes code for GPCRs, 

which account for ~4% of the entire protein-coding genome.[18] GPCRs are virtually 

expressed in all types of tissues in the body.[19] GPCRs involvement in numerous 

physiological processes and diseases including tumor growth and metastasis have been 

well documented in many scientific reports over the years. GPCRs have become drug 

targets for several life-threatening diseases. They are often expressed in low levels and in 

specific cell types, which contributes to the fact that they are the most important family 

of protein receptors serving as targets in drug discovery. An increased understanding of 

these receptors has significantly affected modern medicine.[20] Presently, one-quarter of 

the top 100 best-selling drugs are targeted mostly to GPCRs that bind amines. In 2012, 

the Nobel Prize in Chemistry was jointly awarded to Robert Lefkowitz and Brian Kobilka 

for their groundbreaking research work which gave the first insight on how GPCRs 

function.[21] Moreover, there have been at least seven other Nobel Prizes awarded for 

some aspect of G protein-mediated signaling in the past. 

1.2.1 Structure of GPCRs 

GPCRs consist of a single, serpentine-like polypeptide chain of variable length 

(from 300 to 1000 amino acids) that is folded into a globular structure and embedded in 
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the cell membrane.[22] Seven segments of this molecule span the entire width of the 

membrane explaining why GPCRs are sometimes called 7-transmembrane receptors 

(7TMRs). The intervening portions that connect the seven membrane spanning α-helices 

loop both inside and outside of the cell forming three intracellular and three extracellular 

loops (Fig. 1.7). The extracellular amino terminal segment and cytoplasmic carboxyl 

terminal segment are attached to the TM1 domain and TM7 domain, respectively. Both 

termini are highly variable in length, and the amino-termini can comprise different 

functional domains each of which is able to provide specific properties to the relevant 

receptor.[23] Some GPCRs bear amine-linked glycosylation sites near their amino terminal 

segment. The three extracellular loops (EL1, EL2 and EL3) are considered to play an 

important role in structure stabilization and ligand binding, whereas, the cytoplasmic 

loops (CL2 and CL3) are mainly engaged in G protein recognition and activation.[22]  

 

Figure 1.7 Structural representation of GPCR. 
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1.2.2 G proteins: types and functions 

G proteins are specialized proteins with the ability to bind the nucleotides GTP 

and GDP. The G protein acts as a molecular switch by binding either GTP (active/on) or 

GDP (inactive/off). Some G proteins, such as the signaling protein Ras, are small protein 

with a single subunit. The G proteins activated by GPCRs are trimeric in structure 

consisting of an α-, β- and γ- subunit. There are more than 20 different α-subunits, 6 

different β-subunits and 12 different γ-subunits, creating a large number of theoretical 

combinations.[24] However, only a small number of combinations form biological 

complexes. In humans, 16 Gα genes encode 23 known Gα isoforms.[24][25] Based on 

sequence similarities, Gα proteins are grouped into 4 classes including Gα(S), Gα(i/o), 

Gα(q/11) and Gα(12/13).[26] The Gα subunit binds to GDP when inactive. The tightly associated 

Gβγ complex functions as a single unit and facilitates the association of Gα to the 

cytoplasmic part of the GPCR. Moreover, it inhibits the release of GDP from Gα and acts 

as a guanine nucleotide dissociation inhibitor (GDI).[24] Each Gα and Gβγ subunits activate 

and regulate specific pathways that are shown in Table 1.1. The βγ subunits of G protein 

can also act as second messenger molecules, although their actions are not completely 

characterized. 

Table 1.1 G protein types and associated functions. 

Type Pathways and functions References 

Gα(S) Activates Ca2+ channels, stimulates adenylyl cyclase pathway and 

cyclic adenosine monophosphate (cAMP) production 

[16] [27] 

Gα(i/o) Activates K+ channels, inhibits Ca2+ channels, inhibits adenylyl 

cyclase and cAMP production 

[16] [28] 

Gα(q/11) Stimulates phospholipase C (PLC) pathway [16] [29] 

Gα(12/13) - Diverse ion transporter interactions 

- Regulates G protein RhoA and stimulates PDZ-Rho guanine 

nucleotide exchange factors (PDZ-RhoGEF) 

[16] [24] 
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Gβγ 

complex 

- Inhibits the release of GDP from Gα and acts as GDI 

- Regulates Ca2+ and K+ channels 

- Regulates kinase and small G protein including Phosphoinositide 

3-kinase-γ (PI3Kγ) 

- Various other regulation pathways have been considered for 

downstream activation of Gβγ 

[24] 

 

1.2.3 Classification of GPCRs 

There are many different approaches for classifying the GPCRs. Both physiological 

and structural features have been used to classify GPCRs. The most commonly used 

system of classification is that implemented in the GPCRDB database, which divide GPCRs 

into six classes (Class A-F).[30] This A-F system is designed for both vertebrate and 

invertebrate GPCRs. Class A contain rhodopsin-like and biogenic amine receptors, with 

over 80% of all GPCRs in humans; Class B: Secretin-like; Class C: Metabotropic glutamate 

receptors; Class D: Pheromone receptors; Class E: cAMP receptors; and the much smaller 

Class F contain Frizzled/smoothened receptors. Here, Classes A, B, C and F are found in 

mammalian species while Class D receptors are found only in fungi and Class E are 

exclusive to Dictyostelium.[31]  The above six classes are further divided into sub-divisions 

and sub-sub-divisions based on the function of a GPCR and its specific ligand.[32] As some 

classes of the A-F system do not exist in human, an alternative classification system called 

GARFS has been proposed for classifying mammalian GPCRs. In GARFS system, the 

receptors are grouped into five major classes based on phylogenetic analyses and named 

Glutamate (G, with 15 members), Rhodopsin (R, with 701 members), Adhesion (A, with 

30 members), Frizzled/Taste2 (F, with 24 members) and Secretin (S, with 15 members). 

Only a few human receptors (nearly 23 protein sequences) could not be designated to 

any of the above five classes and these were thus categorized as “Other 7TMRs”. It is, 

however fairly straight forward to place most of these “other” receptors into any of the 

main classes or groups using sequence similarity only.[33] 
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1.2.4 GPCR activation and signaling 

Generally, all GPCRs have three characteristic domains: a signal recognizing 

domain (extracellular), a signal transmission domain (transmembrane), and a signal 

response and amplification domain (intracellular).[34] GPCRs receive a wide range of 

ligands such as lipid analogues, amino acid derivatives, small peptides, as well as stimuli 

from light (photons), taste, odor (pheromones). The ligand is docked in a binding pocket 

that is usually present on the extracellular side.[35] The mechanism by which GPCRs 

transmit extracellular signals through the cell membrane to intracellular responses is 

mediated by heterotrimeric G proteins. Since GPCRs do not have intrinsic enzymatic 

activity, binding of a ligand to the external domain of GPCR triggers a conformational 

change in the receptor, specifically in an ionic interchange between the TM3 and TM4 

domains, which leads to receptor activation. Thereby, transducing the ligand’s message 

mechanically to the G protein which is closely associated to the intracellular or 

cytoplasmic side of the receptor and leads to different downstream signaling events.[36] 

Specific G proteins bind to specific GPCRs[37], it is hard to determine these pairings based 

on primary amino acid sequence. The interaction appears to depend on the whole tertiary 

structure of the GPCR.[35] 

On receiving a signal, G protein becomes active, detaches from the GPCR and 

binds to an enzymatic effector protein lodged in the membrane. Activation of a single G 

protein can affect the production of hundreds or even thousands of second messenger 

molecules. The G proteins function as amplifiers, inducing the effectors to produce 

cascades of secondary messenger molecules that activate other enzymes, creating a 

diverse range of physiological responses.[34] Effector/second messenger systems include 

retinal cyclic guanosine monophosphate phosphodiesterases (cGMP-PDE), ion channels 

(potassium, calcium), and several phospholipases and adenylyl cyclase subtypes. A list of 

cellular activities controlled by the effector/second messenger systems are shown in 

Table 1.2.[35] 
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Table 1.2 Second messengers and their cellular activities. 

Effector/second messenger system Cellular activities 

cGMP-PDE - Conversion of light signal into 

electrical nerve activity in rod cells 

- Color vision in cone cells 

Phospholipases - Autocrine and paracrine regulation 

- Protein kinase C activation 

- Ion channel conductance 

- Neurotransmitter release 

- Smooth muscle contraction  

- Platelet activating factor synthesis 

Adenylyl cyclases - Gene transcription 

- Mitogenesis 

- Metabolism 

- Growth factor 

 

Most G proteins involved in GPCR signaling are heterotrimeric with α, β, and γ 

subunits. When a ligand activates the GPCR, it induces a conformational change allowing 

the receptor to act as GEF that exchanges GDP for GTP on the Gα subunit. GTP binding 

promotes the dissociation of Gα from Gβγ, and then, the free GTP-bound Gα subunit and 

Gβγ heterodimer can activate various effector proteins, thus propagating an intracellular 

signaling cascade (Fig. 1.8).[38] The signaling continues until the G proteins are inactivated 

by a mechanism dependent on the intrinsic GTPase activity of the Gα subunit, which is 

facilitated by the direct binding of regulators of G protein signaling (RGS) to activated GTP-

bound Gα.[39] In simple, the intrinsic GTPase activity of the Gα subunit inactivates Gα by 

hydrolyzing GTP back to GDP. The inactivated GDP-bound Gα subunit reforms and 

inactivates G protein with Gβγ complex turning off other downstream events.[40] A single 

activated GPCR may activate multiple G proteins, and each G protein may activate 

numerous effector proteins, resulting in a considerable amplification of the signal.[41][42] 
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Upon prolong stimulation however, the receptors eventually inactivate even if their 

activating ligands remain bound. In this case, a G protein-coupled receptor kinase (GRK) 

phosphorylates the cytosolic portions of the activated receptor.[43] Once the receptor is 

phosphorylated in this way, it binds with high affinity to β-arrestin protein, which 

inactivates the receptor by preventing its interaction with G proteins and decreasing its 

response to ligands or agonists (desensitization).[42] β-arrestins also act as adaptor 

proteins and recruit the phosphorylated receptors to clathrin-coated pits from where the 

receptors are endocytosed and afterwards they can either be degraded in lysosomes or 

activate new signaling pathways.[44] 

 

Figure 1.8 GPCR activation/deactivation cycle. 
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1.2.5 Clinical impact of GPCRs 

Through this sequence of events, GPCRs help regulate an incredible range of 

bodily functions, from sensation to growth to hormone responses. Hence, proper 

functioning of this ‘molecular switching system’ is essential to the health of every 

individual organism. When the system malfunctions, the results can lead to acute or 

chronic human diseases, a partial listing of which includes cardiovascular disease (β1 - 

adrenergic receptor)[45]; asthma (β2 - adrenergic receptor)[46]; endometrial, ovarian and 

breast cancer (membrane estrogen receptor)[47]; and strokes and cerebral hypoperfusion 

(A2a - adenosine receptor)[48][49]. Other disease states directly linked to mutations in GPCRs 

include retinitis pigmentosa (rhodopsin), female infertility (follicle-stimulating hormone 

receptor), nephrogenic diabetes insipidus (vasopressin receptor), familial exudative 

vitreoretinopathy (frizzled receptors), and dominant and recessive obesity (melanocortin 

receptors)[50]. 

1.3 GPCRs and cancer 

Miscommunication is the hallmark of cancer. Normally, our cells are in constant 

communication, deciding how to share resources, determining the best time to grow, and 

if necessary, the best time to quit. In contrast, cancer cells typically have corrupted these 

lines of communication, allowing them to grow without limits and greedily reserve 

resources for themselves. GPCRs are among the many different molecules of 

communication that are changed when a normal cell is transformed into a cancer cell. In 

multicellular organisms, GPCRs became indispensable to integrate and coordinate the 

function and proliferation of individual cell types.[51] As an aberration of the normal 

relationships that organize cells coexistence, tumors commonly deceive cell-cell 

communication in order to expand and spread in the body. GPCRs represent critical 

elements in this process too.[52] An increasing number of studies link aberrant GPCR 

expression and activation to numerous types of human malignancies.[52][53] For instance, 

several GPCRs are overexpressed in different tumors[53] and GPCR variants can lead to 
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increased cancer risk. Some of the GPCRs that are more frequently implicated in human 

cancer are listed in Table 1.3.[52] 

Table 1.3 GPCRs associated with human cancers. 

Human cancer Receptor Ligand Process 

Breast cancer PAR1 Thrombin Growth; metastasis; angiogenesis 

EP2; EP4 PGE2 Growth; metastasis; angiogenesis 

CXCR4 SDF1 Metastasis; angiogenesis 

GPR30/GPER Estrogen Growth? Hormone-therapy resistance 

Colon cancer EP2; EP4 PGE2 Growth; metastasis; angiogenesis 

LPA1 LPA Growth 

ET receptors Endothelin-1 Survival 

PAR1 Thrombin Growth; migration 

Frizzleds Wnts Growth 

Head and neck 

cancer 

CXCR2 IL8; GROα Growth; metastasis; angiogenesis 

CXCR4 SDF1 Metastasis 

EP receptors PGE2 Growth; angiogenesis; metastasis 

GRPR GRP Growth; survival 

PAR1 Thrombin Metastasis; angiogenesis 

Small-cell lung 

cancer 

GRPR GRP Growth 

NMB-R Neuromedin B Growth 

CCK1; CCK2 CCK Growth; survival 

CXCR4 SDF1 Growth; metastasis 

Non-small-cell 

lung cancer 

EP receptors PGE2 Growth; metastasis; angiogenesis 

CXCR2 IL8; GROα Growth; metastasis; angiogenesis 

CXCR4 SDF1 Migration; metastasis 

β1AR; β2AR NNK Growth? 

