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Preface

Peptides are the biomolecules that consist of several amino acid chains linked through pep‐
tide bonds. This class of biomolecules is commonly found in living matter, and some of
which play an imperative role in their regulation and functional activities. On the other
hand, compared to small molecules, peptides can be readily synthesized and produced mas‐
sively in industries at a very reasonable price. As a result, peptides have been extensively
applied in every aspect of human life, including cosmetics, electronics, the food industries,
and pharmaceutical fields. Ultimately, peptide commercialization has become a major trend,
which has grown significantly in recent years.

The development of new drugs to combat a variety of diseases has been leading toward in‐
vestigations into peptides by scientific researchers due to several advantages over other
classes of drugs. The usage of peptides in this field varies widely, such as drugs, vaccines,
and even as the basic ingredients of microcapsules. Thus, the development of peptides in
medical applications is being extensively studied and could provide a significant impact in
solving various public health problems worldwide in the near future.

Viewed from the scientific perspectives described above, the editor believes that the devel‐
opment of peptides in every aspect of human life should be enchanted and accelerated. One
way to achieve this is by promoting recent research into peptides and their applications in
society, especially by other scientists and researchers who specialize in peptide-based re‐
search. As such, this book aims to provide insight and knowledge regarding the current re‐
search that has been conducted in this field; hence, this book may encourage the reader to
emphasize the importance of peptides in human life and to inspire others to identify the
potency of peptides for other applications that still need further investigation. The editor has
confidence that every single contribution in this book may stimulate the progression of pep‐
tides and their applications in human life.

In this book, some of the compelling applications of peptides in biological and health scien‐
ces will be introduced. This book comprises an introductory chapter, along with four chap‐
ters presented by several prominent scientists who work in the field of peptide research. In
summary, these chapters can be divided as follows:

• The introductory chapter describes the application of peptides in biomedical sciences.
It will give brief examples of the peptides that have been used as commercial drugs,
as well as give a general outline of peptides and their role as therapeutic agents.

• Chapter 2, written by Abels et al., explains the systematic analyzation of peptide
profiles under both healthy and pathogenic conditions, which is imperative to give
succession to the immunological approach of personalized therapeutics.
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• Chapter 3, written by Zhang and Yang, describes the importance of erythropoietin,
an anti-inflammatory peptide, and its derivatives in their roles as tissue-protective
agents. Moreover, the benefits and limitations of each peptide when used as thera‐
peutic agents are also explained in this review.

• Chapter 4, written by Kamiya et al., develops a new molecular tool that can selec‐
tively express monomers or nonobligate dimers of class A G-protein-coupled recep‐
tors (GPCRs), which can be handful and beneficial in the field of immunology.

• Chapter 5, written by Alkanli et al., describes the calcitonin gene-related peptide
and its isoform calcitonin-associated polypeptide alpha (CALCA), and their roles in
several important diseases such as cardiovascular disease and cancers. Furthermore,
the polymorphisms of CALCA gene and its associated diseases are also described in
this review.

Prof. Usman Sumo Friend Tambunan
Universitas Indonesia

Faculty of Mathematics and Natural Sciences
Department of Chemistry

Kampus Universitas Indonesia Baru
Depok, Jawa Barat, Indonesia
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1. Introduction

The application of peptides in the pharmaceuticals and medicinal field is thrivingly emerging 
nowadays. Over the past few years, the development of peptides such as the major com-
pounds in medicines and biotechnology research has been widely utilized due to its high 
selectivity, good efficiency, predictable metabolism, and affordable prices, compared to other 
classes of drugs such as small compounds or natural products [1]. Nevertheless, the extensive 
bioactivities that peptide class possessed are promising and interestingly worthy to be inves-
tigated and developed further in the future.

Peptides are biopolymers which composed of amino acids as the monomers that connected 
through peptide bonds. The length of amino acids is varying from 2 (commonly known 
as dipeptide) to 50 amino acids (known as a polypeptide). The composition and order of 
amino acid sequences determine their properties, both physical and chemical, and also their 
pharmacological activities [2]. Regarding the structure, peptides can be classified into two 
categories: linear peptide and cyclic peptide. The linear peptide is prone to be hydrolyzed by 
exopeptidases and endopeptidases. Thus, lowering its effective half-life in the human body. 
The peptide cyclization is a familiar technique to increase the peptide stability and effective 
half-life. However, this treatment is also modifying the peptide bioactivity, either by lowering 
or raising its activity due to fixed flexibility and conformation, which have to be measured 
later on by in vivo experiments [3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Peptide as therapeutics agents

The development of peptides as the therapeutic agents had arisen since the early 1980s when 
natural peptides such as insulin and adrenocorticotrophic hormone (ACTH) were isolated 
widely and became the popular therapeutics approaches at that time. Since then, several 
synthetic peptides (i.e., vasopressin and oxytocin) and natural peptides (i.e., snake venom) 
have been introduced and identified for their use in pharmaceuticals and biotechnology fields 
[4]. As for today, more than 60 peptides have been approved for their use as drugs from 
Food and Drug Admission (FDA) and widely marketed, with other 140, and 500 peptides 
are still in clinical trials and preclinical development [1]. Therapeutic peptides have various 
known pharmacological and biological activities, including an antioxidant, antimicrobial, 
anti-inflammatory, and antihypertension [5]. Currently, the antiviral activity of peptides is 
also investigated as well, such as an anti-HIV agent [6].

One of the most significant challenges on the development of peptides as the therapeutic 
agents is to increase their oral bioavailability. Due to their enormous molecular weight, high 
polarity, low intestinal permeability, and hydrolysis susceptibility (especially for linear pep-
tide), almost all therapeutic peptides are administrated through injection. Although consider-
able efforts have been made in the advancement of peptides research, so far there are only 
eight peptide drugs that have currently sold in the market which orally administrated. The 
well-known examples of this kind of peptide are linaclotide, an oligopeptide which used to 
treat irritable bowel syndrome with constipation, and cyclosporine, which widely utilized 
as an immunosuppressant (Figure 1) [7]. To date, two approaches have been established to 
improve the oral bioavailability of the respective peptides: the first strategy would be the 
optimization of peptide structure, followed by the lead peptide alteration into its derivate 
that possessed high oral bioavailability. The second strategy, which involves the development 
of the orally available peptide backbones, has not obtained the same success as the previous 
strategy, although the potency of this strategy cannot be underestimated yet [3].

Figure 1. The molecular structure of linaclotide (left) and cyclosporine (right), one of the examples of orally administrated 
peptide drugs.
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Abstract

Positive and negative selection in the thymus relies on T-cell receptor recognition of 
peptides presented by HLA molecules and determines the repertoire of T cells. Immune 
competent T-lymphocytes target cells display nonself or pathogenic peptides in complex 
with their cognate HLA molecule. A peptide passes several selection processes before 
being presented in the peptide binding groove of an HLA molecule; here the sequence 
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1. Introduction

The immune system of all species has to be able to discriminate self and foreign (nonself) 
antigens to combat infections without eliciting autoimmune diseases. The presentation of self 
and nonself occurs through displaying cellular proteins on the cell surface by proteins of the 
major histocompatibility complex (MHC) gene cluster. In humans, the MHC locus is termed 
human leukocyte antigen (HLA) and comprises several gene loci with numerous different 
alleles for most of the genes [1]. One part of the genes is subsumed as HLA class I (HLA-I) 
with the gene products being expressed on virtually every nucleated cell in the human body. 
HLA-I molecules present peptides of intracellular proteins on the cell surface. Cytotoxic T 
cells (CD8+ T cells) as part of the adaptive immune system can recognize these peptide HLA-I 
(pHLA-I) complexes by the T-cell receptor (TCR) and scan simultaneously the HLA molecule 
and the peptide [2, 3] to discriminate between healthy and unhealthy cells, for example, virally 
infected cells. At the same time, natural killer (NK) cells that are part of the innate immune 
system scan the cell surface of HLA as well. These cells become activated when HLA-I is miss-
ing on the cell surface, for example, on virally infected or tumor cells [4].

Peptide loading on HLA-I is a complex mechanism and determines in addition to the HLA 
allele which peptides will be presented. The central part of this process is the peptide loading 
complex that is localized in the endoplasmic reticulum (ER). The HLA-I molecule, consisting 
of a heavy chain and a microglobulin, is stabilized by several chaperons since the structure 
is unstable when no peptide is bound. The transporter associated with antigen processing 
(TAP) imports protein fragments that are degraded in the cytosol by the proteasome into the 
ER. Depending on the sequence, these peptides are trimmed in different ways in the ER [5, 6]. 
The bridge between TAP and HLA-I is the chaperon tapasin (TPN) that facilitates peptide bind-
ing in the peptide binding groove [7].

Because the HLA gene cluster ranks among the most polymorphic region in the human 
genome [1] and most of these polymorphisms are located in the peptide binding region 
(PBR) [8, 9], these polymorphisms result in an abundance of structurally different pHLA enti-
ties. In this chapter, we focus on the interplay between HLA alleles, bound peptides and 
the interaction with immune receptors. It is highlighted that even minor differences in the 
HLA sequence can impact on the bound ligand or the pHLA structure. Every single peptide 
changes the overall structure of the HLA molecule. Structural alterations that differ from self-
pHLA structures will be recognized by the immune system. Therefore, the last parts of the 
chapter demonstrate the advantage of established immunopeptidomes for immunotherapies.

2. Peptide selection and presentation

The viability of the immune system is governed by interactions between effector cell receptors 
and their cognate antigenic ligands. Immune effector cells survey HLA-I molecules on the sur-
face of antigen-presenting cells by indirectly scanning the proteomic content of every single 
cell. The fundamental role of CD8+ T cells, the elimination of pathogens, is elicited through 
HLA-I molecules complexed to a peptide of foreign (e.g., viral) origin.

Polypeptide - New Insight into Drug Discovery and Development6

Positive and negative selection of T cells in the thymus is a critical step for the development of 
a mature functional immune system. Immune cells that have not developed immune tolerance 
against specific pHLA-I complexes during thymus selection will recognize these antigens as 
foreign. The allele-specific and patient-specific peptides that are presented on the cell sur-
face shape the individual immune response. Even a single alteration in the peptide sequence 
can be recognized by immune effectors. Single alterations in the sequence of the HLA heavy 
chain might not affect which peptide sequences can be bound but could lead to a modified 
overall pHLA-I structure or might affect the strength of peptide binding resulting in pHLA-I 
complexes with different half-life times. Besides the influence of amino acid (AA) exchanges 
within the heavy chain, peptides might undergo competition in patients who carry alleles 
with the same peptide-binding motif. For those reasons, the presentation of a given peptide 
is dependent on the HLA type and the health status of the patient. Half-life times of pHLA 

Figure 1. Viral interference with HLA class I peptide presentation. Depicted are targets for viral interference with peptide 
presentation on HLA-I molecules. HLA-I maturation and surface presentation of peptides are blocked through different 
mechanisms early postinfection. Most viruses directly target peptide loading through TAP and peptide optimization 
by tapasin (HCMV [104, 105], HSV [106], HPV [107], ADV [108], EBV [109]). Additionally, cell surface expression is 
impeded by retention of HLA-I in the ER (ADV [110], HIV [111], HCMV [112]) or rapid degradation of surface molecules 
(HHV-8 [113], HIV [114]). Other possibilities include dislocation of the HLA-I heavy chain before any peptide loading 
can occur (HCMV [115, 116]) and inhibition of proteasomal processing of viral proteins by the host cell (EBV, HCMV 
[117, 118]).
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complexes influence the phenotype and/or functionality of T cells. That has to be taken into 
account when choosing pHLA-I targets for T-cell therapeutics. Based on these facts the impor-
tance of knowledge about allelic peptide specificity becomes obvious. Peptides have to pass 
several intracellular filters and processing steps before being presented to immune effectors 
cells. The bottleneck is the peptide loading complex (PLC). Not every available peptide in a 
cell would be necessarily bound to an HLA molecule and displayed at the cell surface since 
peptides undergo peptide competition during recruitment through the PLC. The PLC con-
sists of several proteins; each has a specialized function for peptide selectivity and specificity. 
Proteins of this complex are dedicated targets for viral interference and thus viral immune 
evasion (Figure 1).