Ovarian cancer LPA1-LPA3 LPA Growth; metastasis; angiogenesis 

CXCR2 GROα Growth; angiogenesis 

Pancreatic cancer GRPR GRP Growth 
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CCK1; CCK2 CCK Growth 

Parathyroid gland 

cancer 

CASR Calcium Growth 

Pituitary cancer TSH receptor TSH Growth; survival 

ACTHR ACTH Growth 

Prostate cancer PAR1 Thrombin Growth; invasion 

ETA Endothelin-1 Growth; survival; metastasis 

AT1 Angiotensin II Growth 

EP2; EP4 PGE2 Growth; metastasis; angiogenesis 

LPA1 LPA Growth; invasion 

B1; B2 Bradykinin Growth; survival; invasion 

GRPR GRP Growth; migration 

Melanoma MC1R MSH Sensitivity to UV-induced DNA damage 

CXCR2 IL8; GROα Growth; metastasis; angiogenesis 

ETB Endothelin-1/3 Growth 

Basal-cell 

carcinoma 

Smoothened Sonic hedgehog Growth 

Testicular cancer LH receptor LH Growth 

Thyroid cancer TSH receptor TSH Growth 

 

A very recent genomic characterization (1507 coding genes from 441 tumors) of 

somatic mutations with in the cancer genomes of multiple cancer types revealed an 

underestimated role for G protein signaling.[54] Moreover, emerging scientific reports 

indicate that GPCRs have a crucial but often not fully appreciated role in cancer 

progression and metastasis. Malignant cells often hijack the normal physiological 

functions of GPCRs to proliferate autonomously, evade the immune system, increase 

their nutrient and oxygen supply, invade their surrounding tissues and disseminate to 

other organs.[52] GPCRs are also the target of key inflammatory mediators, therefore 

providing a probable link between chronic inflammation and cancer.[52] In addition, GPCRs 
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have a central role in tumor-induced angiogenesis, and that tumor metastasis might 

involve the GPCR-guided migration of cancer cells to their target organs.[52] Abnormal 

expression of GPCRs and/or their ligands is directly observed in cancer cells of various 

origins that abuse GPCRs signaling to directly stimulate growth, induce angiogenesis, 

inhibit apoptosis, promote spreading and induce immune-tolerance.[52][53] Therefore, 

interfering with GPCRs and their downstream targets might provide an opportunity for 

the development of new, mechanism-based strategies for cancer diagnosis, prevention, 

and treatment.[52] Despite GPCRs represent one of the major pharmaceutical targets; it is 

surprising that the clinical practice of cancer treatment includes only a few drugs that act 

on GPCR-mediated signaling.[51] 

1.3.1 Steroid receptors in cancer 

Numerous hormone-activated receptors are overexpressed in hormone-

dependent and hormone-independent tumors and trigger multiple transduction 

pathways, which mediate relevant biological effects in diverse cancer cells.[47] Aberrant 

signaling of steroid receptors play a role in several diseases, including hormone-

dependent cancers such as breast, ovarian, endometrial and prostate cancer. Hormonal 

therapy is often the treatment of choice for breast and prostate cancers, as even in 

advanced cases the growth of cancer cells is still largely dependent on estrogens and 

androgens, respectively.[55][56] The steroid hormones activate their allied estrogen (ER) 

and androgen (AR) receptors, which are transcription factors of the nuclear hormone 

receptor family.[57][58] As treatment continues some patients develop hormone-refractory 

cancer lesions, which are characterized by their rapid growth and invasiveness.[58] The 

aberrant activity of GPCRs might contribute to this progression from hormone-dependent 

to hormone-independent tumors, and might therefore represent suitable targets for the 

treatment of hormone-insensitive breast and prostate cancers.[52] 

Cancers of female reproductive organs such as breast, ovarian and endometrial 

cancer are often dependent on steroid hormone, estrogen. These cancers tend to display 

variable expression of estrogen receptors (ERs) as well as various growth factor receptors 
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including epidermal growth factor receptor (EGFR).  In addition to the cancers of female 

reproductive system, estrogen and ERs are reported to have roles in colon and prostate 

cancer.[59][60] 

1.3.2 Physiological importance of estrogen 

All living organisms produce hormones which act as chemical messengers in 

transmitting signals. Estrogen is a steroid hormone comprising a group of chemically 

similar compounds (Fig. 1.9) which include estrone (E1), estradiol (E2), and estriol (E3), 

and is the primary sex hormone in women, essential to the menstrual cycle. Steroid 

hormones, including 17β-estradiol (E2), regulate a wide range of physiological processes 

involved in the development and maintenance of an array of tissue types in mammals. 

Estrogen plays a key role in the development and general function of reproductive organs 

in women and has also shown to play a role in inflammation[61], cardiovascular 

protection[62][63], neuroprotection[64], and maintenance of bone structure and strength[65]. 

Development of reproductive organs, regulation of estrus and menstrual cycling, and 

establishing pregnancies and maintaining pregnancy to term are the three classical roles 

of estrogen in female reproductive physiology.[66] 

 

Figure 1.9 Chemical structure of estrone (E1), estradiol (E2) and estriol (E3). 
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The multiple biological actions elicited by estrogens are mainly mediated by the 

classical estrogen receptors, ERα and ERβ which belong to nuclear steroid hormone 

receptor superfamily.[67] ERα is critical to the development of mammary gland, as shown 

in mice lacking ERα, the branching ductal structures typically seen in mature mammary 

glands are not seen at the end of puberty, and rather, mice have the rudimentary, non-

branching mammary glands that they are born with.[68] Both ERα and ERβ are involved in 

regulating the estrus cycle in mouse.[69] Estrogen is also critical to male fertility, shown by 

ERα knockout mice, which are infertile due to breakdown of testicular structures.[69] 

E2 also plays a well-defined role in osteoporosis, wherein E2 normally acts to 

prevent osteoclast-mediated bone loss and promotes bone formation by osteoblasts; 

when E2 levels are deficient, such as following menopause, the rate of bone loss 

increases, resulting in osteoporosis.[70] In a study conducted to monitor the role of E2 in 

maintenance of bone density, a decrease in bone density is observed in patients with 

defective ERα or aromatase.[71] 

Estrogen has been shown to play a role in neuroprotection in conditions like 

Parkinson’s disease and Alzheimer’s disease. In both conditions, postmenopausal 

hormone replacement therapy has been shown to be protective against disease onset, 

although E2 is not therapeutically useful after disease onset.[72][73] Estrogen can also 

protect against stroke and cardiovascular disease in premenopausal women.[74][75] E2 also 

induces rapid vasodilation via the release of nitric oxide and reduces the adhesion of 

inflammatory cells to atherosclerotic plaques.[76] 

1.3.3 GPER as a GPCR for E2 

It is universally appreciated that estrogen receptors, ERα and ERβ are primarily 

nuclear, and function as hormone-inducible transcription factors and induce estrogen-

dependent gene transactivation.[77] However, the physical identity and nature of the 

receptor(s) that manifest pre-genomic estrogen have been a matter of healthy debate.[77] 

A number of recent reports has demonstrated the existence of membrane-associated 
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estrogen receptors that mimic the activity of the classical nuclear ERs.[78] These 

membrane-associated ERs trigger diverse cellular functions by activating both genomic 

(transcriptional) and non-genomic (rapid) signaling.[79] Non-genomic signaling is less well 

characterized and thought to involve a rapid mechanism and receptors located at the cell 

membrane. The rapid signaling events include pathways that involve a cross-talk between 

transmembrane growth factor receptors and G protein-coupled receptors.[79] The 

existence of G protein-mediated signaling by estrogen and localization of estrogen 

binding sites to membranes suggested the possibility of a 7-transmembrane G protein-

coupled receptor family member, G protein-coupled receptor 30 (GPR30), being involved 

in certain aspects of estrogen function.[80][81] GPR30 has been implicated in mediating 

both rapid and transcriptional events in response to E2 under certain circumstances (Fig. 

1.10).[82] Several studies demonstrating estrogen pre-genomic signaling in GPR30-

positive, ER-negative cells indicate that GPR30 can act as a stand-alone (independent) 

receptor. 

 

Figure 1.10 Estrogen signaling pathway. 
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GPR30 was first identified as an orphan 7TMR in different cells by multiple groups 

during 1996-1998.[83][84][85][86] Unlike ERs, which was isolated by a classical protein 

chemistry strategy well suited for a soluble receptor, GPR30 was discovered by molecular 

cloning approaches that have been widely successful for identifying a large number of 

GPCR. Since, its ligand was unknown at that time, it was named after its significant 

homology to GPCR superfamily. Based upon its structural homology to angiotensin II 

receptors, and other chemotactic peptide receptors, it was presumed that the ligand for 

GPR30 was a peptide.[87] Furthermore, this receptor was found to be associated with local 

ER expression in breast cancer cell lines.[85] Later in 2000, a study demonstrated that 

estrogen rapidly activate extracellular signal-regulated kinase (Erk)-1 and Erk-2 in two 

breast cancer cell lines, MCF-7 (ERα+/ERβ+/GPR30+) and SkBr3 (ERα-/ERβ-/GPR30+), with 

the cell line SkBr3 expressing non-ERs.[88] These findings demonstrated that estrogen 

might be a potential ligand for GPR30. This view was further confirmed by the observation 

that estrogen did not activate Erk-1/-2 in a breast cancer cell line MDA-MB-231 (ERα-

/ERβ+/GPR30-) without GPR30 expression, whereas Erk-1/-2 was activated by estrogen 

after GPR30 transfection in the cells.[88] Therefore, GPR30 is necessary for the activation 

of Erk-1/-2 by E2. So far, GPR30 has been detected in numerous human tissues or cell 

lines, such as heart, uterus, placenta, prostate, subcutaneous adipose, visceral adipose, 

arteries and vessels.[89] 

GPR30 is now widely recognized as a receptor for E2. This receptor is included in 

the official GPCR nomenclature and was designated G protein-coupled estrogen receptor-

1 (GPER) by the International Union of Basic and Clinical Pharmacology in 2007.[90] As a 

GPCR, GPER has significantly different pharmacological properties and physiological roles 

than that of classical ERs. Rather than being a soluble receptor, GPER is a membrane 

receptor with seven transmembrane domains and is localized predominantly in the 

endoplasmic reticulum membrane.[91][92] Although, classic GPCRs are described as cell 

membrane receptor which binds its ligand at cell surface, it is becoming accepted that 

some GPCR may be functionally expressed at intracellular sites.[93] This is particularly true 
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of GPCRs with lipophilic or endogenously produced ligands. Estrogen is a cell permeable 

hormone, which suggests intracellular localization of GPER possible. However, the 

subcellular localization of GPER is still an object of controversy as this receptor is not truly 

intracellular and sometimes observed on the cell membrane.[94][95] GPER does not directly 

act as a transcription factor, but downstream signaling of GPER results in transcription of 

a variety of genes.[96][97] GPER also initiates a wide range of rapid signaling events, via 

adenylyl cyclase[98], transactivation of EGFR through the release of heparin-bound 

epidermal growth factor (HB-EGF)[88] and other pathways[99].  

GPER has high affinity for E2, though not for other endogenous estrogens, such as 

E1 or E3.[94][100] 17α-estradiol and 17β-estradiol are two isomers of E2. Among the two, 

17α-estradiol cannot bind GPER at all, neither can other steroid hormones, such as 

progesterone, testosterone, and glucocorticoid.[94] In addition, GPER can bind GPR30-

specific compounds, G-1 (GPR30-selective agonist)[101]; G-15 (GPER-specific synthetic 

antagonist)[102]; and G-36 (GPER-specific synthetic antagonist)[103]. Selective estrogen 

receptor down regulators (SERDs), such as ICI 182,780[98][94]; and selective estrogen 

receptor modulators (SERMs), such as tamoxifen[98], reloxifene and 4-hydroxytamoxifen 

(OHT)[104][105][106] are also found to bind GPER and mimic E2 effects. Also, a variety of 

environmental estrogens, such as genistein, bisphenol A, zearalonone, nonylphenol, 

kepone, p,p'-DDT, 2,2',5',-PCB-4-OH and o,p'-DDE can bind GPER.[107] The affinities (Kd) of 

GPER to different ligands are shown in Table 1.4. 

Table 1.4 Different ligands for GPER with tested affinity (Kd) values. 

GPER Ligands Affinity (Kd) 

E2 2.7 nM [94], 6 nM[100] 

E1 0.1% that of E2[94] 

E3 0.1% that of E2[94] 

G-1 11 nM[100] 

G-15 20 nM[102] 

ICI 182,780 ~10% that of E2[94] 
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Tamoxifen ~10% that of E2[94] 

Genistein IC50 133 nM (~13% that of E2)[107] 

Bisphenol A 2-3% that of E2[107] 

Zearalonone 2-3% that of E2[107] 

nonylphenol 2-3% that of E2[107] 

kepone 0.25-1.3% that of E2[107] 

p,p'-DDT 0.25-1.3% that of E2[107] 

2,2',5',-PCB-4-OH 0.25-1.3% that of E2[107] 

o,p'-DDE 0.25-1.3% that of E2[107] 

 

1.3.4 GPER-mediated signaling 

GPER is activated by E2, which also activates ERα and ERβ. As mentioned above, 

E2 initiates multiple intracellular signaling cascades. Although classical ERs have been 

demonstrated to be capable of mediating many of these responses, the signaling 

capabilities of GPER in response to estrogen have just begun to be described. GPER is 

capable of mediating both genomic and non-genomic responses induced by E2. Signaling 

pathways employed by GPER activation have not been fully elucidated yet. According to 

several published literatures, possible GPER-mediated signaling systems have been 

summarized in Fig. 1.11.[108] 
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Figure 1.11 GPER-mediated genomic and non-genomic signaling.[108] 

Some of the initial reports demonstrated that the GPER does indeed couple to G 

proteins in breast cancer cells.[94][88] In studies of the GPER-mediated signaling, much of 

the data have been obtained using the breast cancer cell lines, such as MCF-7 and 

SkBr3.[85][88] Briefly, E2 or other ligands with estrogenic properties may cross the cell 

membrane and bind to GPER, which is predominantly expressed on the membrane of 

endoplasmic reticulum, and activate heterotrimeric G proteins. The Gαs subunit in the 

activated trimeric G protein induces the activation of adenylyl cyclase, which results in 

the production of cAMP. On the other hand, the Gβγ subunits of the G protein activate 

Src tyrosine kinase, which binds to integrin α5β1 through an adaptor protein, Shc.[109] This 

complex then activates matrix metalloproteinase (MMP), and the activated MMP cleaves 

the pro-HB-EGF, releasing free HB-EGF into the extracellular space. The HB-EGF 
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transactivates the EGFR via an autocrine/paracrine mechanism, leading to multiple 

downstream events, including activation of PLC, PI3K, and mitogen-activated protein 

kinase (MAPK).[82] Activated PLC produces inositol triphosphate (IP3), which further binds 

to IP3 receptor and leads to intracellular calcium mobilization. The downstream signal of 

PI3K is Akt pathway. Main biological consequence of Akt activation is closely related to 

cancer cell growth; catalogued loosely into three aspects: survival, proliferation 

(increased cell number) and growth (increased cell size).[110] The activation of MAPK and 

PI3K further results in expression of transcription factors such as c-fos.[96] The activated 

EGFR can also induce extracellular-signal-regulated kinase (ERK) activation.[82][109] A 

recent study reported that the activation of ERK through GPER after E2 stimulation results 

in the secretion of connective tissue growth factor (CTGF) into the extracellular space, 

and that this secretion is involved in the proliferation of breast cancer cells.[106] In 

summary, the activation of GPER signaling cascades often leads to tumor promotion. 

1.3.5 Clinical significance of GPER 

Studies have demonstrated that GPER mediates rapid biological responses to 

estrogen in diverse normal, as well as transformed, cell types.[111][112] GPER gene 

expression has been spotted in at least four types of human cancer cell lines (Table 

1.5)[89], including breast cancer[94][85][88][113][114][106], endometrial cancer[115][104][116], ovarian 

cancer[97][117][118] and thyroid cancer[105]. In human breast cancer, decreased GPER 

expression is observed on both mRNA[119] and protein levels[113] when compared to 

healthy tissues, and its expression level is positively correlated with ERα[119]. Whereas in 

human endometrial cancer, GPER expression is up-regulated on both mRNA and protein 

levels when compared to the healthy tissues.[115] A number of experimental evidence 

accumulates every year to prove that GPER is strongly associated with cancer 

proliferation, migration, invasion, metastasis, differentiation, prognosis, and drug 

resistance.  
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Table 1.5 Estrogen receptors expression in human cancer cell lines. 

Human cancer cell lines ERα ERβ GPER 

Breast cancer cell lines 

MCF-7 + + + 

SkBr3 - - + 

MDA-MB-231 - + - 

T47D + + + 

MDA-MB-468 - + + 

Endometrial cancer cell lines 

KLE - - + 

RL95-2 + + + 

Ishikawa + + + 

HEC-1A - + + 

Ovarian cancer cell line 

BG-1 + + + 

Thyroid cancer cell line 

WRO + - + 

 

Since breast cancer cells proliferate in response to E2, E2 antagonists have been 

used for breast cancer therapy. However, relapse and metastasis have frequently been 

observed during therapy involving E2 antagonists, suggesting the possibility that a signal 

pathway in response to E2 other than the ERs may be present in breast cancer cells. It has 

been noted that GPER acts as a receptor in an alternative pathway of E2 activation.[120] 

Endocrine therapy is often the treatment of choice for breast cancer, including in 

advanced cases as long as they remain estrogen-dependent.[55] About two-thirds of all 

breast carcinomas express ERα, and yet, tamoxifen is used to treat ERα-positive 

tumors.[111] Tamoxifen is an antagonist of ERα in breast tissue via its active metabolite, 4-

hydroxytamoxifen. But, this antagonist acts as GPER agonist, which could significantly 
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influence the outcome of treatment.[121] 25% of all ERα-positive breast cancer patients do 

not respond to tamoxifen therapy, instead, they develop hormone-refractory cancer 

lesions, which are characterized by their rapid growth and invasiveness.[111] Considering 

the expression and signaling profile of GPER in breast cancer cells, it is clear that this 

receptor constitutes a target for anti-carcinogenic drug design and emphasizes the 

importance of evaluating the level of GPER expression in an ERα-positive cancer before 

using tamoxifen in endocrine therapy.  