The HLA heavy chain has to adopt a peptide-receptive form and complex with certain pro-
teins of the PLC. It could be demonstrated that certain allelic variants interact differently 
with proteins of the PLC and thus are more prone to present peptides of malignant origin. 
Those HLA subtypes can differ from alleles that are strictly dependent on the association 
with the PLC for peptide loading only by a single amino acid within the heavy chain, alter-
ing the structural interface that interacts with the PLC [10–12]. Especially the interaction of 
TPN, a protein that mediates the binding of high-affinity peptides into the HLA-I PBR, with 
the HLA-I molecule, is of exquisite importance to produce stable pHLA-I complexes that 
persist on the cell surface. However, few allelic HLA variants are able to present peptides 
without the assistance of TPN. That enables those alleles to continuously present viral pep-
tides at an infectious stage where viral interference with TPN occurs; however, the presenta-
tion of self-peptides that did not take part in negative T-cell selection would be facilitated 
and might lead to uncontrollable autoimmune reactions. HLA-I variants that select and load 
peptides without the assistance of TPN are likely to present a broad range of low-affinity 
viral-derived peptides during an infection. However, the presentation of viral peptides dur-
ing an active viral infection is a rare event since still self-peptides are present intracellularly 
and would compete with viral peptides to fit into the PBR. The viral peptides that would 
reach the cell surface complexed to an HLA-I molecule could hardly be predicted by peptide 
prediction tools.

3. Peptide specificity

Due to the fact that peptides undergo different selection steps before being presented by an 
individual HLA allele, it has to become clear that the individual HLA profile is the major and 
most distinguished obstacle. Every HLA allele differs from another by the composition of 
AAs in and/or outside the peptide-binding groove, resulting in allele-specific profiles of the 
bound peptides [13–15]. Therefore, the knowledge of an individual peptide binding profile 
can be used as precedence for the measurement of permissivity between HLA subtypes. The 
sequence, length and immunogenicity of a given peptide determine the half-life time of the 
whole pHLA complex and furthermore the specificity and reactivity of their cognate immune 
receptor.

Polypeptide - New Insight into Drug Discovery and Development8

Several studies demonstrated the impact of the sequence and feature of HLA-bound pep-
tides on receptor recognition. This observation holds true for T-cell receptors of the adap-
tive immune system as well as for NK-cell receptors of the innate immune system. We 
recently could highlight the potential of the nonclassical HLA-I molecule HLA-E to select 
and present peptides of extraordinary length and their effect on differential NK-cell recog-
nition. For the nonpolymorphic HLA-E molecule only two functional variants exist distin-
guished by a single AA difference. That would imply that HLA-E is, in regard to its peptide 
profile, invariant. However, by sequencing their bound ligands, we found both alleles pre-
senting a different set of peptides [16]. Since HLA-E is an intermediate molecule for the 
adaptive and innate immune system, supporting the non-PLC-dependent presentation of 
peptides during HLA downregulation episodes, the invariability of this molecule would 
certainly make biological sense. However, the finding that HLA-E subtypes differ in their 
immunity was somehow unexpected. Reconstitution of empty HLA-E molecules with the 
designated peptides on the surface of artificial APCs resulted in a peptide-specific immune 
recognition [17].

Two types of NK-cell receptors interact with HLA-I molecules, killer cell immunoglobulin-
like receptors (KIRs) and C-type lectin-like receptors. The former ones are highly polymor-
phic and polygenic in the population and recognize HLA-A, -B and -C alleles [18], whereas 
the latter ones bind among others to HLA-E [19, 20]. CD8+ T cells recognize endogenous HLA 
alleles and assess their immune status by virtue of the presented peptide. The display of dif-
ferent peptides thus allows for precise monitoring of the immune status of the cell through 
the adaptive immune system. However, this also means that these cells have to be primed on 
the recognition of specific peptides that are usually derived from endogenously expressed 
proteins [21]. The presented peptide repertoire can be altered by aberrant protein expression 
as well as the presence of foreign proteins (e.g., viral proteins) in the cell. To counter recogni-
tion by CD8+ T cells, many viruses have developed immune evasion strategies that specifically 
target HLA peptide loading and presentation. For instance, the HCMV protein US6 interferes 
with peptide translocation at the ER thus depriving the available peptide pool or even directly 
procures that the HLA heavy chain is degraded through US2 or US11 [22]. However, in the 
event of such disrupted HLA-I presentation, NK cells become activated. Although NK cells 
do not recognize the specific HLA allele, the absence of HLA expression on the cell surface 
triggers NK-cell activation. Nevertheless, NK cells can still recognize certain peptides in the 
context of the nonclassical HLA molecule HLA-E that presents a very narrow set of peptides 
derived from the signal sequence of other HLA class I molecules. These peptides are 9 AA 
in length and are anchored preferably by Met at peptide position p2 and Leu at pΩ, whereas 
positions p4, p5 and p6 are accessible to the solvent [23, 24]. On NK cells, HLA-E in com-
bination with these peptides is recognized by inactivating the NKG2A/CD94 heterodimeric 
receptor complex [25]. In the absence of HLA class I molecules or during cell stress, HLA-E 
was shown to present noncanonical peptides of different length [16, 17], for example, the 
Hsp60-derived peptide QMRPVSRVL that causes loss of recognition by NKG2A/CD94 [26] 
or the HIV Gag-derived peptide AISPRTLNA that causes HLA-E upregulation [27]. In the 
case of HCMV, a peptide from the UL40 protein that closely resembles the sequence of leader 
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peptides from certain HLA-C allotypes is provided to stabilize HLA-E expression in infected 
cells. However, in individuals negative for these HLA-C allotypes, the UL40-peptide consti-
tutes the presentation of nonself on HLA-E and can thus elicit a CD8+ T-cell response [19, 28]. 
Additionally, HLA-E in complex with other pathogen-derived peptides was shown to stimu-
late CD8+ T-cell responses. For instance, the Epstein–Barr virus-derived peptide SQAPLPCVL 
was shown to be recognized by the αβTCR of a CD8+-CD94/NKG2C+ T-cell clone [29, 30] 
described HLA-E-restricted Salmonella enterica serovar Typhi-specific CD3+CD8+CD4−CD56− T 
cells. These diverse interactions demonstrate the subtle interaction of innate and adaptive 
immunity through the presented peptide on HLA-E.