Moreover, women treated with tamoxifen against breast cancer display an 

increased incidence of endometrial cancer.[122] In endometrial cancer, GPER is considered 

as a novel indicator of poor survival, as its high level expression is correlated with a more 

deteriorated cancer outcome.[123] Here again, GPER signaling is found to be involved in 

the development of endometrial carcinoma by promoting proliferation and enhancing 

invasion.[115] Another recent study, proved a similar role of GPER in ovarian carcinoma.[124] 

GPER was also involved in the stimulatory effects elicited by estrogen and ER antagonists 

in cancer-associated fibroblasts.[125] Together, these evidences support the hypothesis 

that GPER represents an estrogen-responsive receptor that is overexpressed and 

functionally relevant in high-risk breast, endometrial, and ovarian carcinomas.[111] But, 

the mechanism underlying the effect of GPER in estrogen-related cancer therapy is still 

unclear, and yet, there is no specific drug for blocking GPER action. It would be clearly 

important to clarify whether GPER is essential for certain cancer development and 

whether GPER is responsible for anti-estrogen therapy and chemotherapy resistance in 

these cancers. 

Apart from cancer, reports have been published on other possible physiological 

roles of GPER in the nervous system as well as in reproduction, metabolism, bone, and in 

the cardiovascular and immune systems.[126] GPER has shown to play a role in insulin 

secretion[127], vascular and myocardial function[128], renal disease and proteinuria [129][130]. 
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1.4 Rationale for project 

Science is not about simply accepting or denying findings of others, but about 

understanding, integrating, and communicating findings to advance current knowledge 

to the greatest possible degree. In the field of GPER research, a number of questions 

particularly with regard to rapid and chronic actions of GPER activators, inhibitors, partial 

agonists, or genetic GPER deficiency as well as potential roles of GPER in disease are still 

open.[131]  

Despite showing a broad clinical significance, GPER holds several confusions and 

challenges that remains unclear and are to be addressed. Though GPER is recognized as 

an ER, mediating non-genomic effects induced by E2, some groups raise the most 

controversial question concerning whether GPER is an ER at all.[132][133][134] The ultimate 

proof might have to come from a structural analysis of E2-bound GPER, but the first x-ray 

structures of any ligand-bound 7TM-GPCRs have only been solved very recently.[135] As a 

GPCR, GPER has very different sequence and structure than the classical ERs, and also, 

membrane proteins are difficult to crystallize in order to generate x-ray structures. The 

binding pocket for estrogen and estrogen analogues in GPER is not specifically known.  

Other unresolved puzzles include: What is the physiologic function of GPER in 

normal tissues as well as disease states? What are the overlapping and distinct functions 

of GPER with respect to ERα and ERβ? Does it initiate mostly independent responses? Is 

GPER expressed in the same or different cells and tissues compared to ERα and ERβ? How 

does it go to the membrane and which membrane after all? What are its structural and 

functional relationships to its neighbors in the GPCR family? Will drugs that selectively 

target GPER versus ERα and ERβ and vice versa be superior to drugs currently available 

for treating cancer, cardiovascular, neurological, renal and immune disorders. Sex 

differences of ER and GPER expression and their genomic and non-genomic functions as 

well as post-translational and epigenetic modifications such as methylation of ER DNA 

which may significantly affect its function also needs to be addressed. 
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In order to address some of the afore-mentioned challenges and to further 

advance our understanding on GPER’s mechanism of action, mass spectrometry-based 

proteomic approach was employed in the work presented in this thesis. This research was 

part of the project “Interaction of estrogen and estrogen receptors by MALDI-TOF/TOF” 

of the Initial Training Network - Chemical Bioanalysis (ITN-CHEBANA). The ITN is part of 

the Marie Curie Actions funded by the European commission. At the start of this research 

project, almost nothing was reported on the isolation and characterization of GPER by 

mass spectrometry, which was evident from the lack of published literature. By that time, 

most of the laboratories used molecular biological techniques for GPER research. 

Immunofluorescent and Western blot (WB) analyses were widely used to study expressed 

GPER. But today, we are first to report GPER identification by MALDI-TOF/TOF tandem 

mass spectrometry. For this thesis, we worked towards the development of a proteomics 

workflow for GPER investigation. 

In Chapter 2, we discuss a bit about what proteomics is and how it could help in 

solving some of the puzzles associated with GPER, and move on to modern mass 

spectrometry-based tools to unravel complex physiological pathways.  

Here, we demonstrate the hurdles in isolating membrane-bound GPER from crude 

lysate and propose a gel-free method using home-made hydroxyapatite (HTP) spin 

column to enrich and isolate GPER. During the study, we tested different proteolytic 

digestion conditions and made use of different proteases to pick the best one for GPER 

identification and characterization. The efficiency of the developed method for GPER 

isolation was verified by WB analysis with great reproducibility. This approach has proven 

to be successful as we were able to isolate and identify GPCRs including GPER by peptide 

mass fingerprinting (PMF). 

In Chapter 3, we discuss on protein post-translational modifications (PTMs), and 

PTMs that are potentially found in GPER. For glycosylation study, we used the HTP 

method that we proposed in Chapter 2 for GPER isolation and carried out glycopeptide 

derivatization with dansyl chloride (DNS-Cl), followed by MS and MS/MS analyses. GPER 

30 
 



deglycosylation experiments were also performed to some extent and discussed in this 

chapter. From the obtained experimental data, we were able to validate 2 glycosylation 

sites and the predicted glycan structures, manually. 

In Chapter 4, we introduce affinity capture-release strategy for GPER purification. 

This study revealed the possibility for developing synthetic antibodies for GPER. Here, we 

discuss about the design and synthesis of polymer nanoparticles to capture GPER with 

high affinity and selectivity among a mixture of proteins that are expressed in cancer cells. 

We evaluated the NPs-peptide/protein binding using HPLC and WB analyses. The initial 

results were interesting and we anticipate to use this strategy as a sample purification 

step prior to MS-based proteomic analysis. 

Chapter 5 will bring the discussions together, summarizing the milestones 

achieved during the project. This chapter will also point some future directions that 

emerge from the results of this thesis, to achieve the long-term goal of studying molecular 

interactions of GPER with other receptors and ligands by tandem mass spectrometry. 
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CHAPTER 2 
MASS SPECTROMETRY-BASED GPCR PROTEOMICS: 

Isolation and identification of GPER by          
Peptide Mass Fingerprinting 

 
 



In this rapidly developing scientific era, proteomics represents a major promise in 

proteome-wide studies. The term proteome was first used by Marc Wilkins, in 1996[136], 

for the entire set of proteins expressed by a cell, tissue or organism at a given time point. 

Proteomics is the study of the proteome, and involves the large scale study of proteins, 

particularly their structures, biological functions and interactions with other proteins. 

According to the Oxford Dictionary of Biochemistry and Molecular Biology, proteome and 

proteomics are defined as “the complete expression profile of the proteins of an 

organism” and “the study of the proteome by the analysis of protein structure and 

composition”, respectively.[137] The idea of identifying and analyzing all proteins encoded 

by a genome was proposed in mid 1990s[136] and the first proteome-scale analysis of a 

eukaryote was presented by Shevchenko and colleagues in 1996[138]. Since then, 

proteomics took off briskly and reached great heights. The challenge of proteomics is 

essentially based on archetypal ‘Analytical Chemistry’ strategies, such as separation, 

purification, and qualitative (identification) and quantitative analysis of proteinaceous 

analytes. Furthermore mass spectrometry (MS), one of the most powerful tool in modern 

analytical chemistry, is the core methodology in proteomics. Today, it is believed that the 

emergence of novel proteomics technologies will help researchers to better understand 

the mechanism underlying complex pathways including the ones that involve GPCRs. 

However, regardless of having many advances in technology and methodology, 

proteomics is still far from having reached the stage of productivity and utility that is 

necessary for it to be crucial to biological and biomedical research in the post-genome 

era. Areas requiring a prompt attention are related to sample preparation, separation 

technologies, quantitative methodologies and full exploitation of modern mass 

spectrometers.  

Despite showing a broad pharmaceutic importance, the structural information 

available on different GPCRs’ ligand-receptor complex with respect to molecular 

interaction is very limited and is mainly due to inadequate protein purification and 

hydrophobic nature of GPCRs. In addition, like many other membrane proteins, the 
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expression levels of GPCRs are very low in native systems. So far, structure-based drug 

design for GPCRs is mainly derived from computational structure prediction based on 

homology modeling combined with mutagenesis experiments. In the last decade, MS has 

proven to be the tool of interest for structural elucidation and for investigating protein-protein 

and ligand-receptor interactions. The use of selective ligands to covalently bind a receptor of 

interest, followed by MS analysis, could in principle precisely reveal amino acid residues that are 

part of the respective ligand-receptor binding sites. Moreover, MS techniques are well suited for 

the analysis of post-translational modifications but not frequently applied in the analysis of 

GPCRs. In the presented work, we intended to address some of the challenges related to 

GPER (refer section 1.5) by focusing on the analytical core of proteomics through the 

integration of an innovative separation and enrichment method for MS-based GPCR 

proteomics. 

2.1 Mass spectrometry-based proteomics 

The soul of any proteomics approaches is the ability to identify proteins in complex 

samples. Proteins can be identified based on structural and compositional features. The 

two main approaches to identify a protein are immunological approach and sequence-

based approach. Immunological approaches identify a protein using specific 

antibodies.[139] The field of cellular biochemistry and molecular biology was dominated by 

antibody-based techniques such as WB analysis as well as protein array and enzyme-

linked immunosorbent assay (ELISA) technologies, which requires certain prior 

knowledge about the proteins to be examined and are mostly restricted to a certain 

number of proteins to be analyzed. In sequence-based approach, proteins are identified 

based on the determination of their amino acid composition. Technological, 

methodological and computational limitations currently do not allow the determination 

of the sequence of a protein directly. Instead the sequence of a subset of its peptides is 

determined which is then used for protein identification.  

Until the early 1990s, Edman degradation was the method of choice to directly 

determine the amino acid sequence of a peptide. This method, introduced by Per Edman 
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in 1950, is based on cyclic degradation of proteins with phenylisothiocyanate.[140] The 

detached amino acids are subsequently identified by ultra violet (UV) absorbance 

spectroscopy. Despite the automation of the process in the late sixties[141][142][143], with a 

cycle time of one hour per amino acid, determination by Edman degradation remains a 

slow and inefficient process. Later in mid 1990s, Edman degradation was replaced by 

mass spectrometry-based approaches to determine the amino acid sequences of 

peptides. In MS, the elemental composition of a sample is determined based on the mass-

to-charge (m/z) ratio of ionized molecules or molecule fragments generated from the 

sample. The m/z ratio is measured based on the motion of the ions as they pass through 

an electromagnetic field.[144] The foundations of modern mass spectrometry were laid by 

Eugen Gold-stein and Wilhelm Wien in the late 19th century. The first fully functional 

mass spectrometers were built by Arthur Demster and Francis Aston in 1918 and 1919.[145] 

Large-scale and global proteomic studies of cellular biochemistry are enabled by the 

application of mass spectrometry, which allows the unbiased identification and 

characterization of hundreds to thousands of cellular proteins within one study.  

Mass spectrometry provides highly sensitive and accurate mass determinations of 

biomolecules. It is a versatile tool in proteomics research with a wide range of 

applications, including protein identification, quality control of recombinant proteins and 

studies of PTMs. [146] MS-based proteomics approaches encompass several steps, 

including extraction, fractionation and/or enrichment of protein and/or proteolytically 

derived peptide mixtures; peptide separation and ionization; measurement and 

collection of mass spectra; and data analysis. The most prominent use of MS is in 

combination with two-dimensional gel electrophoresis (2-DE), in which masses of 

enzymatic digests of proteins are determined and peptide mass fingerprints are obtained 

for comparison with entries in available protein databases (Fig. 2.1).[147][148][149] Various 

combinations of ionization techniques, mass analyzers and detectors may be used.  
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Figure 2.1 Classical proteomics workflow. 

The ionization sources used for protein research are electrospray ionization 

(ESI)[150] and matrix-assisted laser desorption/ ionization (MALDI)[151] systems, since their 

relatively gentle modes of action permit analysis of large polypeptides (Fig. 2.2). Both of 

these ionization types are classified as ‘soft’ techniques because there is little in-source 
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fragmentation of the ionized species, such that the mass of the intact molecular ion can 

be measured.[152][153] These ionization systems are combined with different mass 

analyzers in order to separate the ions formed, depending on the application. The most 

frequently used designs in proteomics are hybrid instruments that contain a combination 

of mass analyzers, such as: time of flight (TOF)[154][155], quadrupole (Q)[156], ion trap 

(LIT)[156], Fourier transform ion cyclotron resonance (FT-ICR)[157], and Orbitrap[158]. 

Tandem mass spectrometers can have more than one mass analyzer (for example, q-TOF 

and TOF-TOF) to take advantage of the strength of each.[159] 

 

Figure 2.2 Schematic representation of MALDI and ESI. 

MALDI is usually coupled to TOF analyzer that measure the mass of intact 

peptides, however, several other analyzers can also be coupled with MALD depending on 

the type of analysis. In the presented work, MALDI-TOF/TOF tandem mass spectrometer 

(Fig. 2.3) is used for GPER identification and characterization. MALDI sublimates and 

ionizes the analytes out of a dry, crystalline matrix via laser pulses. Generally, the matrix 

consists of crystallized molecules. Matrix should be of low molecular weight to allow facile 

vaporization. It is often acidic and acts as a proton source to encourage ionization. Matrix 

should have strong optical absorption either in ultra violet (UV) or in infra-red (IR) range 

and can be functionalized with any one of the following chemical agent: 3,5-dimethoxy-
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4-hydroxyxinnamic acid (sinapinic acid), α-cyano-4-hydroxycinnamic acid (α-cyano or α-

matrix), or 2,5-dihydroxybenzoic acid (DHB) (Fig. 2.4).  

 

Figure 2.3 Schematic representation of MALDI-TOF/TOF optics. 

The ionization is triggered by a laser beam. UV laser such as nitrogen laser (337 

nm), frequency-tripled or -quadrupled neodymium-doped yttrium aluminium garnet 

(Nd:YAG) laser are used as ionization source. The advantages of MALDI-TOF MS are speed, 

sensitivity, ease of use and accuracy of the molecular weights obtained by the TOF 

detector.[160][161][162] 

 

Figure 2.4 Chemical structures of different MALDI matrices. 
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2.2 Classical proteomics unfit for GPER analysis 

GPER is a 42 kDa integral membrane protein that may contribute to normal 

estrogen physiology as well as pathophysiology. The GPER gene, well conserved in 

different species, is mapped to chromosome 7p22.3 in human.[114] There are four 

alternate transcriptional splicing variants with 2 or 3 exons encoding the same protein 

which is comprised of 375 amino acids.[163] GPER is highly conserved in mammals with 

87% sequence identity between human and mouse. 

Cell culture and cell lysis: Proteins prepared from different cancer cell lines were used in 

the presented research work. BG-1 (ovarian cancer cells), Ishikawa (endometrial cancer 

cells), MCF-7 (breast cancer cells) were maintained in DMEM without phenol-red 

supplemented with 10% fetal bovine serum (FBS). Whereas, SkBr3 (breast cancer cells) 

were maintained in RPMI 1640 without phenol-red supplemented with 10% FBS. HEK293 

cells were overexpressed with hGPER gene and maintained in DMEM high glucose 

supplemented with 10% FBS. All cells were grown in 10 cm petri dishes, and then lysed in 

500 µL lysis buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 1 mM 

EGTA, 10% glycerol, 1% Triton X-100, 1% SDS, and a mixture of protease inhibitors such 

as 1 mM aprotinin, 20 mM PMSF and 200 mM sodium orthovanadate. The protein 

concentration was determined using Bradford protein assay. The cell lysates were divided 

into small aliquots and stored at -20 °C for further use. 

Protein depletion: The proteomics workflow was initiated by depleting high abundant 

proteins such as albumin & immunoglobulin G (IgG) using ProteoPrep Blue Albumin and 

IgG depletion medium from Sigma Aldrich. The buffers supplied by the manufacturer 

contain surfactants & salts that can cause signal suppression, therefore an alternative 

protocol was used. The cartridge was conditioned with 200 μl of 50 mM NH4HCO3 pH 8, 

three times giving 10 min incubation followed by centrifugation. 200 μl of total protein 

lysate (TPL) was loaded onto the column and incubated for 10 min at room temperature. 

After centrifugation at 3000 rpm for 1 min, the flow-through was loaded again and 

collected. The column was washed two times with 200 μl of 50 mM NH4HCO3 and the 
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relative flow-through fractions were collected and pooled. The bound proteins were 

eluted with 200 μl of (NH4)2CO3 pH 10, two times giving 10 min incubation followed by 

centrifugation. The collected eluate fractions were pooled and subjected to chemical 

fractionation, where the depleted proteins were partitioned into soluble, acidic, neutral 

and alkaline proteins by chemical treatment. 

Chemical fractionation: 100 μl of the depleted protein solution was precipitated with 800 

μl CHCl3/CH3OH (1:3, v/v). The pellet was partitioned with 200 μl of CH3CN/NH4HCO3 

(60:40, v/v), 200 μl of H2O and 200 μl of TFA 0.1%/CH3CN (90:10, v/v) systematically at 

room temperature under magnetic stirring. Each step was followed by centrifugation at 

12000 rpm for 5 min. Supernatant samples were collected at each step after 

centrifugation. 

Electrophoresis: The chemically fractionated samples were then subjected to sodium 

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) where the proteins were 

separated according to their electrophoretic mobility. 12.5% poly acrylamide gel was used 

to resolve the proteins. After electrophoresis, the gel was stained with a solution of 

Coomassie Brilliant Blue R 0.1% w/v in H2O/CH3OH/CH3COOH (9:9:2) and destained with 

destain solution made with 40% CH3OH, 10% CH3COOH to 1 L H2O. 

The bands appeared at around 42kDa were excised and processed for proteolytic 

digestion. On-gel digestion was performed overnight with trypsin (pH 8) at 37˚C. The 

tryptic peptides were concentrated and purified by eluting with C18 ZipTip, prior to MS 

analysis. α-CHCA (0.3% in TFA) was used as the matrix of choice in the presented work.  1 

μL portion of sample-matrix solution was spotted on a MALDI target plate, dried at room 

temperature and directly analyzed MALDI MS. MS analyses were carried out on AB SCIEX 

TOF/TOF™ 5800 System equipped with a 1 kHz variable rate laser. MS data were acquired 

in reflectron positive-ion mode, at a laser repetition rate of 400 Hz with 4000 laser 

shots/spectrum (100 laser shots/sub-spectrum) with a mass accuracy of 50 ppm. Acquired 

data set was evaluated using Mascot search engine (www.matrixscience.com). Database 

searches were performed against Swiss-Prot & NCBI, with taxonomy restricted to Homo 
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sapiens and trypsin enzyme cleavage specificity with an initial mass tolerance of 50 ppm. 

Over all, this experiment was a letdown as the database search failed to fish out GPER. 

In the successive experiments, protein depletion and chemical fractionation were 

replaced by solid-phase extraction (SPE) step. The TPL was fractionated using a reversed-

phase C18 cartridge (6 ml, 1 g). Conditionation: 2 ml of CH3CN/TFA 0.1% (50:50, v/v) 

followed by 2 ml of TFA 0.1% were drawn slowly through the column, avoiding column 

from drying. Sample Adsorption: 4 ml of sample (200 μl of total protein extract + 3.8 ml 

of TFA 0.1 %) was slowly drawn through the column. Washing: 3 ml of TFA 0.1% was 

drawn completely through the column. Elution: The analytes were gradient eluted by 

loading 1 ml of CH3CN/TFA 0.1% subsequently, increasing the concentration of organic 

phase (from 10 to 100%). Samples were collected in 500 μl at every stage throughout the 

whole process followed by concentration in speed vac. The concentrated samples were 

then subjected to SDS-PAGE and MALDI MS analysis, as described in previous paragraph. 

Additionally, we also tried in solution digestion of SPE fractions with trypsin followed by 

sample clean-up and MALDI MS analysis. The database searches revealed no significant 

data in either case. The experiments were repeated multiple times to rectify unknown 

errors, if occurred. But the outcome was same every time. 

It was learnt that classical proteomics was not suitable for GPER analysis by MALDI 

MS. Limitations with this approach include difficulties in separating very hydrophobic 

proteins like cell surface receptors, automation problems and the need for time-

consuming optimization, depending on the type of proteins to be studied.[164] To apply 

MS techniques to GPER analysis, improved methods for membrane protein production 

and proteomics analysis are needed to overcome the major hurdles.  

2.3 Method development for GPER isolation 

As classical MS-based proteomics involves protein separation by gel-

electrophoresis followed by proteolytic digestion and MS analysis (Fig. 2.1), this approach 

may not be suitable for integral membrane proteins, like GPER. The extraction of 
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membrane proteins after on-gel digestion still remains a big challenge. To overcome the 

hurdles in characterizing GPER by MALDI MS, it is necessary to develop a novel gel-free 

proteomics method to isolate and enrich the protein of interest from crude lysate. Lack 

of published literature on GPER isolation motivated us to work towards the development 

of a proteomics work flow for investigating GPER by MS. 

After days of literature hunt, we ended up in an interesting study dated back to 

1980, where hydroxyapatite was used in partial purification and characterization of 

estrogen receptors.[165] Even before that in 1978, hydroxyapatite dissociation method was 

reported to be useful in the preparation of chromosomal proteins for characterization 

studies.[166] HTP is naturally occurring metal salt with the formula Ca5(PO4)3OH. HTP 

crystallizes as a hexagonal close-packed structure orienting calcium ions at the surface in 

a triangle a few angstroms apart.[167] It is present in human bone and tooth enamel and 

forms biologically relevant interactions with proteins and phosphoproteins.[168] Over the 

years, HTP has enabled protein scientists to separate and purify proteins.[169][170] Recent 

studies demonstrated the use of HTP for single-step phosphopeptide enrichment from 

complex biological samples prior to MALDI analysis.[171][172][173]  Also, the use of HTP 

column has been reported for the purification of human β2-adrenergic receptor.[174] 

From the existing literatures, it is very important to note that the hydroxyapatite 

was used to purify only classical ERs[165], not the membrane-ER, GPER, which was not even 

in existence by that time. So, we decided to perform a case study on SkBr3 human breast 

cancer cells and used home-made hydroxyapatite spin column (Fig. 2.5) for GPER 

enrichment and isolation from TPL. In comparison, we also used a column stacked with 

C18 resin (Fig. 2.5) to monitor the performance.  

Spin column with hydroxyapatite (HTP) – 200 μl of TPL was diluted with 25 μl of 

equilibration buffer (10 mM TRIS, 1 mM EDTA, pH 7) and loaded onto HTP (100 g) spin 

column. After 30 min incubation at room temperature, the column was centrifuged at 

8000 rpm for 2 min. The filtrate was collected and reloaded for second time to achieve 

maximum enrichment. The bound proteins were eluted with 200 μl of elution buffer (100 
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mM KCl, 40 mM TRIS, 2 mM EDTA, pH 8), three times giving 30 min incubation followed 

by centrifugation at 8000 rpm for 2 min. The volume of eluate was concentrated to 100 

μl in speed vac. 

Spin column with C18 – 200 μl of total protein lysate was diluted with 25 μl of 

equilibration solution (H2O:C2H6O, 90:10) and loaded onto C18 (100 g) spin column. After 

1 hr incubation at room temperature, the column was centrifuged at 8000 rpm for 2 min. 

The filtrate was collected and reloaded for second time to achieve maximum enrichment. 

The bound proteins were eluted with 200 μl of elution solution containing 1 μM 17β-

estradiol in H2O:C2H6O, 50:50 giving 5 hr incubation and centrifugation, then followed by 

two more times with 200 μl of H2O:C2H6O, 50:50 giving 30 min incubation and 

centrifugation. The volume was concentrated to 100 μl in speed vac. 

 

Figure 2.5 HTP and C18 spin column model. 

The concentrated samples (C18 waste, C18 eluate, HTP waste and HTP eluate) 

from both the columns were subjected to SDS-PAGE for protein separation. The results 

were shown in Fig. 2.6(a). On comparing the results, it was clear that C18 lost the battle 

against HTP as most of the proteins got flushed out in the waste fraction, while HTP 
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retained most of the proteins leaving no trace in the waste. Surprisingly, the eluate 

fractions from both the columns showed trace bands in the range of 42 kDa indicating the 

possibility for GPERs’ presence. Later, the concentrated eluate from both C18 and HTP 

columns were proteolytically digested in solution using trypsin and analyzed by MALDI 

MS. The obtained spectra were submitted to MASCOT search engine. Unfortunately, no 

hits were found for GPER rather we noticed heavy traces of β-actin topping the list every 

time. It is crucial to note that the molecular weight of β-actin (42 kDa) is similar to that of 

GPER. β-actins are generally expressed in all eukaryotic cell types and they are involved 

in cell migration, structure and integrity. Simultaneously, efforts were made to detect the 

presence of GPER by protein immunoblotting technique.  

Western blot analysis: the C18 and HTP eluate fractions were resolved on a 10% 

polyacrylamide gel. After electrophoresis, the resolved proteins were transferred to a 

nitrocellulose membrane and probed overnight against GPR30 (N15) antibody (Santa Cruz 

Biotechnology) at 4°C. The developed blot was registered on a photographic film. The 

result turned out to be unexpected. HTP column emerged as the winner by showing a 

very clear and unique band at 42 kDa range, and confirmed the presence of GPER in 

samples processed through HTP column. Though 17β-estradiol was used in C18 elution 

solution, there was no significant outcome and this may be due to the poor protein 

retention as is evident from Fig. 2.6(b). 

 

Figure 2.6 GPER isolation from SkBr3 lysate using HTP spin column. 
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Next, to check the consistency of GPER enrichment using HTP spin column, we 

repeated the experiment again. This time, we used TPL obtained from different cancer 

cells, such as BG-1, Ishikawa, SkBr3 and MCF-7. We processed the TPL through HTP spin 

column as descried earlier in this section and collected the eluate fractions. The eluate 

fractions were subjected to SDS-PAGE followed by WB analysis. The SDS-PAGE and WB 

results were shown in Fig. 2.7(a) and Fig. 2.7(b), respectively. As expected, the 

immunoblot confirmed the presence of GPER when probed against GPR30 (N15) 

antibody.  

 

Figure 2.7 Consistency of HTP enrichment method. 

Here, we made one successful step towards the development of proteomics 

workflow for GPER investigation. The proposed GPER enrichment method using HTP spin 

column was simple, robust and cost-effective, and mainly found useful to isolate GPER 

from complex protein mixture. 

2.4 Identification of GPER by peptide mass fingerprinting 

The next big step was to identify GPER by peptide mass fingerprinting. In order to 

achieve this, the known problem with β-actin needs to be rectified first and foremost. We 

postulated that the use of membrane filters would serve the purpose. Our idea was to 

trap the membrane protein, GPER on the filter membrane and wash out all other 

unwanted proteins including β-actin. Cellulose acetate (CA) membrane spin filters (0.22 
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μm) were used in the presented work (Fig. 2.8). CA membranes get their name not from 

their structure, but from their materials of fabrication.[175] CA membranes have a very low 

binding affinity for most macromolecules and are especially recommended for 

applications requiring low protein binding.[176] They are naturally hydrophobic and have 

small amounts (less than 1%) of non-toxic wetting agents added during manufacture to 

ensure proper wetting of the membrane. If desired, these agents can be easily removed 

prior to use by filtering a small amount of warm purified water through the membrane or 

filter unit. 

 

Figure 2.8 Cellulose acetate spin filter model. 

Once the TPL was processed through HTP spin column, the collected eluate was 

filtered using CA membrane spin filter, centrifuging at 6000 rpm for 2 min. The flow-

through fraction was re-filtered for the second time in the same spin filter, centrifuging 

at 6000 rpm for 2 min. Followed by this, the CA membrane was washed with d.H2O and 

50 mM NH4HCO3, three times each consecutively, centrifuging at 6000 rpm for 2 min each 

time. Then, the filter unit was cut-open to remove the CA membrane. The CA membrane, 

thought to hold GPERs was then immersed in a solution having protease enzyme for 

proteolysis. The proteolytic digestion was performed on CA membrane (Fig. 2.9) with 
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pepsin (pH 2) at 37°C for 2-3 hr. In parallel, we also proteolytically digested small aliquots 

of the flow-through, H2O and NH4HCO3 fractions in solution with pepsin to compare the 

results. MALDI MS data were acquired from the peptic digests and evaluated using 

Mascot search engine. Database searches were performed against Swiss-Prot & NCBI, 

with taxonomy restricted to Homo sapiens and pepsin enzyme cleavage specificity with 

an initial mass tolerance of 50 ppm. The search results turned out to be a game changer 

and gave us new hope. The use of CA membrane filter before proteolytic digestion 

removed the much disturbing β-actin and other unwanted soluble proteins. The 

membrane retained mostly all the hydrophobic proteins that couldn’t pass through it. 

Though the search didn’t find the presence of GPER, it picked up traces of other GPCRs 

including GPR1, GPR6, GPR40, GPR112, GPR124.  

 

Figure 2.9 On-membrane digestion Schematic representation. 

For example, in our very first experiment after integrating both HTP enrichment 

and on-membrane digestion steps to our workflow, we encountered GPR1 with 72% 

sequence coverage (Fig. 2.10), topping the search list. As our research focus is mainly on 

identifying GPER, we repeated the experiments several time and continued our journey 

towards method development. At one point, we tried changing the protease from pepsin 

to α-chymotrypsin for on-membrane digestion.  
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Figure 2.10 Peptide mass fingerprint of GPR1. 

After passing the eluate through CA membrane, the membrane was washed with 

H2O and 50 mM NH4HCO3 as described earlier and removed from the filter unit. The 

proteins on-membrane was then digested overnight with α-chymotrypsin (pH 7.8) at 

30°C, followed by sample clean-up using C18 ZipTip and MALDI MS analysis. At first, we 

were not successful in fishing out GPER from the searches, but we didn’t give up. We 

repeated the experiment several times, obtained a set of MS data by altering the 

acquisition parameters and performed intensive database search by fine tuning the 

search parameters. Finally, to our surprise, when using α-chymotrypsin for proteolysis, 

we were able to identify GPER (Fig. 2.11) by peptide mass fingerprinting with top score. 
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Figure 2.11 GPER identification by peptide mass fingerprinting (MALDI MS). 

So far, this is the first study to report MS-based proteomics approach to isolate 

and identify GPER from total proteins extracted by lysing SkBr3 breast cancer cells. The 

use of CA membrane spin filters after enriching and isolating GPERs with HTP spin column 

made GPER identification easier and possible by MALDI MS. From our experiments while 

optimizing the workflow, we learnt that this protocol is not limited to GPER, but it can 

also be applied to study several other GPCRs by MALDI MS. 
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CHAPTER 3 
GPER POST-TRANSLATIONAL MODIFICATIONS: 

Analysis of N-glycosylation in GPER by           
MALDI-TOF/TOF tandem Mass Spectrometry 

 
 



Over the last few decades, researchers have discovered that the human proteome 

is incredibly complex and challenging than the human genome. Though it is estimated 

that the human genome comprises between 20,000 and 25,000 genes[177], the total 

number of proteins expressed in the human proteome is projected to be above 1 

million[178]. These estimations demonstrate that single genes encode multiple proteins. 