4. Peptide binding prediction, bioinformatic tools

To identify peptides that would be suitable for application in cellular therapeutic strate-
gies, certain properties have to be analyzed: (1) the peptide-binding motif of the HLA 
allele of choice and (2) the HLA allele-specific features of the bound peptides such as 
length and topology. There are several bioinformatic tools that enable scientists and cli-
nicians to predict peptides that would be presented by a certain HLA allele, yet, these 
tools do not consider allele-specific features and immune dominance of peptides. The 
kinetics of antigen expression and the competition of peptides to be preferentially bound 
and presented are also not considered by these bioinformatics prediction tools. Most 
data available in these tools are based on experimental peptide data (Tables 1 and 2). 
However, it remains unclear if those predicted peptides would ever be naturally pre-
sented. Peptides predicted from for example a viral protein would not necessarily be 
processed, selected and/or presented by the respective patient awaiting T-cell therapy. 
Therefore, the pathogen- or peptide-specific T cells that would be transplanted might 
not be able to find their mutual pHLA molecule. An example of the first successful adop-
tive transfer of virus-specific T cells described the transfer of HCMV-specific T cells and 
their reconstitution of antiviral immunity in an immune-deficient bone marrow trans-
plant recipient [31]. The technique of adoptive T-cell transfer could be further improved 
leading to the selection of specific T-cells based on IFN-γ secretion or pHLA multimer 
staining and selection following antigen stimulation [32–34]. Both techniques bear the 
imperative to know which viral peptides are presented on the particular HLA subtype 
of, for example, HCMV-infected cells. So far, few HLA-restricted peptides have been 
studied. The majority of peptides are derived from the well-characterized phospho-
protein (pp)65 or the immediately early (IE)1 protein, however, not for every patient 
responses against these two proteins are immunodominant [35, 36]. Best studied are the 
pp65-derived peptides NLVPMVATV and TPRVTGGGAM, restricted to HLA-A*02:01 
and HLA-B*07:02, respectively. Those peptides are described to induce extremely strong 
T-cell responses [37–42]. Yet, these peptides have been computationally predicted [43] 
but not been isolated from HLA molecules. Thus, it remains unproven if they would ever 
be naturally presented. That might be an explanation for the failure of long-term T-cell 
transfers [33, 44, 45].
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peptides from certain HLA-C allotypes is provided to stabilize HLA-E expression in infected 
cells. However, in individuals negative for these HLA-C allotypes, the UL40-peptide consti-
tutes the presentation of nonself on HLA-E and can thus elicit a CD8+ T-cell response [19, 28]. 
Additionally, HLA-E in complex with other pathogen-derived peptides was shown to stimu-
late CD8+ T-cell responses. For instance, the Epstein–Barr virus-derived peptide SQAPLPCVL 
was shown to be recognized by the αβTCR of a CD8+-CD94/NKG2C+ T-cell clone [29, 30] 
described HLA-E-restricted Salmonella enterica serovar Typhi-specific CD3+CD8+CD4−CD56− T 
cells. These diverse interactions demonstrate the subtle interaction of innate and adaptive 
immunity through the presented peptide on HLA-E.

4. Peptide binding prediction, bioinformatic tools

To identify peptides that would be suitable for application in cellular therapeutic strate-
gies, certain properties have to be analyzed: (1) the peptide-binding motif of the HLA 
allele of choice and (2) the HLA allele-specific features of the bound peptides such as 
length and topology. There are several bioinformatic tools that enable scientists and cli-
nicians to predict peptides that would be presented by a certain HLA allele, yet, these 
tools do not consider allele-specific features and immune dominance of peptides. The 
kinetics of antigen expression and the competition of peptides to be preferentially bound 
and presented are also not considered by these bioinformatics prediction tools. Most 
data available in these tools are based on experimental peptide data (Tables 1 and 2). 
However, it remains unclear if those predicted peptides would ever be naturally pre-
sented. Peptides predicted from for example a viral protein would not necessarily be 
processed, selected and/or presented by the respective patient awaiting T-cell therapy. 
Therefore, the pathogen- or peptide-specific T cells that would be transplanted might 
not be able to find their mutual pHLA molecule. An example of the first successful adop-
tive transfer of virus-specific T cells described the transfer of HCMV-specific T cells and 
their reconstitution of antiviral immunity in an immune-deficient bone marrow trans-
plant recipient [31]. The technique of adoptive T-cell transfer could be further improved 
leading to the selection of specific T-cells based on IFN-γ secretion or pHLA multimer 
staining and selection following antigen stimulation [32–34]. Both techniques bear the 
imperative to know which viral peptides are presented on the particular HLA subtype 
of, for example, HCMV-infected cells. So far, few HLA-restricted peptides have been 
studied. The majority of peptides are derived from the well-characterized phospho-
protein (pp)65 or the immediately early (IE)1 protein, however, not for every patient 
responses against these two proteins are immunodominant [35, 36]. Best studied are the 
pp65-derived peptides NLVPMVATV and TPRVTGGGAM, restricted to HLA-A*02:01 
and HLA-B*07:02, respectively. Those peptides are described to induce extremely strong 
T-cell responses [37–42]. Yet, these peptides have been computationally predicted [43] 
but not been isolated from HLA molecules. Thus, it remains unproven if they would ever 
be naturally presented. That might be an explanation for the failure of long-term T-cell 
transfers [33, 44, 45].
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Name Underlying database/data source URL for matrices/training data

BIMAS Coefficient tables deduced from the 
published literature by Dr. Kenneth 
Parker, Children’s Hospital Boston

https://www-bimas.cit.nih.gov/cgi-bin/molbio/
hla_coefficient_viewing_page

https://www-bimas.cit.nih.gov/molbio/hla_bind/
hla_references.html

EpiJen AntiJen [96, 97], SYFPEITHI [94] http://www.ddg-pharmfac.net/antijen/AntiJen/
antijenhomepage.htm

hla_a2_smm BIMAS [58], SYFPEITHI [94], data 
described in Peters, Tong [60]

https://zlab.bu.edu/SMM/

IEDB T Cell Epitope 
Prediction Tools

IEDB [61], Sette lab, Buus lab, uses 
diverse predictions methods (see 
webpage)

http://tools.iedb.org/mhci/download/

http://tools.iedb.org/mhcii/download/

Mappp BIMAS [58], SYFPEITHI [94], coefficient 
tables deduced from the literature by 
Kenneth Parker, Children’s Hospital 
Boston