Genomic recombination, transcription initiation at alternative promoters, differential 

transcription termination, and alternative splicing of the transcript are mechanisms that 

generate different mRNA transcripts from a single gene.[179] The increase in complexity 

from the genome level to the proteome is further facilitated by protein post-translational 

modifications (PTMs). PTMs are chemical modifications that play a key role in functional 

proteomics, because they regulate protein behavior such as activity, turnover, localization 

and molecular interactions.  

3.1 Protein post-translational modifications 

Post-translational modifications (PTMs), a step in protein biosynthesis that can 

actively play an essential role in regulating protein functions. Normally, proteins are 

created by ribosomes translating mRNA into polypeptide chains. These polypeptide 

chains undergo modifications such as folding, cutting and attaching other biochemical 

functional groups (e.g. acetate, phosphate, or carbohydrates) before maturing as a 

complete protein product.[180] Most common protein modifications (Fig. 3.1) include 

phosphorylation, glycosylation, ubiquitination, nitrosylation, methylation, acetylation, 

lipidation and proteolysis. The PTMs play a crucial role in generating the heterogeneity in 

proteins and also help in utilizing identical proteins for different cellular functions in 

different cell types. These PTMs regulate how a particular protein sequence should act in 

most of the eukaryotic organisms. Defects in PTMs have been linked to numerous 

developmental disorders and human diseases, highlighting the importance of PTMs in 

maintaining normal cellular states.[181]  
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Figure 3.1 Common post-translational modifications. 

PTMs occur at different amino acid side chains or peptide linkages and are often 

mediated by enzymatic activity. In fact, it is estimated that 5% of the proteome comprises 

enzymes that perform more than 200 types of PTMs.[182] These enzymes include kinases, 

phosphatases, transferases and ligases, which add or remove functional groups, proteins, 

lipids or carbohydrates to or from amino acid side chains, and proteases, which cleave 

peptide bonds to remove specific sequences or regulatory subunits.[182][183][184] PTMs can 

occur at any stage in the life cycle of a protein. For example, many proteins are modified 

shortly after translation is completed to mediate proper protein folding or stability or to 

direct the nascent protein to distinct cellular compartments such as nucleus and 

membrane. Some other modifications occur after folding and localization are completed 

to activate or inactivate catalytic activity or to influence the biological activity of the 

protein. Proteins are not limited to have single modification, often they are modified 

through a combination of post-cleavage and the addition of functional groups through a 

step-wise mechanism of protein maturation or activation. Some of the common types of 

PTMs studied in protein research are outlined in Table 3.1.  
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Table 3.1 Common types of post-translational modifications. 

Protein post-translational modifications 

Glycosylation Many proteins, particularly in eukaryotic cells, are modified by 

the addition of carbohydrates, a process called glycosylation. 

Glycosylation in proteins results in addition of a glycosyl group 

to either asparagine, hydroxylysine, serine, or threonine.[185] 

Phosphorylation The addition of a phosphate group, usually to serine, tyrosine, 

threonine or histidine.[186] 

Ubiquitination The attachment of ubiquitin to a substrate protein.[187] 

Acetylation The addition of an acetyl group, usually at the N-terminus of the 

protein.[188] 

Alkylation The addition of an alkyl group (e.g. methyl, ethyl).[189] 

Methylation The addition of a methyl group, usually at lysine or arginine 

residues. This is a type of alkylation.[190] 

Sulfation The addition of a sulfate group to a tyrosine.[191] 

Nitrosylation Specifically S-nitrosylation, involves the covalent incorporation 

of a nitric oxide moiety into thiol groups at cysteine residues, to 

form S-nitrosothiol.[192] 

Lipidation A method to target proteins to membranes in organelles 

(endoplasmic reticulum, Golgi apparatus, mitochondria), 

vesicles (endosomes, lysosomes) and the plasma membrane.[193] 

Isoprenylation The addition of an isoprenoid group (e.g. farnesol and 

geranylgeraniol). This is a type of lipidation.[194] 

Palmitoylation Specifically S-palmitoylation, the reversible addition of palmitate 

and other long-chain fatty acids to proteins at cysteine residues. 

This is a type of lipidation.[193] 

Myristoylation The irreversible attachment of a myristoyl group, derived from 

myristic acid by an amide bond to the α-amino group of an N-

terminal glycine residue.[195] 
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Biotynylation Acylation of conserved lysine residues with a biotin 

appendage.[196]  

Glutamylation Covalent linkage of glutamic acid residues to tubulin and some 

other proteins.[197] 

Glycylation Covalent linkage of one to more than 40 glycine residues to the 

tubulin C-terminal tail of the amino acid sequence.[198] 

Phosphopantetheinylation The addition of a 4'-phosphopantetheinyl moiety from 

coenzyme A, as in fatty acid, polyketide, non-ribosomal peptide 

and leucine biosynthesis.[199] 

Selenation The addition of selenate group to a cysteine. Selenates are 

analogous to sulfates and have similar chemistry.[200] 

C-terminal amidation The addition of an amide group to the end of the polypeptide 

chain.[201] 

Lipoylation The attachment of a lipoate functionality.[202] 

Proteolysis A ubiquitous and irreversible PTM involving limited and highly 

specific hydrolysis of peptide and isopeptide bonds of a protein 

by a protease.[203] 

 

Based on previous understanding and emerging data, it seems evident that PTMs 

are involved in regulating almost all cellular events, including gene expression, signal 

transduction, protein-protein interaction, cell-cell interaction, and communication 

between the intracellular and extracellular environment.[204] The analysis of proteins and 

their PTMs is especially important for the study of heart disease, cancer, 

neurodegenerative diseases and diabetes. Protein modifications that influence the 

activity of pivotal proteins can only be determined by studying the proteome.[205] Though 

the characterization of PTMs is well challenging, it cannot be left behind as it provides 

invaluable insight into the cellular functions underlying the processes that leads to 

subsequent disorders in living organism. Technically, the main challenges in studying 

post-translationally modified proteins are the development of specific detection and 

purification methods. Fortunately, these technical complexities are currently being 
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tackled with a variety of new proteomics technologies. Tandem mass spectrometric 

methods can be employed to localize the sites of post-translational modifications.[206][207] 

3.2 Glycosylation in GPER 

Post-translational modification through transfer of glycans or carbohydrates to 

proteins is a complex process requiring the concerted action of a series of 

glycosyltransferases (GTs), each catalyzing a specific step in the pathway. The 

conservation of this complicated process throughout evolution suggests that important 

functions are attached to protein glycosylation. Unfortunately, these functions remain 

poorly understood. Protein glycosylation is acknowledged as one of the major post-

translational modifications, with significant effects on protein folding, conformation, 

distribution, stability and activity. It is well known that protein glycosylation plays a critical 

role in the regulation of protein structure[208], signal transduction[209], cell-cell and cell-

environment interactions[210][211][212], immune responses[213][214], hormone action[215], 

cancer progression[216] and embryonic development[217][218]. Nearly half of all known 

proteins are potentially glycosylated[219] and this PTM is characterized by various 

glycosidic linkages (Fig. 3.2), including N-linked glycosylation, O-linked glycosylation and 

C-linked mannosylation, glypiation (GPI anchor attachment) and phospho-

glycosylation.[220] In cells, the most abundantly found protein glycosylation are N-linked 

and O-linked glycomodifications. N-linked glycosylation often occurs on a large variety of 

nascent proteins, whereas, O-linked monosaccharide modification of N-

acetylglucosamine (GlcNAc) on serine, threonine or amino residues in close proximity to 

tyrosine phosphorylation sites is frequently observed in many cells. At these sites, 

glycosylation may contribute to the regulation of signaling pathways through a direct 

competition with serine and threonine phosphorylation or by indirectly disturbing the 

phosphorylation of tyrosine.[221] 
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Figure 3.2 Different types of glycosidic linkages.[222] 

In UniProt database (http://www.uniprot.org/uniprot/Q99527), GPER is reported 

to have three potential glycosylation sites, N-linked (GlcNAc) based on sequence analysis. 

The possible positions for the glycosylation sites are shown in Table 3.2. A number of 

different technologies are currently being used to study glycosylation, including mass 

spectrometry[223][224][225], nuclear magnetic resonance (NMR)[226] and liquid 

chromatography for ‘glycan sequencing’[227][228]. Glycoproteins can be detected (glycan 

staining and visualization), purified (glycan cross-linking to agarose or magnetic resin) and 

analyzed by mass spectrometry-based proteomics. Over last decade, glycan microarrays 

are used for glycan-protein interaction profiling[229] and new techniques to fluorescently 

label glycans have enabled quantification of glycan species on the array[230]. In the 

presented work, we employed mass spectrometry-based approach to study GPER 

glycosylation. 

Table 3.2 Glycosylation sites in GPER. 

PTM Position Length Description 

Glycosylation 25 1 N-linked (GlcNAc) 
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Glycosylation 32 1 N-linked (GlcNAc) 

Glycosylation 44 1 N-linked (GlcNAc) 

 

3.3 Glycopeptide derivatization with dansyl chloride 

Tandem mass spectrometry (MS/MS or MSn) is a powerful tool for characterizing 

N-linked glycopeptide structure. Mass spectrometry-assisted glycopeptide analysis can 

provide information on both glycan structure heterogeneity and glycosylation site, 

enabling site-specific and/or protein-specific glycosylation analysis.[231] However, it is still 

difficult to obtain detailed structural information on the glycan moiety directly from 

glycopeptide ions. For structural analysis, collision-induced dissociation (CID) is used as 

the ion-activation method for fragmenting glycopeptide ions. Under CID conditions, 

cleavages of glycosidic bonds preferentially occur prior to peptide fragmentation. Thus, 

more harsh conditions for ion fragmentation or MS3 measurements are required to obtain 

peptide sequence information.[232][233]  The glycan structure can be simply deduced from 

CID spectra of glycopeptides; however, available structural information is limited. 

Dominant cleavages in glycosidic bonds provide only glycan compositional information. 

Moreover, monosaccharide rearrangements may occur in the dissociation of protonated 

glycopeptides.[234] Due to the inherent branched structures of N-linked glycans, glycan 

compositional information is not sufficient for characterizing the structure of glycan 

moiety in glycopeptides. 

In the presented work, we used dansyl chloride (DNS-Cl) for glycopeptide 

derivatization and manually validated two glycosylation sites, reported in GPER. 

Glycopeptide derivatization using DNS-Cl have been reported successful in identifying 

glycosylation sites and characterizing the structure of glycan moieties.[235] Dansylation is 

a method for determining the N-terminal residue of a peptide. It reacts with the terminal 

primary amine. DNS-Cl is well known for its competency to improve ionization efficiency 

and peptide fragmentation.[236] Dansylation is expected to increase the peptide mass by 
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234 Da. It increases the m/z value of each individual peptide and enlarges the mass scale 

of the experiment. Hence, the increased ionization efficiency and the better signal-to-

noise ratio thus achieved, allows the identification of dansylated peptides by MALDI, to a 

greater extent.[235] 

MS analyses were performed using a 5800 MALDI-TOF/TOF analyzer equipped 

with a Nd:YAG (349 nm) laser, in reflectron positive-ion mode with a mass accuracy of 5 

ppm. At least, 4000 laser shots were typically accumulated with a laser pulse rate of 400 

Hz in the MS mode. In Fig. 3.3, the presence of possible glycans including hexose and 

GLcNAc were predicted in the MS spectrum obtained by shooting the pepsin-digested 

sample. The mono isotopic mass of hexose and GLcNAc are 162.05 Da and 203.07 Da, 

respectively. 

 

Figure 3.3 MALDI MS spectrum of peptic mixture (SkBr3 lysate). 
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A closer inspection of the characteristic pattern displayed in Fig. 3.4 provided 

some information on the presence of a hexose sugar, as the difference between the ion 

peaks at m/z 1472.54 and m/z 1309.49 in the spectrum is about 162 Da. These MS spectra 

were acquired from the peptic digests before dansylation.  

In the MS/MS mode spectra up to 5000 laser shots were acquired and averaged 

with a pulse rate of 1000 Hz. MS/MS experiments were performed at a collision energy 

of 1-2 kV, and ambient air was used as the collision gas with a medium pressure of 10−6 

Torr. The MS/MS spectra of the precursor ion peaks at m/z 1472.54 and m/z 1309.49, 

before dansylation were shown in Fig. 3.5.  

 

 

Figure 3.4 MALDI MS spectrum showing possible hexose sugar. 
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Figure 3.5 MS/MS spectra of precursor ions m/z 1472.54 and m/z 1309.49 before 

dansylation. 

Peptide dansylation was performed by adding 16 μl DNS-Cl (0.22 mol/L, in 

CH3COCH3), 10 μl 0.1M NaHCO3 and 5 μl Na2CO3 to 20 μl of sample (SkBr3 TPL - processed 

through HTP column and filtered using CA spin filter, followed by on-membrane digestion 

with suitable protease). For optimum results, pH 11 should be maintained throughout the 

reaction. The mixture should be wrapped in aluminium foil and kept under magnetic 

stirring for 3 hours at room temperature, followed by sample clean-up using C18 ZipTip 

and MALDI MS and MS/MS analysis. After dansylation, the mass spectrum showed more 

peaks than that of underivatized peptides. Peptide peaks appeared with one or two 

dansyl modifications, whereas, unmodified peptides were not observed showing that 

each pepsin-digested peptide has taken up at least one dansyl group. N-terminal 

dansylation increased desorption and ionization efficiency in α-CHCA matrix. The peptide 

mass should increase by 234 Da on dansylation, thereby increasing the m/z 1472.54 and 

m/z 1309.49 to m/z 1706.54 and m/z 1543.49, respectively. The MS/MS spectra of the 
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precursor ion peaks at the corresponding m/z 1706.54 and m/z 1543.49 were shown in 

Fig. 3.6.  

 

Figure 3.6 MS/MS spectra after dansylation. 

The first N-glycosylation site at position no. 32 in GPER protein sequence was 

validated in Fig. 3.6. We used Glycomod program (http://web.expasy.org/glycomod/) to 

determine this. Glycomod is an online tool for predicting all possible composition of 

oligosaccharide structures in glycoproteins from their experimentally determined masses. 

From Glycomod, the structural information including possible glycosylation sites can be 

obtained by inputting data derived from preliminary evaluation of the most likely 

constituents present in the examined glycopeptides. The experimentally determined 

mass of glycopeptide can be used to find all possible compositions of the glycan moiety 

when glycosylation site and protein structure are known. The glycopeptide of m/z 679.37 

with 1 missed cleavage (MC) from Table 3.3 (generated from Glycomod) is more closely 

connected to the experimentally determined peak at m/z 914.94 in the MS/MS spectrum. 
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On subtracting the mass of DNS-Cl (234 Da) and H+ (1 Da) ion from the experimentally 

observed peak at m/z 914.94, the glycopeptide mass is known to be m/z 679.94 which is 

corresponding to the peptide NLSHPL at position 32-37 (Table 3.3) in GPER protein. 

Table 3.3 Possible glycopeptides predicted using Glycomod. 

Position MC Peptide mass Peptide 

23-30 1 815.36609 APNTTSPE 

24-30 0 744.32898 PNTTSPE 

24-31 1 857.41304 PNTTSPEL 

32-37 1 679.36530 NLSHPL 

43-48 1 547.22378 ANGTGE 

44-48 0 476.18667 NGTGE 

44-49 1 589.27073 NGTGEL 

80-87 1 903.54292 ILVVNISF 

82-87 0 677.37480 VVNISF 

82-89 1 962.51850 VVNISFRE 

314-319 1 669.27920 FSNSCL 

315-319 0 522.21079 SNSCL 

315-322 1 846.39054 SNSCLNPL 

 

We further exploited the MS/MS approach to validate the N-glycosylation site 

suggested by the Glycomod tool and the amino acid sequence of glycopeptide. Fig. 3.7 

and Fig. 3.8 shows the high energy CID spectrum of the dansylated-glycopeptide with b- 

and y-ion coverage and MS/MS validation of structures, respectively. The inner structure 

in Fig. 3.7 shows the cleavage pattern with respect to [Mpep-16]+, [Mpep+H]+, cleavage at 

the innermost N-acetylglucosamine residue [Mpep+84]+ and  Y-type cleavage of the 

chitobiose core [Mpep+204]+ with the retention of the peptide moiety. 
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Figure 3.7 MS/MS spectrum of m/z 1543.50. 

 
Figure 3.8 MS/MS spectrum of m/z 679.37. 
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Hybrid complex and high mannose structure type were predicted and assigned to 

the observed glycopeptide NLSHPL (MC 1) of m/z 679.37 (Fig. 3.9). The composition of 

oligosaccharides was calculated by inputting the presence of at least one Hexose (Hex) 

and two N-acetylhexoses (HexNAc), representing the conservative core.  

 

Figure 3.9 Oligosaccharide structures corresponding to NLSHPL. 

 

Similarly, Peptide dansylation was performed on samples digested with α-

chymotrypsin and analyzed by MALDI MS and MS/MS. The simple MALDI MS spectrum of 

the α-chymotrypsin-digested sample showed, in fact, the specific m/z spacing patterns 

(n203 and n162+n203) of glycoforms with in the 1-3 kDa mass range (Fig. 3.10). 
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Figure 3.10 MALDI MS spectrum of α-chymotrypsin-digested sample (SkBr3  lysate). 

We validated the second glycosylation site at position no. 44 in GPER and glycan 

composition including the corresponding amino acid sequence of glycolpeptide based on 

the structural information (Table 3.4) obtained by inputting the data derived from 

preliminary evaluation of the most likely constituents present in the examined 

glycopeptides. The high energy CID spectrum of m/z 1616.64 (Fig. 3.11) shows the MS/MS 

validation of predicted oligosaccharide structures corresponding to the glycopeptide 

ANGTGEL. 

Table 3.4 Oligosaccharide structures predicted by Glycomod. 

Glycan 

mass 

Structure Peptide 

mass 

Position Peptide 

sequence 

Total Gly 

mass 

552.217 (HexNAc)2 (Deoxyhexose)1 522.211 315-319 SNSCL 1097.418 

1444.534 (HexNAc)2 (Deoxyhexose)1 + 

(Man)3 (GlcNAc)2 

522.211 315-319 SNSCL 1989.735 
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1501.555 (HexNAc)3 + (Man)3(GlcNAc)2 792.449 32-38 NLSHPLL 2316.994 

933.344 (Hex)2 (HexNAc)3 660.308 43-49 ANGTGEL 1616.642 

1590.592 (HexNAc)2 (Deoxyhexose)2 + 

(Man)3 (GlcNAc)2 

660.308 43-49 ANGTGEL 2273.890 

1939.729 (HexNAc)3 (Deoxyhexose)3 + 

(Man)3 (GlcNAc)2 

660.308 43-49 ANGTGEL 2623.027 

2391.819 (Hex)8(HexNAc)1 + (Man)3 

(GlcNAc)2 

660.308 43-49 ANGTGEL 3075.117 

1524.534 (Hex)3 (Deoxyhexose)1 + (Man)3 

(GlcNAc)2 

811.353 312-319 AAFSNSCL 2358.877 

2928.041 (Hex)7 (HexNAc)3 (Deoxyhexose)2 

+ (Man)3 (GlcNAc)2 

679.365 32-37 NLSHPL 3630.396 

 

 

 

Figure 3.11 MS/MS validation of oligosaccharide structure. 
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3.4 GPER deglycosylation with endoglycosidases 

Protein deglycosylation refers to the removal of the glycan moiety from a 

glycoprotein. This could be accomplished by either chemical or enzymatic methods. 

However, chemical methods such as β-elimination with mild alkali or mild hydrazinolysis 

can be harsh and may result in incomplete sugar removal and degradation of the protein; 

whereas, enzymatic methods are much gentler and can provide complete sugar removal 

with no protein degradation.  

Use of the enzyme Peptide-N-Glycosidase F (PNGase F) is the most effective 

method for removing all N-linked oligosaccharides from glycoproteins.[237] PNGase F 

digestion deaminates the asparagine residue to aspartic acid, and leaves the 

oligosaccharide intact, keeping it suitable for further analysis. A tripeptide with the 

oligosaccharide-linked asparagine as the central residue is the minimal substrate for 

PNGase F. However, oligosaccharides containing a fucose α(1-3)-linked to the glycan core, 

commonly found in some plants and/or insect glycoproteins, are resistant to PNGase F. 

Peptide-N-Glycosidase A (PNGase A), isolated from almond meal, must be used in this 

situation.[238] Steric hindrance may slow or inhibit the action of PNGase F at certain 

glycosylation sites. Therefore, denaturation and reduction of the glycoprotein by heating 

with SDS and 2-mercaptoethanol greatly increases the rate of deglycosylation. Other 

commonly used endoglycosidases such as Endoglycosidase H and the Endoglycosidase F 

series are not suitable for general deglycosylation of N-linked sugars because of their 

limited specificities and because they leave one N-acetylglucosamine residue attached to 

the asparagine.[239][240] 

In our study, we tried using both PNGase F and Endoglycosidase H for protein and 

peptide deglycosylation. Two sets of SkBr3 TPL were processed through HTP spin column 

and filtered using CA spin filter, individually. The membranes were then removed and the 

bound proteins were digested on-membrane overnight with pepsin (pH 2) at 37°C and α-

chymotrypsin (pH 7.8) at 30°C, simultaneously. Further, the peptic and α-chymotryptic 

mixture were deglycosylated separately overnight with PNGase F at 37°C and analyzed by 
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MS and MS/MS. In later experiments, the deglycosylation was performed on-membrane 

(after CA membrane filtration), followed by proteolytic digestion with pepsin and α-

chymotrypsin, and MS analysis. In some experiments, we used 0.1% SDS to assist the 

release of deglycosylated and proteolytically digested peptides from CA membrane. 

Sample clean-up using C18 ZipTip was implemented prior to MS analysis whenever SDS 

was used. 

Similarly, deglycosylation experiments were performed on the proteins bound on 

CA membrane (after filtration) using Endoglycosidase H (Sigma Endo H kit) as per 

manufacturer instructions. The glycans were analyzed by MS and MS/MS. Then, the CA 

membrane was further subjected to proteolytic digestion and analyzed by MS and MS/MS 

after sample clean-up with C18 ZipTip. Unfortunately, the results from the 

deglycosylation experiments were not satisfactory, and thus, not reported in this thesis. 

In this chapter, we reported the proteomic analysis of N-glycosylation in GPER by 

MALDI MS and MS/MS. We successfully validated 2 out of 3 N-glycosylation sites and the 

corresponding glycopeptides, NLSHPL at position 32-37 and ANGTGEL at position 43-49. 

Further, we predicted the possible oligosaccharide structures using Glycomod tool and 

manually validated the structures from obtained data by MS/MS. 
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CHAPTER 4 
AFFINITY CAPTURE-RELEASE STRATEGY FOR GPER 
PURIFICATION: Design and synthesis of Polymer 

Nanoparticles with high affinity for GPER 

 
 



Affinity chromatography is a method for separating biochemical mixture based on 

a highly specific interaction similar to the one between receptor and ligand. It is a variant 

of chromatography based on the ability of biomolecules (analytes) to bind certain ligands 

specifically and reversibly. These unique features of the analyte and the ligand interaction 

are then utilized for the separation of the analyte of interest from a complex mixture. 

From the first protein-protein interaction studies done in the late 1990´s[241][242], affinity 

separations have experienced a true renaissance in proteomics. A complete parade of 

affinity matrices and affinity-based experimental approaches has been developed that 

has found numerous applications ranging from subtraction of highly abundant proteins 

to study of drug target profiles to large scale mapping of posttranslational modifications. 

4.1 Introduction to affinity purification 

Proteins and other macromolecules of interest can be purified from crude extracts 

or other complex mixtures by a variety of methods. Selective precipitation is perhaps the 

simplest method for separating one type of macromolecule from another. Most 

purification methods, however, involve some form of chromatography whereby 

molecules in solution (mobile phase) are separated based on differences in chemical or 

physical interaction with a stationary material (solid phase). Gel filtration (also called size-

exclusion chromatography or SEC) uses a porous resin material to separate molecules 

based on size (i.e., physical exclusion). In ion exchange chromatography, molecules are 

separated according to the strength of their overall ionic interaction with a solid phase 

material (i.e., nonspecific interactions).  

By contrast, affinity chromatography (also called affinity purification) makes use 

of specific binding interactions between molecules. In the classical setup, a relevant ligand 

is attached to a solid, inert resin creating an affinity stationary phase (affinity matrix). 

When a sample containing desired analyte is passed over such affinity matrix, the analyte 

having specific binding affinity to the ligand become bound and retained by the matrix 

while the other molecules stay apart. After the other unwanted molecules are washed 
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away, the bound analyte is stripped from the affinity matrix, resulting in its purification 

from the original sample (Fig. 4.1). This principle was discovered by P. Cuatrecasas and 

M. Wilchek, who applied it to the purification of Staphylococcal nuclease and 

avidine.[243][244] Since their discovery, numerous specialized affinity purification 

techniques appeared, but notably even today more than 90% of them apply the same 

general principles as reported in 1968.[245] Each specific affinity system requires its own 

set of conditions and presents its own peculiar challenges for a given research 

purpose.[246] 

 

Figure 4.1 Protein purification using affinity chromatography.[247] 

Basically, there are two main modes of affinity chromatography - a ‘subtraction’ 

mode and an ‘enrichment’ mode. If the aim of the purification is to specifically remove 

protein species that would hamper characterization of the sample, then affinity 

chromatography is employed in subtraction mode. Traditionally, the main purpose of 

affinity subtraction is the elimination of highly abundant proteins like albumin, 

immunoglobulin, etc., to achieve broader coverage of proteomes that suffer from wide 
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dynamic range such as human body fluids (blood plasma, cerebrospinal fluid, urine, 

saliva). Whereas, enrichment mode is applied for the isolation of selected protein species. 

At the protein level, the enrichment affinity chromatography permits the purification of 

a particular protein of interest or a group of low abundant proteins and/or proteins that 

share a specific structural feature. At peptide level, the enrichment affinity 

chromatography has attained an essential position in the purification of post-

translationally modified species.  

Moreover, the enrichment affinity chromatography of proteins can be used as a 

tool to obtain an information on specific protein affinities. In short, the basic principle of 

affinity chromatography allows to utilize the method for the isolation of protein partners 

of selected molecules.[248] During the affinity purification, the molecule of interest 

represents a ‘bait’ that is bound by its cellular protein counterparts, its ‘preys’. These 

(protein) preys are then easily purified and consequently identified by MS[249][250], 

generating thus a map of the bait-protein interaction network. In this setup, affinity 

chromatography has facilitated the discernment of many different molecular 

relationships from protein-protein interactions to drug selectivity profiles.[251][252][253] 

4.2 Engineered polymer nanoparticles for GPER purification 

The support or matrix in affinity purification is any material to which a bio-specific 

ligand is covalently attached. Typically, the material to be used as an affinity matrix is 

insoluble in the system in which the target molecule is found. Usually, but not always, the 

insoluble matrix is a solid. Hundreds of substances have been described and utilized as 

affinity matrices, including agarose, cellulose, dextran, polyacrylamide, latex and 

controlled pore glass[254][255][256] Useful affinity supports are those with a high surface-area 

to volume ratio, chemical groups that are easily modified for covalent attachment of 

ligands, minimal nonspecific binding properties, good flow characteristics and mechanical 

and chemical stability. 
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Over the last decade, the use of magnetic nanoparticles[257][258][259][260] and 

polymer nanoparticles[261][262][263][264] for protein affinity purification have been widely 

reported. Engineered synthetic nanoparticles (NPs) with an intrinsic affinity and 

selectivity for target biomacromolecules are significant interest for use in diagnostics[265], 

therapeutics[266][267][268] and protein purification[269][270], and as a tool to investigate 

biochemical processes[271][272]. Recent studies show that synthetic NPs (Fig. 4.2) 

incorporating functional groups complementary to a surface domain of a target 

biomacromolecule can result in a high intrinsic affinity for target peptides[268], 

proteins[266][273], and polysaccharides[274][275]. These materials are attractive as an 

inexpensive and robust alternative to affinity reagents of biological origin, including 

antibodies.[276] 

 

Figure 4.2 Synthetic polymer nanoparticles for protein purification. 

It is well discussed in Chapter 1 that GPER may play a significant role in tamoxifen 

resistance in breast cancer cells. Although it is believed to be a key player in several other 

cancers, the background information at the molecular level is still limited. In order to 

study the complete proteome, post translational modifications, mutations and to better 

understand their molecular interactions with various other receptors and ligands, it is 

necessary to isolate pure GPER from crude cell lysate. The lack of promising separation 

and purification tools peaked our interest towards designing NPs that can capture this 

target biomolecule. In recent years, NPs with an intrinsic affinity have shown to be 
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successful in binding biomacromolecules like melittin[277][278], immunoglobulin G[279], 

histone[280], fibrinogen[280] and lysozyme[269] by controlling and optimizing the functional 

monomers composition.  

In the presented work, we adopted a similar approach in an effort to capture GPER 

with high affinity and selectivity among a mixture of proteins that are expressed in cancer 

cells (SkBr3 & BG-1). Considering the fact that GPER is a membrane protein with many 

hydrophobic amino acid residues on the surface, a candidate NP was chosen from a library 

of nanoparticles that were prepared by combining different populations of functional 

groups on a poly-N-isopropylacrylamide (PNIPAm)-based polymer backbone. We started 

our experiment with GPER peptide selection and synthesis. Then, we evaluated the 

interaction between truncated-GPER (short peptide epitopes) and NPs by high 

performance liquid chromatography (HPLC). Finally, we moved on to evaluate the 

interaction between GPER (whole protein) and NPs by immunoblot analysis. 

4.3 Solid phase peptide synthesis:  

A list of amino acid sequence (Table 4.1) were prepared based on in silico data 

generated from UniProt, a database of protein sequence and functional information 

(accession number: Q99527).  
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Table 4.1 Truncated-GPER sequence information based on extracellular, cytoplasmic, and 

transmembrane domains. 

 

Five short peptide epitopes (Table 4.2) were selected for synthesis considering 

their domain (promoting NP accessibility), charge (electrostatic interaction), 

hydrophobicity, sequence length, and isoelectric point (pI).  
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Table 4.2. Selected short peptide epitopes for Solid Phase Peptide Synthesis. 

 

Note: Peptides (P1, P2, P3) – hydrophobic with slightly positive charge 

                       Peptides (P4, P5) – hydrophobic with slightly negative charge 

AAPPTec Apex 396 parallel synthesizer was used to synthesis peptide epitopes 

(truncated-GPER sequences). Fluorenylmethyloxycarbonyl chloride (FMOC-Cl) (Fig. 4.3) 

protected amino acids were used for solid phase peptide synthesis (SPPS).  

 

Figure 4.3 FMOC-Cl (left) and reaction showing FMOC introduction to amine (right). 

Amino acid sequence were raised on a solid support, Nova-PEG rink amide resin 

(0.53 mmol/g loading, Novabiochem) (Fig. 4.4). 100 mg of resin was used for each 

peptide. Chemicals such as piperidine, dimethylformamide (DMF) and TFA were used for 
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deprotection, coupling and final cleavage, respectively. The amino acid sequences, [swell 

- (deprotect - wash deprotect - couple - wash couple)n - final wash] commands and 

number of programmed cycles (sequence length) were manually set in the AAPPTec 

software program.  

 

Figure 4.4 Nova-PEG Rink Amide Resin (Novabiochem). 