—

MHC2MIL Data by Wang, Sidney [98] —

MHC2PRED JenPep [19], MHCBN [68] —

MHCBN MHCBN [68] —

MHCMIR IEDB [61] —

MHCPRED JenPep [19] —

MMBPred MHCBN [68] —

MULTIPRED See NetMHCpan and NetMHCIIpan —

NetCTL See NetMHC —

NetMHC Trained for 81 HLA alleles including 
HLA-A, -B, -C and –E, n/s

—

NetMHCcons IEDB [61] —

NetMHCII Data by [19] http://www.cbs.dtu.dk/suppl/immunology/
NetMHCII-2.0.php

NetMHCIIpan IEDB [61] http://www.cbs.dtu.dk/suppl/immunology/
NetMHCIIpan-3.0/

NetMHCpan IEDB [61], IMGT/HLA database [1] —

nHLAPred: ANNPred MHCBN [68] —

nHLAPred: ComPred MHCBN [68], BIMAS [58] http://crdd.osdd.net/raghava/nhlapred/matrix.
html

PREDPEP Pairwise potential table by Miyazawa and 
Jernigan [99]

—

ProPred QMs by Sturniolo, Bono [95] http://crdd.osdd.net/raghava/propred/page4.
html

ProPred I BIMAS [58] and matrices by Ruppert, 
Sidney [100] and Sidney, Southwood [101]

http://crdd.osdd.net/raghava/propred1/matrices/
matrix.html
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Name Underlying database/data source URL for matrices/training data

BIMAS Coefficient tables deduced from the 
published literature by Dr. Kenneth 
Parker, Children’s Hospital Boston

https://www-bimas.cit.nih.gov/cgi-bin/molbio/
hla_coefficient_viewing_page

https://www-bimas.cit.nih.gov/molbio/hla_bind/
hla_references.html

EpiJen AntiJen [96, 97], SYFPEITHI [94] http://www.ddg-pharmfac.net/antijen/AntiJen/
antijenhomepage.htm

hla_a2_smm BIMAS [58], SYFPEITHI [94], data 
described in Peters, Tong [60]

https://zlab.bu.edu/SMM/

IEDB T Cell Epitope 
Prediction Tools

IEDB [61], Sette lab, Buus lab, uses 
diverse predictions methods (see 
webpage)

http://tools.iedb.org/mhci/download/

http://tools.iedb.org/mhcii/download/

Mappp BIMAS [58], SYFPEITHI [94], coefficient 
tables deduced from the literature by 
Kenneth Parker, Children’s Hospital 
Boston

—

MHC2MIL Data by Wang, Sidney [98] —

MHC2PRED JenPep [19], MHCBN [68] —

MHCBN MHCBN [68] —

MHCMIR IEDB [61] —

MHCPRED JenPep [19] —

MMBPred MHCBN [68] —

MULTIPRED See NetMHCpan and NetMHCIIpan —

NetCTL See NetMHC —

NetMHC Trained for 81 HLA alleles including 
HLA-A, -B, -C and –E, n/s

—

NetMHCcons IEDB [61] —

NetMHCII Data by [19] http://www.cbs.dtu.dk/suppl/immunology/
NetMHCII-2.0.php

NetMHCIIpan IEDB [61] http://www.cbs.dtu.dk/suppl/immunology/
NetMHCIIpan-3.0/

NetMHCpan IEDB [61], IMGT/HLA database [1] —

nHLAPred: ANNPred MHCBN [68] —

nHLAPred: ComPred MHCBN [68], BIMAS [58] http://crdd.osdd.net/raghava/nhlapred/matrix.
html

PREDPEP Pairwise potential table by Miyazawa and 
Jernigan [99]

—

ProPred QMs by Sturniolo, Bono [95] http://crdd.osdd.net/raghava/propred/page4.
html

ProPred I BIMAS [58] and matrices by Ruppert, 
Sidney [100] and Sidney, Southwood [101]

http://crdd.osdd.net/raghava/propred1/matrices/
matrix.html
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5. Analysis of naturally presented peptides

The analysis of the individual patient and cell-type-specific immunopeptidome can be real-
ized through sequencing the HLA-bound peptides. It is imperative for all ongoing peptide 
studies and cellular therapies to find peptides that are (1) naturally presented by the distinct 
allele, (2) immunogenic for (at best) a public T-cell repertoire and (3) preferentially presented 
when different peptides are available. A study from Yaciuk et al. showed for example that the 
peptides isolated from HIV-infected T cells differ from predicted peptides and exhibit differ-
ent T-cell reactions, factors that have to be considered in designing immunotherapies [46]. 
That information is only available after immunopeptidome analyses.

In the past, different methods have been applied to answer these questions comprehensively. 
There are two reliable methods to determine peptide sequences from selected HLA alleles. 
First, membrane-bound HLA molecules from recombinant single-antigen-presenting cells [47, 
48] or from donor cells [49, 50] can be captured by affinity chromatographic methods and the 
bound peptides isolated and sequenced by mass spectrometry. Second, the most realizable 
method is the soluble HLA technology [16, 51]. Vectors encoding for soluble forms of HLA 
molecules (Exon 1–4) are transfected or lentivirally transduced into the cell line of choice. An 
optional recombinant tag (e.g., V5 tag) engineered at the C-terminus of the protein enables spe-
cific purification of the recombinant HLA molecule of choice without the challenge of contami-
nation by cellular-self-HLA molecules. Both methods have been compared by Scull et al. [52] 
and indicated as an equivalent for the determination of allele-specific peptides. Furthermore, 
Badrinath et al. [10] could demonstrate that sHLA molecules associate during peptide acquisi-
tion with the loading complex as well. These results prove evidence that the use of sHLA tech-
nology for understanding allele-specific peptide-binding motifs, the prerequisite for updating 
peptide prediction databases, is the most time- and cost-efficient implementation.

For the development of tailor-made T-cell-based immunotherapeutic strategies, the identification 
of tumor-specific HLA ligands is imperative. The production of recombinant sHLA-expressing 
cells derived from various tissues of malignant origins would guide towards understanding 
immune dominance through peptide competition. One of the most innovative applications is 
the peptide fishing from tumor tissue. Immunological tolerance is mediated through T cells that 

Name Underlying database/data source URL for matrices/training data

Rankpep MHCPEP [102], SYFPEITHI [94], 
GenBank [103]

—

svmhc MHCPEP [102], SYFPEITHI [94] http://www.cs.cornell.edu/people/tj/svm_light/

SYFPEITHI Published literature —

TEPITOPEpan n/s http://datamining-iip.fudan.edu.cn/service/
TEPITOPEpan/TEPITOPEpan.html

Abbr. n/s = not specified.

Table 2. Listing of the underlying databases/data sources for peptide binding prediction.

Polypeptide - New Insight into Drug Discovery and Development16

are primed in the thymus by self-peptides. Therefore, the comprehensive knowledge of the HLA 
immunopeptidome from diseased cells is fundamental for the development of efficient immuno-
therapeutic strategies. The presentation of peptides depends on the health state of a patient. During 
infections, the expression of HLA molecules and thus peptide presentation, including presentation 
of self-peptides, is diminished through an immune escape mechanism of the invasive pathogen.

6. Peptide vaccination

The treatment of cancer represents a great challenge due to the fact that the vast majority of 
HLA-restricted peptides differs from tissue to tissue and is dependent on the tumor entity. 
For that reason, it becomes obvious how fundamentally important the knowledge of the 
tumor-specific peptidome is. For personalized cancer immunotherapies, the knowledge of 
naturally presented peptides [53] represents the exclusive possibility for therapeutical suc-
cess. The analysis of the mutanome, the proteomic content of a diseased cell, includes the dis-
covery of neo-antigens or post-translational-modified peptides and the avoidance of targeting 
self-antigens from healthy tissue. The results of such individual mutanomes might alter dur-
ing the course of tumor progression [16]. In peptide vaccination trials, the use of multiple 
peptides in combination [54, 55] represents a useful method for targeting all MHC-presenting 
cells with the peptide of choice. Yet, since the cell type where the peptide(s) bind to cannot 
be traced, the rates of antitumor immune responses might differ from patient to patient and 
certain tumor cells where, for example, low MHC expression rates might remain undetected 
from the immune system. To achieve a comprehensive and precise analysis of presented 
tumor antigens, the method of antigen discovery and appropriate T-cell assay for knowledge 
of immunogenicity of the dedicated antigen for vaccination is the key factor [56, 57].

7. Conclusion

Peptide selection and presentation is an exquisite biological and immunological event. Every 
single peptide is a mirror of the health state of a distinct cell and determines the outcome of 
immune recognition and responses. For all cellular therapies, the knowledge of the HLA-
subtype specific proteome is crucial for the utilization of ligand prediction tools, which have 
to be implemented where no experimental data are available, yet.
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5. Analysis of naturally presented peptides

The analysis of the individual patient and cell-type-specific immunopeptidome can be real-
ized through sequencing the HLA-bound peptides. It is imperative for all ongoing peptide 
studies and cellular therapies to find peptides that are (1) naturally presented by the distinct 
allele, (2) immunogenic for (at best) a public T-cell repertoire and (3) preferentially presented 
when different peptides are available. A study from Yaciuk et al. showed for example that the 
peptides isolated from HIV-infected T cells differ from predicted peptides and exhibit differ-
ent T-cell reactions, factors that have to be considered in designing immunotherapies [46]. 
That information is only available after immunopeptidome analyses.

In the past, different methods have been applied to answer these questions comprehensively. 
There are two reliable methods to determine peptide sequences from selected HLA alleles. 
First, membrane-bound HLA molecules from recombinant single-antigen-presenting cells [47, 
48] or from donor cells [49, 50] can be captured by affinity chromatographic methods and the 
bound peptides isolated and sequenced by mass spectrometry. Second, the most realizable 
method is the soluble HLA technology [16, 51]. Vectors encoding for soluble forms of HLA 
molecules (Exon 1–4) are transfected or lentivirally transduced into the cell line of choice. An 
optional recombinant tag (e.g., V5 tag) engineered at the C-terminus of the protein enables spe-
cific purification of the recombinant HLA molecule of choice without the challenge of contami-
nation by cellular-self-HLA molecules. Both methods have been compared by Scull et al. [52] 
and indicated as an equivalent for the determination of allele-specific peptides. Furthermore, 
Badrinath et al. [10] could demonstrate that sHLA molecules associate during peptide acquisi-
tion with the loading complex as well. These results prove evidence that the use of sHLA tech-
nology for understanding allele-specific peptide-binding motifs, the prerequisite for updating 
peptide prediction databases, is the most time- and cost-efficient implementation.

For the development of tailor-made T-cell-based immunotherapeutic strategies, the identification 
of tumor-specific HLA ligands is imperative. The production of recombinant sHLA-expressing 
cells derived from various tissues of malignant origins would guide towards understanding 
immune dominance through peptide competition. One of the most innovative applications is 
the peptide fishing from tumor tissue. Immunological tolerance is mediated through T cells that 

Name Underlying database/data source URL for matrices/training data

Rankpep MHCPEP [102], SYFPEITHI [94], 
GenBank [103]

—

svmhc MHCPEP [102], SYFPEITHI [94] http://www.cs.cornell.edu/people/tj/svm_light/

SYFPEITHI Published literature —

TEPITOPEpan n/s http://datamining-iip.fudan.edu.cn/service/
TEPITOPEpan/TEPITOPEpan.html

Abbr. n/s = not specified.
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are primed in the thymus by self-peptides. Therefore, the comprehensive knowledge of the HLA 
immunopeptidome from diseased cells is fundamental for the development of efficient immuno-
therapeutic strategies. The presentation of peptides depends on the health state of a patient. During 
infections, the expression of HLA molecules and thus peptide presentation, including presentation 
of self-peptides, is diminished through an immune escape mechanism of the invasive pathogen.

6. Peptide vaccination

The treatment of cancer represents a great challenge due to the fact that the vast majority of 
HLA-restricted peptides differs from tissue to tissue and is dependent on the tumor entity. 
For that reason, it becomes obvious how fundamentally important the knowledge of the 
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cess. The analysis of the mutanome, the proteomic content of a diseased cell, includes the dis-
covery of neo-antigens or post-translational-modified peptides and the avoidance of targeting 
self-antigens from healthy tissue. The results of such individual mutanomes might alter dur-
ing the course of tumor progression [16]. In peptide vaccination trials, the use of multiple 
peptides in combination [54, 55] represents a useful method for targeting all MHC-presenting 
cells with the peptide of choice. Yet, since the cell type where the peptide(s) bind to cannot 
be traced, the rates of antitumor immune responses might differ from patient to patient and 
certain tumor cells where, for example, low MHC expression rates might remain undetected 
from the immune system. To achieve a comprehensive and precise analysis of presented 
tumor antigens, the method of antigen discovery and appropriate T-cell assay for knowledge 
of immunogenicity of the dedicated antigen for vaccination is the key factor [56, 57].