Based on the preset parameters and (deprotecting - coupling) cycles, the 

automated peptide synthesizer synthesized the peptides utilizing the amino acid feed on 

continuous mode. Finally, based on the clevage information shown in (Fig. 4.5), the resin 

was cleaved off from the synthesized peptides with TFA solution containing appropriate 

scavengers like water, ethanedithiol (EDT), thioanisole (TIS) (Table 4.3).  

Table 4.3 Cleavage cocktail used for synthesized peptides. 

Peptide Sensitive amino acids 

Arg(Mtr),Cys(Trt), Met, Trp 

Cleavage cocktail 

TFA + suitable scavengers 

P1 No Cys & Met TFA 95% + H2O 2.5% + TIS 2.5% 

P2 Contain Cys & Met TFA 94% + H2O 2.5% + EDT 2.5% + TIS 1% 

P3 Contain Cys TFA 94% + H2O 2.5% + EDT 2.5% + TIS 1% 

P4 No Cys & Met TFA 95% + H2O 2.5% + TIS 2.5% 

P5 Contain Met TFA 94% + H2O 2.5% + EDT 2.5% + TIS 1% 
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Figure 4.5 Flow-chart for selecting cleavage cocktail for FMOC SPPS.[281] 

The resin was removed by filtration under reduced pressure and washed twice 

with 100% TFA. The filtrates were pooled together and added on an 8-10 fold volume of 

ice-cold diethy lether. The precipitated peptides were recovered after high-speed 

centrifugation, dissolved in suitable aqueous buffer and lyophilized. The % yield (Table 
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4.4) was calculated by comparing the dry mass of the product obtained to the theoretical 

yield calculated from the following equation 

Theoretical yield (mg) = s.resin * m.resin * MW product 

where, s.resin - resin substitution in mmol/g 

m.reisn - resin dry mass in g 

MW product - molecular weight of the peptide in mg/mmol 

Table 4.4 % yield of the synthesized peptides (P1, P2, P3, P4 and P5). 

Peptide MW (Da) Theoretical yield (mg) Dry mass (mg) Yield (%) 

P1 2844.4 150.75 112 74.30 

P2 2673.1 141.71 83 58.57 

P3 2851.2 151.11 116 76.77 

P4 1820.0 96.46 79 81.90 

P5 2447.7 129.73 98 75.54 

4.4 HPLC and MALDI MS analysis of synthesized peptides: 

The analytical instruments such as high performance liquid chromatography 

(HPLC, Waters Corp.) and matrix-assisted laser desorption ionization time-of-flight mass 

spectrometry (MALDI-TOF MS, AB Sciex) were used to check the purity (Fig. 4.6) and verify 

the mass (Fig. 4.7) of synthesized peptides, respectively.  

A small amount of lyophilized peptides (P1, P2, P3, P4 and P5) were dissoved 

separately in 500 uL of water/acetonitrile (50:50). All the sequence parameters and 

method were created and loaded on the HPLC software program. The sample injection 

volume was set at 1.5 mL/min. Then, 100 uL of each peptide sample was injected and 

analysed using gradient elution method from 0% to 60% (increasing gradient of 

acetonitrile) over 30 mins at 220 nm wavelength. 
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Figure 4.6 HPLC chromatograms of synthesized peptides (P1, P2, P3, P4 and P5). 

 

MS experiments were carried out on AB SCIEX TOF/TOF™ 5800 System equipped 

with a 1 kHz variable rate laser. MS data were acquired at a laser repetition rate of 400 

Hz with 4000 laser shots/spectrum (100 laser shots/sub-spectrum) with a mass accuracy 

of 50 ppm. CHCA was used as matrix. 10 mg of α-CHCA was dissoved in 1 mL of matrix 

solution (50:50 water/acetonitrile with 0.1% TFA) in a clean Eppendorf. The peptide 

samples prepared for HPLC was diluted with α-CHCA matrix solution in the ratio of 1:5, 

1:10 or 1:20. 1 uL of final mix was spotted on to MALDI target, air-dried and analyzed. 
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Figure 4.7 MALDI TOF MS spectra of synthesized peptides (P1, P2, P3, P4 and P5). 

4.5 Preparation of synthetic polymer nanoparticles:  

The nanoparticles were synthesized by a free radical precipitation polymerization 

method with no control over the functional monomer sequence (Fig. 4.8). The selection 

of functional monomers were based on negative charge and hydrophobicity to 

complement the synthesized peptide epitopes. The nanoparticles were raised on a poly-

N-isopropylacrylamide (PNIPAm)-based polymer backbone with 2% of a cross linker. 

Monomers such as acrylic acid (AAc, 5 mol%), N-tert butylacrylamide (TBAm, 40 mol%), 

N-isopropylacrylamide (NIPAm, 53 mol%), N,N’-methylene bis(acrylamide) (BIS, 2 mol%) 

were dissolved in 50 mL of water and filtered through Whatman filter paper before 

transferring the monomer solution to round bottom flask. TBAm was dissolved separately 

in 1 mL of ethanol before addition. The concentration of total monomer feed was 

calculated to be 65 mM. Nitrogen gas was purged into the monomer solution for 30 mins 

prior to initiating the polymerization reaction by addition of ammonium persulfate (APS, 
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30 mg in 500 uL of D.I. water). Following the addition of APS, the polymerization reaction 

was carried out at 60 °C for 3 hrs under nitogen atmosphere. The polymerization was 

stalled by the exposure of atmospheric oxygen to the reaction mixture. The polymerized 

solutions were purified by dialysis (using dialysis membrane with MWCO 12,000 – 14,000 

Da) against an excess of pure water (changed at least twice a day) for ≥ 4 days. The 

nanoparticles with smaller diameter and/or controlled size can be prepared in similar 

method by adding few mg of SDS.  

 

Figure 4.8 Preparation of PNIPAm-based synthetic polymer nanoparticles. 

4.6 Nanoparticle characterization:  

The hydrodynamic diameter (DH) of nanoparticles was determined to be 462 nm 

with 0.007 PdI in d.H2O at 25 °C by dynamic light scattering (DLS) instrument supported 

with Zetasizer software (Zetasizer Nano ZS, Malvern Instruments Ltd.). DLS results were 

obtained by following the manufacturer’s protocol and all the results of DLS data fitting 

met the quality criteria set by Malvern. The yield (69.66%) and concentration (5.2 mg/mL) 
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of nanoparticles were determined by gravimetric analysis of lyophilized nanoparticles. 20 

mg of lyophilized polymers were dissolved in 700 ul CD3OD and used for NMR 

spectroscopy measurements. 1H NMR and 13C NMR were measured using Bruker DRX500 

spectrometer with TCI (three channel inverse) cryoprobe. All measurements were run at 

298 K and the peak of residuals CD2HOD (δ 3.31 ppm for 1H) and 13CD3OD (δ 49.15 ppm 

for 13C) were used as a reference. The 1H NMR and 13C NMR characterization results were 

shown in Fig. 4.9 and Fig. 4.10. The lightly cross-linked NPs had considerable chain 

flexibility as evidenced from sharp lines in their solution 1H NMR (Fig. 4.9). 

 

 

Figure 4.9 1H NMR spectrum of 462 nm NP in CD3OD, 500 MHz, 298 K. 
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Figure 4.10 13C NMR spectrum of 462 nm NP in CD3OD, 500 MHz, 298 K. 

4.7 Interaction between peptides and nanoparticles by HPLC analysis: 

Peptides (P1, P2 and P3) (Fig. 4.11) having rich hydrophobic and a decent number 

of positively charged residues were selected for peptide-NP interaction studies. To 

complement the peptides during interaction, the synthesized NPs contain hydrophobic 

and carboxylate group monomers incorporated on a PNIPAm backbone with 2% of a 

cross-linker giving considerable chain flexibility. 

To determine the working concentration of nanoparticles, two different dilutions 

(i) 400 ug/mL (NP1, lowest conc.) and (ii) 2 mg/mL (NP2, highest conc.) were made from 

a stock solution of NPs having a concentration of 6.83 mg/mL. Similarly, 5 mM of peptide 

stock solutions were made from the lyophilized peptides (P1, P2 and P3) and diluted to 
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have three different concentrations, 10 uM, 20 uM and 50 uM to set the working 

concentration of peptides.  

 

Figure 4.11 Selected peptides for Peptide-NP interaction studies. 

For the peptide-NP binding experiment, 250 uL of NPs (NP1 & NP2, separately) 

were made to interact with 200 uL of peptides (P1, P2 & P3, separately) in the presence 

of 50 uL of 10X Phosphate Buffered Saline / Phosphate Buffer without salt (to supplement 

physiological pH ~7.3), as shown in (Fig. 4.12). The NP-peptide mix was incubated at room 

temperature for 15 mins and centrifuged at 8000 g for 20 mins. 100 uL of supernatant 

from each mix was taken and injected into HPLC and analyzed for drop in intensity.  

Note: If the peptide binds the NP, then most of the peptide will be bound and sedimented 

along with the NP in the eppendorf leaving the excess and/or unbound peptide in the 

supernatant. So, there will be a fall in peptide intensity on the HPLC chromatogram when 

compared against the reference peptides (standard). 
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Figure 4.12 Peptide-NP interaction chart. 

 

All three peptides showed notable binding affinity towards the NPs with P1 and 

P2 being the best (Fig. 4.13). The above experiment was repeated several times by 

altering the concentrations of both peptides and NPs. Finally, 20 uM concentration of 

peptides were found to have comparitively strong binding affinity towards 2 mg/mL 

concentration of NPs as evidenced from their steep fall in peptide intensity on the HPLC 

chromatogram, and hence, considered as the working concentrations for similar 

experiments thereon. 
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Figure 4.13 HPLC analysis of Peptide-NP binding affinity. 

At this stage, these truncated-GPER peptides (P1 and P2) can be used as epitope 

for molecular imprinting. If imprinted, then the peptide imprinted polymer nanoparticles 

could be used as plastic antibodies for GPER. Plastic antibodies, also known as molecularly 

imprinted polymer nanoparticles (MIPs), are generic alternatives to antibodies that can 

recognize and capture the target biomacromolecules.[282][283] Due to time constraints, we 

moved on to protein-NP interaction studies without proceeding towards peptide 

imprinting. 

4.8 Cell culture and cell lysis: 

Four different cancer cell lines were used in the presented work. BG-1 ovarian 

cancer cells and Ishikawa endometrial cancer cells were maintained in DMEM without 

phenol red supplemented with 10% fetal bovine serum (FBS). Whereas, SkBr3 breast 
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cancer cells were maintained in RPMI 1640 without phenol red supplemented with 10% 

FBS. HEK293 cells were overexpressed with hGPER gene and maintained in DMEM high 

glucose supplemented with 10% FBS. All cells were grown in 10 cm petri dishes, and then 

lysed in 500 µL of 50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% 

glycerol, 1% Triton X-100, 1% SDS, and a mixture of protease inhibitors containing 1 mM 

aprotinin, 20 mM PMSF and 200 mM sodium orthovanadate. The protein concentration 

(Table 4.5) was determined using Bradford or Bicinchoninic acid (BCA) protein assay dye 

reagent. The cell lysates were divided into small aliquots and stored at -20 °C for further 

use. 

Table 4.5 Cell lysates and their total protein concentration. 

 

4.9 Interaction between protein and nanoparticles by WB analysis: 

SDS-PAGE Electrophoresis: 12% sodium dodecyl sulfate-polyacrylamide precast gels form 

Bio-Rad were used for electrophoresis. Protein lysates treated with NPs were resolved 

simultaneously along with experimental controls and standard protein marker. After 

electrophoresis, the gel was stained with Coomassie blue stain solution from Bio-Rad 

followed by destaining with destain solution containing 40% CH3OH, 10% CH3COOH to 1 

L d.H2O. 

Western blot analysis: To determine the working concentration of total protein content 

from cell lysates, equal volumes of the cell lysate from all four cell lines with varying 

dilutions were resolved on a 12% SDS-polyacrylamide precast gel and transferred to a 

nitrocellulose membrane.  The membrane was then blocked with 5% non-fat milk 
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(blocking buffer) for 1 hr at room temperature under agitation, followed by probing the 

membrane overnight at 4 °C against two different primary antibodies [rabbit anti- GPER 

(N-terminal) polyclonal antibody and mouse anti-b-actin polyclonal antibody] under 

agitation. After overnight incubation, the unbound primary antibodies were washed off 

and the membrane was incubated with secondary antibodies [goat anti-rabbit antibody 

(GPER) and  goat anti-mouse antibody (β-actin) conjugated with green (800 channel) and 

red (700 channel) fluorescent dyes, respectively] for 1 hr at room temperature under 

agitation. The processed blot was washed off from excess antibodies and visualized using 

Odyssey infrared imaging system (Fig. 4.14).  

Notes: 1, the Odyssey imaging system detects infrared florescence from fluorochrome-

conjugated secondary antibodies. 2, the use of two different antibodies in a same blot 

helps in distinguishing protein binding affinity (comparative analysis). 3, the molecular 

weight of β-actin (~42 kDa) is almost similar to that of GPER, hence, it is used as the second 

primary antibody. 

 

Figure 4.14 Immunoblot showing detectable protein concentrations. 
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To determine the working concentration of 5/40 (AAc/TBAm) nanoparticles, three 

different dilutions (1 mg/mL, 2 mg/mL and 3 mg/mL) were made in a similar way as 

mentioned in peptide-NP interaction studies. Likewise, various dilutions (0.25 mg/mL, 0.5 

mg/mL and 1 mg/mL) of protein were prepared from SkBr3, hGPER (overexpressed) and 

BG-1 cell lysates. The protein-NP binding experiments were set in physiological pH ~7.3 

supplementing PBS. The protein-NP mix was incubated at room temperature for 15 mins 

and centrifuged at 8000 g for 20 mins. 10 uL of supernatant from each mix was taken and 

analyzed by electrophoresis and Western blotting technique (Fig. 4.15).  

Note: If GPER binds the NP, then most of the bound GPER will be found sedimented along 

with the NP in the eppendorf leaving the unbound proteins in the supernatant. So, there 

will be a weak fluorescence intensity (green, 800 channel) on the  imaged blot when 

compared against the standards. 

The above experiment was repeated several times by altering both protein and 

NP concentrations.  In conclusion, 0.5 mg/mL concentration of cell lysates were found to 

have notable GPER binding affinity towards 3 mg/mL concentration of 5/40 NPs as 

evidenced from their week fluorescence intensity on the western blot (Fig. 4.15), and 

hence, considered as the working concentrations for protein-NP binding studies.  

Few control experiments were also performed with 0/40 (AAc/TBAm) and 20/40 

(AAc/TBAm) NPs (Fig. 4.15). In the case of 20/40 NPs, 100 K MWCO centrifugal filters were 

used after 15 mins incubation of protein-NP mix. As a result of centrifugal filtration, most 

of the proteins remained on the filter membrane and failed to pass through. Whereas, 

the 0/40 NPs had no binding affinity towards any proteins as they completely lack 

carboxylate group monomers that are believed to have electrostatic contribution during 

macromolecular interactions. Among all three NPs (0/40, 5/40 and 20/40), 5/40 particle 

emerged as the winner in binding GPER from crude cell lysates (SkBr3 and BG-1) with 

competitive affinity as evidenced from different immunoblots (Fig. 4.15).  
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Figure 4.15 Western blot analysis of Protein-NP binding affinity. 