7. Conclusion

Peptide selection and presentation is an exquisite biological and immunological event. Every 
single peptide is a mirror of the health state of a distinct cell and determines the outcome of 
immune recognition and responses. For all cellular therapies, the knowledge of the HLA-
subtype specific proteome is crucial for the utilization of ligand prediction tools, which have 
to be implemented where no experimental data are available, yet.
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Abstract

Erythropoietin (EPO), recognized as a tissue protective agent, can trigger anti-inflammatory 
and anti-apoptotic processes to delimit injury and promote repair by the binding tissue-
protective receptor. However, only at a high dosage can EPO exert tissue protective effects, 
which simultaneously elicits some severe erythropoiesis-related side effects. Thus, the 
structural modification of EPO for the prevention of side effects is undoubtedly required. 
This chapter reviewed the development from EPO to its peptide derivatives with tissue pro-
tective efficacy. We also discussed are the therapeutic effects and limitations of each peptide, 
signaling pathways involved and the benefits for translation.

Keywords: erythropoietin, peptide, helix B peptide, cyclic helix B peptide, tissue 
protection

1. Introduction

Tissue injury refers to the histologic lesions and the subsequent functional insufficiencies of 
tissues and organs that are caused by multiple sources, such as ischemia followed by reperfu-
sion [1], trauma [2], autoimmune inflammation [3], oxidative stress [4], drugs and toxicants [5], 
etc. In histology, it is characterized by the infiltration of pro-inflammatory cells and cytokines 
and the cellular necrosis and apoptosis induced by damage-associated molecular patterns [6, 7]. 
Considering the high morbidity and mortality it has caused, the protection from tissue injury is 
a major concern in the basic and clinical medical academies worldwide. Erythropoietin (EPO), 
recognized as the erythropoietic hormone secreted in response to anemia, was reported to trig-
ger anti-inflammatory and anti-apoptotic processes to attenuate tissue injury and promote the 
repairing of injured tissues by binding to tissue protective erythropoietin receptor (EPOR)/β 
common receptor (βcR) heterodimer [8]. However, only at a high dosage can EPO exert tissue 
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protective effects, which simultaneously elicits some severe erythropoiesis-related side effects 
[9]. Thus, the structural modification of EPO for the prevention of side effects is undoubtedly 
required. This chapter reviewed the development from EPO to its peptide derivatives with tis-
sue protective efficacy. Also discussed are the therapeutic effects and limitations of each pep-
tide, signaling pathways involved and the benefits for translation.

2. Erythropoietin: more than erythropoiesis

EPO is a glycoprotein hormone, which is predominately produced and secreted by the adult 
kidney in response to anemia [10, 11]. After sensing the hypoxic signal in anemic conditions, 
the fibroblasts in the interstitial area of the renal cortex are activated to produce EPO [12, 
13]. EPO stimulates erythropoiesis through binding to its EPOR expressed on the surface 
of the red blood cell progenitors and precursors in bone marrow [14, 15]. In normal condi-
tions, the level of erythropoietin in the blood is quite low [10]. Under hypoxic stress, how-
ever, EPO production may be increased up to 1000-fold, reaching 10,000 mU/ml in the blood 
[13]. In structure, EPO consists of four long alpha-helixes (A, B, C, and D) running in an up- 
up-down-down direction, connected by two long cross-over loops (AB and CD) and one short 
loop (BC). Among the four helixes, only helix A, C, and helix D and the loop connecting helix 
A and B within the dimensional structure are essential for interacting with EPOR, while helix 
B faces away from the interior of the receptor in the tertiary structure [13, 16–18].

During the past decade, greater interest has been paid to the pleiotropic biologic actions of EPO 
beyond the stimulation of erythropoiesis, which include anti-apoptosis, anti-inflammation, 
neurogenesis, and angiogenesis, as well as their consequent tissue protection [8, 19–21]. An 
increasing body of studies demonstrated that EPO exerts a powerful tissue-protective effect on 
a variety of organs and can prevent cellular apoptosis from some sources, including reduced 
or absent oxygen tension, ischemia–reperfusion, toxicity and free radical exposure. Our study 
in a murine model of renal injury showed that EPO protected kidneys against injury through 
decreasing positive myeloperoxidase neutrophils and suppressing the expression of pro- 
inflammatory cytokines and chemokines by the inhibition of NF-kB signaling pathway [22]. In 
the study with isolated porcine renal allografts, it was demonstrated that EPO promoted inflam-
matory cell apoptosis, drove inflammatory and apoptotic cells into tubular lumens, thereby 
leading to inflammation clearance in the involved tissue and organs [23]. We also reported in 
our recent study that EPO could affect the dynamics of macrophages in the model of rhabdo-
myolysis-induced acute kidney injury. In this study, EPO was found to ameliorate kidney injury 
by reducing macrophages recruitment and promoting phenotype switch from M1 to M2 [24]. 
In vitro study, EPO was shown to directly suppress pro-inflammatory responses of M1 mac-
rophages and promote M2 marker expression [24]. These results refreshed our understanding 
about the immunoregulatory capacity of EPO.