As the NPs were designed with complementary functionality against the peptides/ 

protein, the NP-peptide/protein binding were through multipoint interactions. The 

qualitative results obtaibed from the immunoblot analysis revealed some interesting 

hints on GPER’s competitive affinity towards NPs when probed against multiple 

antibodies. Peptides (P1, P2 and P3) showed notable binding affinty towards 5/40 

(AAc/TBAm) NPs with P1 & P2 being the best. These could be used as peptide epitopes 

for imprinting to develop plastic antibodies. Further, the 5/40 (AAc/TBAm) NPs captured 

GPER with competetive affinty over other proteins in crude cell lysates, and thus, could 

be immobilized on agarose and used for GPER affinity purification. Moreover, these 

polymer-based NPs were reported to have the capability to ‘catch and release’ a target 

protein in a reversible and temperature-sensitive manner.[269] Below lowest critical 

solution temperature (LCST) these particles gradually swell and release the captured 
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protein. We anticipate to use this strategy as a sample purification step before MS-based 

proteomic analysis. 
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CHAPTER 5 
SUMMARY & OUTLOOK 

 
 



All living organisms produce hormones which act as chemical messengers in 

transmitting signals between cells. Hormones, including oestrogens, bind to specific 

receptors leading to the activation of multiple transduction pathways. Numerous 

physiological processes in mammals are influenced by estrogen and the estrogen 

receptors. Estrogen is implicated in the development or progression of a number of 

diseases, such as human cancers, endometriosis, fibroids, and cardiovascular diseases. 

The biological actions of estrogen are mainly mediated by classical oestrogen receptors, 

ERα & ERβ that belongs to the nuclear receptor superfamily. In recent years, a class of 

membrane-associated oestrogen receptors are found to mimic the functions of classical 

ERs, including genomic (transcriptional) as well as non-genomic (rapid) signaling. These 

non-genomic signaling events include pathways that are usually thought of as arising from 

transmembrane growth factor receptors and G protein-coupled receptors (GPCRs). 

Almost half of all medications achieve their effect through GPCRs. A member of the GPCR 

family, G Protein-coupled Estrogen Receptor 1 (GPER) formerly known as GPR30, is found 

to mediate rapid biological responses to estrogen in diverse normal and cancer cells, as 

well as transformed cell types. GPER acts independently of ERα & ERβ and triggers ER-

dependent EGFR action. It is believed to play a significant role in the development of 

tamoxifen resistance in breast cancer. GPER also involves in several other cancers, but the 

background information at molecular level is still limited. Hence, it is of vital interest to 

understand the nature and behaviour of GPER signaling mechanisms. 

GPER is a member of the rhodopsin-like family of G protein-coupled receptors and 

is a multi-pass membrane protein that localises predominantly to the endoplasmic 

reticulum. Estrogen binding to GPER, stimulates cAMP production, intracellular calcium 

mobilisation and indirectly activates MAPK and PI3K-Akt pathways that can induce 

additional non-genomic effects, or genomic effects regulating gene transcription. 

According to UNIPROT (a comprehensive protein database), GPER comprises of 375 

amino acids with a molecular mass of about 42 kDa. 
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Initial experiments concentrated on the isolation and identification of GPER from 

total protein lysate obtained from different cancer cells, such as SkBr3 (breast cancer), 

MCF-7 (breast cancer), Ishikawa (endometrial cancer), and BG-1 (ovarian cancer). A 

suitable protocol was established for protein extraction, purification, and MALDI MS and 

MS/MS analyses. GPERs are difficult to extract from gels post SDS-PAGE electrophoresis, 

as they are transmembrane receptors. Also, there is no proven protocol published till date 

to isolate and enrich GPCRs from complex protein mixture. Therefore, we focussed on 

developing a method to achieve the same. For GPER isolation, the total protein extract is 

subjected to spin column containing hydroxyapatite and the bound proteins are eluted 

with buffers at varying pH. The eluate is concentrated and subjected to SDS-PAGE, 

followed by WB analysis to check the efficiency and consistency of the proposed HTP 

enrichment method prior to MS analysis. For GPER identification, the concentrated eluate 

is filtered through Cellulose Acetate membrane spin filter. Then, the CA membrane is 

removed and the proteins are digested on-membrane using different proteases, such as 

trypsin, pepsin, and α-chymotrypsin. The protease digested samples were analysed using 

MALDI MS and MS/MS. MASCOT search (search engine which uses mass spectrometry 

data to identify proteins from primary sequence database) revealed the presence of GPCR 

family proteins. Protein Pilot, a software package is also used to identify and quantify the 

peptides found. We were able to identify GPER by peptide mass fingerprinting with top 

score. However, this approach is not only limited to GPER, but can also be applied to study 

several other GPCRs. The developed proteomics workflow is very simple, unique and cost-

effective.  

 Secondly, we focussed on studying all the possible post-translational 

modifications (PTMs) in GPER. As per UNIPROT, GPER has 3 potential glycosylation sites 

and 1 disulfide bond. In order to execute glycosylation studies, the peptides mixture are 

derivatized by dansylation and directly analysed by MALDI MS and MS/MS. From this 

experiment we manually validated 2 out of 3 glycosylation sites, one from pepsin 

digestion and the other from α-chymostrypsin digestion, by matching the MALDI MS/MS 
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spectra of natural peptides generated by protease digestion against dansylated peptides. 

All the possible glycan compositions were predicted using Glycomod tool and validated 

manually from the obtained MS/MS data. In addition, we used PNGase F and 

Endoglycosidase H for peptide deglycosylation to perform a comparative analysis.  

 In early 2014, we established a new project on affinity capture-release strategy 

for GPER purification in collaboration with Shea Lab (UCI). The lack of promising 

separation and purification tools peaked our interest towards synthetic polymer 

nanoparticles that can capture this target biomolecule. We successfully designed and 

synthesized polymer nanoparticles with high affinity for GPER. 

 Recently, NPs with an intrinsic affinity have shown to be successful in binding 

biomacromolecules like melittin, immunoglobulin G, histone, fibrinogen and lysozyme by 

controlling and optimizing the functional monomers composition. We adopted a similar 

approach in an effort to capture GPER with high affinity and selectivity among a mixture 

of proteins that are expressed in cancer cells (SkBr3 & BG-1). Considering the fact that 

GPER is a membrane protein with many hydrophobic amino acid residues on the surface, 

a candidate NP was chosen from a library of nanoparticles that were prepared by 

combining different populations of functional groups on a poly-N-isopropylacrylamide 

(PNIPAm)-based polymer backbone. The chosen NPs contain hydrophobic and 

carboxylate group monomers incorporated on a PNIPAm backbone with 2% of a cross-

linker. The NPs were synthesized by a free radical precipitation polymerization method 

with no control over the functional monomer sequence. The lightly cross-linked NPs had 

considerable chain flexibility as evidenced from sharp lines in their solution 1H NMR. The 

NP binding affinity was evaluated against both truncated-GPER (short peptide epitopes) 

and GPER (whole protein). As the NPs were designed with complementary functionality 

against the peptides/protein, the NPs-peptide/protein binding will be through multipoint 

interactions. The initial qualitative results were obtained by HPLC and immunoblotting 

analyses. The immunoblots revealed some interesting hints on GPER’s competitive 

affinity towards NPs when probed against multiple antibodies. We anticipate to use this 
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strategy as a sample purification step before mass spectrometry-based proteomic 

analysis. 

Complicated protein receptors like GPER could not be characterized to the fullest 

within the timescale of a normal PhD, three years. So, still there is much more to explore 

and understand about the receptor. The proposed methods for GPER isolation and 

purification, and the initial results reported in this thesis will definitely help to answer 

some of the puzzles related to GPER. As we spent much of the time on method 

development to isolate GPER from complex biological sample, very minimal results were 

reported on protein characterization. Though, GPER was identified by PMF, further 

validation by MS/MS peptide-sequencing is necessary. The mass spectrometry 

experiments were performed only on TPL obtained from SkBr3, so it would be an added 

advantage if the results are recreated from different TPL samples using the same method. 

We were able to validate 2 out of 3 glycosylation sites and the corresponding 

glycopeptides in GPER from our experimental data, it is necessary to validate the third 

glycosylation site in GPER. In future, research should be directed on studying all other 

PTMs and mutations in GPER among different cancer cells, and also their molecular 

interactions with other receptors and ligands by tandem mass spectrometry. The NP-

peptide/protein binding studies were tested successfully, further studies should focus on 

releasing and eluting the purified GPER from NPs with suitable condition. Efforts should 

be made on to develop plastic antibodies for GPER by peptide imprinting technology. 
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SDS-PAGE & Western Blotting Protocol 
SAMPLE PREPARATION 

1, Different cancer cell lines were used in the study. 

Cancer cells Cancer type Growth media 
BG-1 Ovarian DMEM without phenol red supplemented with 10% FBS 
Ishikawa Endometrial DMEM without phenol red supplemented with 10% FBS 
SkBr3 Breast RPMI 1640 without phenol redsupplemented with 10% FBS 

 DMEM - Dulbecco’s Modified Eagle Medium, FBS - Fetal Bovine Serum 

2, all cells were grown in 10 cm petri dishes and harvested. 
3, during cell lysis, the culture medium was aspirated out. 
4, the cells were washed with ice cold 1x PBS for 2 times and the excess 1x PBS was removed. 
5, the grown cells were lysed in 200 µL of the following lysis buffer containing a mixture of protease 
inhibitors. 

Lysis Buffer Protease inhibitors 
50 mM HEPES, pH 7.5  
150 mM NaCl 
1.5 mM MgCl2 
1 mM EGTA 
10% glycerol 
1% Triton X-100 
1% SDS 

1 mM aprotinin 
20 mM PMSF  
200 mM sodium orthovanadate 

*As soon as lysis occurs, proteolysis, dephosphotylation and denaturation begin. These events can be 
slowed down tremendously if samples are kept on ice or at 4 oC at all times and appropriate inhibitors are 
added fresh to the lysis buffer. 
6, the cells were scraped thoroughly after addition of 200 µL lysis buffer with protease inhibitors. 
7, the contents on the 10 cm petridishes were transferred to 1.5 ml tubes. 
8, followed by sonication or 3 cycles of freeze thawing to rupture the cell wall and release the cellular 
contents. 
 Freeze thaw (3 cylcles) –            1 min in liquid nitrogen 
      

                     2 min in H2O 
 

                        10 sec vortex 
9, the tubes were spun down at maximum speed (14,000 rpm) for 5 to 8 minutes. 
10, 200 µL of supernatant were taken and transferred to a new 1.5 mL tubes. 
11, all supernatant fractions from same batch (same cells grown in different petridishes) were pooled 
together. 
12, total protein concentration was determined using Bradford assay or BCA assay. BSA was used as 
protein standard. 
*The samples can be stored at this point at -20 oC  or -80 oC for later use. 

ELECTROPHORESIS 

13, the protein samples were denatured by adding 2x loading (Laemmli) buffer in the ratio 1:1 and 
boiling the mixture at 95 oC – 100 oC for 5 minutes. 



  2x Laemmli sample buffer (Bio-rad) 
   65.8 mM Tris-HCl, pH 6.8 
   26.3% (w/v) glycerol                950 µL + 50 µL 2-mercaptoethanol 
   2.1% SDS 
   0.01% bromophenol blue 

14, while loading, the protein concentration and the sample volume should be same across all the lanes. 
15, 12% Mini-PROTEAN TGX precast polyacrylamide gels with 15 sample loading wells from Bio-rad were 
used for electrophoretic protein separation. 
16, 15 µL (7.5 µL protein sample + 7.5 µL loading buffer) were loaded onto each well on the gel along 
with positive control and protein standard (Bio-rad Precision Plus Protein Kaleidoscope standards). 
17, the proteins were resolved in the presence of 1x running buffer and by applying a voltage of 160V - 
200V to the system for about 30 - 45 minutes. 

  5x Running buffer (for 1L) 
   15.1g Tris base, pH 8.3 
   94g glycine 
   5g SDS 
   to 1L water 

18, the power was turned off when the migration front reaches the bottom of the gel. 
*Proteins will slowly elute from the gel at this point, so do not store the gel; proceed immediately to 
transfer. 

PROTEIN TRANSFER 

19, 1x Transfer buffer was prepared freshly and chilled at 4 oC. 
  20x Transfer buffer (for 1L) 
   31.32g Tris-HCl 
   150.14g glycine 
   To 1L water 
20, the sample loading wells were cut off and top left-hand corner of the gel was nicked for orientation. 
21, the dimensions of the gel was measured and the positions of the protein standards’ bands were 
noted. 
22, the gel was transferred to a box containing 1x transfer buffer and agitated for 10 min at RT o to 
remove salts and SDS. 
23, a piece of nitrocellulose membrane was cut to the size of the gel and immersed in 1x transfer buffer 
for 10 mins prior to use. 
24, 4 - 6 pieces of 3mm filter paper was cut to the dimensions of the gel (or slightly bigger). 
25, a gel holder cassette was opened in a casserole dish filled 1/4th with 1x transfer buffer, black side 
down and hinges to the left and below the black side. 
26, a fiber pad was soaked in 1x transfer buffer and placed in the center of the black side. 
27, 2 pieces of filter paper was soaked in 1x transfer buffer and placed on top of the fiber pad. 
28, the gel was removed with a glass plate and placed on top of the filter paper. 
29, the nitrocellulose membrane was placed on top of the gel followed by 2 pieces of filter paper soaked 
with 1xt transfer buffer. 
30, bubbles were rolled out with a glass tube. 
31, a second fiber pad was soaked in 1x transfer buffer and placed on top of stack. 
32, the gel holder cassette was closed and locked. 
*2 mL of 1x transfer buffer was added to the stack after each steps (26-31) to ensure wet transfer. 



33, the cassette was placed in a transfer tank (orient the white and black sides of the cassette with the 
red and black panels of the electrode respectively) and filled with ~800 mL of 1x transfer buffer. 
34, the entire tank setup was placed in a Styrofoam box or plastic tub containing ice. 
35, the protein transfer was performed at 100 V for about 2 hr. 

VISUALIZATION IN MEMBRANE 

36, after electro transfer, the membrane was rinsed in 1x TBST. 

  1x TBST (for 1L) 
   0.606g Tris base, pH 7.6 
   8.77g NaCl 
   0.5 mL Tween-20 
   to 1L water  

37, to check for success of transfer, the membrane was stained with Ponceau Red diluted 1:10 in 1x 
TBST for 5 min on an agitator. (Stock: 2% Ponceau S in 30% trichoroacetic acid and 30% sulfosalicylic 
acid). 
38, the membrane was washed in water until the protein bands are well-defined and scanned to save 
the image. 
39, the membrane was destained completely by repeated washing in water. 

IMMUNODETECTION 

40, the membrane was blocked in 5% non-fat milk (Odyssey blocking buffer) for 1 hr at RT o with gentle 
shaking. (5% non-fat milk – 5g in 100 mL 1x TBST) 
41, after incubation, rinsed in TBST for 5 sec. 
42, Primary and secondary antibody dilutions were prepared in 1x TBST 

Primary antibody dilutions 
  A, Rabbit anti-GPR30 polyclonal IgG - (1:1000 to 1:500) 
  B, Mouse anti-β-actin polyclonal IgG - (1:15000) 
 Secondary antibody dilutions 
  A, Goat ant-rabbit secondary IgG 800CW - (1:15000) 
  B, Goat ant-mouse secondary IgG 680RD - (1:15000) 
*In case of two colour western blot, combine and dilute both the primary antibodies together in 1x TBST 
and incubate simultaneously with membrane. The primary antibodies must be from different host 
species. Similarly, combine and dilute the 2 different IRDye conjugated secondary antibodies in 1x TBST 
and incubate simultaneouly with membrane. 
43, the blot was first incubated in diluted primary antibody solution overnight at 4 oC with gentle 
shaking. 
44, after overnight incubation, the primary antibody solution was poured off and the membrane was 
rinsed 3 times with 1x TBST for 5 min, while agitating to remove residual primary antibody. 
45, the blot was then incubated in diluted secondary antibody solution for 1 hr at RT o, while agitating. 
46, after incubation, the secondary antibody solution was poured off and the blot was rinsed 3 times 
with 1x TBST for 5 min, while agitationg to remove residual secondary antibody. 
47, followed by rinsing with 1x TBS to remove residual Tween-20. 
*Protect membrane from light during washes after secondary antibody incubation. The blot can be 
stored in 1x TBS for 48 hr in dark at 4 oC. 
48, the processed blot can be imaged in Odyssey infrared imaging system. 
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