The mechanisms involved in the tissue protective effect of EPO was not well illustrated until 
the specific receptor mediating tissue protection was revealed, which was recently defined as 
a heterodimer composed of EPOR and CD131 [25]. CD131 also forms the receptor complexes 
with α receptor subunits specific for GM-CSF, IL-3, and IL-5 and thus is named as β common 
receptor [25]. In aqueous media, helix B and parts of the AB and CD loops face the aqueous 
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medium but away from the erythropoietic binding sites, which indicates that helix B mediates 
tissue protective effect of EPO via binding with EPOR/βcR heterodimer [26]. Following the 
interaction of EPO with EPOR/βcR, the Akt involved signaling pathway is reported to play a 
vital role in mediating intracellular signal transduction. The activation of PI3K/Akt pathway 
by EPO maintains the mitochondrial membrane integrity, prevents cytochrome C from release 
and modulates the activity of caspase cascade during cellular apoptosis [27, 28]. The blockade 
of Akt phosphorylation abrogates the anti-apoptotic and anti-inflammatory effect after EPO 
administration [28, 29]. Moreover, the activation of Akt after EPO treatment is also reported 
to protect against genomic DNA degradation and membrane phosphatidylserine exposure 
[28, 30]. Several transcriptional modulators in the downstream pathways of Akt have also 
been shown to mediate the tissue-protection of EPO. For example, EPO could down-regulate 
the activity of forkhead transcription factor (FOXO3a) through inhibitory phosphorylation, 
which renders FOXO3a ineffective to activate the transcription of nuclear genes involved in 
apoptosis [31]. Other mechanisms include the inhibition of glycogen synthase kinase-3β [32], 
a serine-threonine kinase that plays a significant role in the induction of apoptosis of neurons, 
vascular smooth muscle cells and cardiomyocytes, and the up-regulation of the anti-apoptotic 
Bcl-2 family member Bcl-xL [33].

3. Helix B surface peptide: a specific tissue protective peptide 
without erythropoietic effect

The role of EPO in anti-inflammation and anti-apoptosis inspired us to investigate if EPO 
could also be served as a potential therapy for tissue injury caused by the exposure to drugs, 
chemicals, or physical ischemia. However, the tissue protective effect of EPO only occurs at 
the dosage that is well above normal, which may simultaneously elicit severe side-effects 
associated with its erythropoietic effects such as polycythemia and hypercoagulation in the 
circulation [9]. The demand of high dose to exert the tissue protective activities may be caused 
by the relatively low affinity of EPO to the tissue-protective EPOR/βcR dimer receptor relative 
to the erythropoietic (EPOR)2 homodimer [15, 20, 34]. Being enlightened by the finding that 
helix B plays a dominant role in mediating the tissue protective effect by binding with EPOR/
βcR receptor, Michael Brines et al. first synthesized the nonerythropoietic, tissue-protective 
peptides derived from the tertiary structure of erythropoietin which comprises the amino acid 
sequence corresponding to helix B as well as the three residues within the proximal portion of 
the BC loop. The design of the novel peptide aims to mimic the three-dimensional structure 
that interacts with EPOR/βcR receptor to reproduce the tissue-protective activities of the full 
molecule [26]. This 11-mer peptide derivative was named as helix B surface peptide (HBSP) 
[26]. Following studies demonstrated that HBSP is sufficient to activate tissue-protective path-
ways representative of the full molecule and protect from injury in a wide variety of tissues 
and organs but without causing erythropoietic effects.

3.1. In cardiovascular system

HBSP was demonstrated to exert tissue protective effects first in the cardiovascular system after 
it was designed. The designers of this peptide showed that HBSP protected cardiomyocytes 
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protective effects, which simultaneously elicits some severe erythropoiesis-related side effects 
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required. This chapter reviewed the development from EPO to its peptide derivatives with tis-
sue protective efficacy. Also discussed are the therapeutic effects and limitations of each pep-
tide, signaling pathways involved and the benefits for translation.
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13]. EPO stimulates erythropoiesis through binding to its EPOR expressed on the surface 
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tions, the level of erythropoietin in the blood is quite low [10]. Under hypoxic stress, how-
ever, EPO production may be increased up to 1000-fold, reaching 10,000 mU/ml in the blood 
[13]. In structure, EPO consists of four long alpha-helixes (A, B, C, and D) running in an up- 
up-down-down direction, connected by two long cross-over loops (AB and CD) and one short 
loop (BC). Among the four helixes, only helix A, C, and helix D and the loop connecting helix 
A and B within the dimensional structure are essential for interacting with EPOR, while helix 
B faces away from the interior of the receptor in the tertiary structure [13, 16–18].

During the past decade, greater interest has been paid to the pleiotropic biologic actions of EPO 
beyond the stimulation of erythropoiesis, which include anti-apoptosis, anti-inflammation, 
neurogenesis, and angiogenesis, as well as their consequent tissue protection [8, 19–21]. An 
increasing body of studies demonstrated that EPO exerts a powerful tissue-protective effect on 
a variety of organs and can prevent cellular apoptosis from some sources, including reduced 
or absent oxygen tension, ischemia–reperfusion, toxicity and free radical exposure. Our study 
in a murine model of renal injury showed that EPO protected kidneys against injury through 
decreasing positive myeloperoxidase neutrophils and suppressing the expression of pro- 
inflammatory cytokines and chemokines by the inhibition of NF-kB signaling pathway [22]. In 
the study with isolated porcine renal allografts, it was demonstrated that EPO promoted inflam-
matory cell apoptosis, drove inflammatory and apoptotic cells into tubular lumens, thereby 
leading to inflammation clearance in the involved tissue and organs [23]. We also reported in 
our recent study that EPO could affect the dynamics of macrophages in the model of rhabdo-
myolysis-induced acute kidney injury. In this study, EPO was found to ameliorate kidney injury 
by reducing macrophages recruitment and promoting phenotype switch from M1 to M2 [24]. 
In vitro study, EPO was shown to directly suppress pro-inflammatory responses of M1 mac-
rophages and promote M2 marker expression [24]. These results refreshed our understanding 
about the immunoregulatory capacity of EPO.

The mechanisms involved in the tissue protective effect of EPO was not well illustrated until 
the specific receptor mediating tissue protection was revealed, which was recently defined as 
a heterodimer composed of EPOR and CD131 [25]. CD131 also forms the receptor complexes 
with α receptor subunits specific for GM-CSF, IL-3, and IL-5 and thus is named as β common 
receptor [25]. In aqueous media, helix B and parts of the AB and CD loops face the aqueous 
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medium but away from the erythropoietic binding sites, which indicates that helix B mediates 
tissue protective effect of EPO via binding with EPOR/βcR heterodimer [26]. Following the 
interaction of EPO with EPOR/βcR, the Akt involved signaling pathway is reported to play a 
vital role in mediating intracellular signal transduction. The activation of PI3K/Akt pathway 
by EPO maintains the mitochondrial membrane integrity, prevents cytochrome C from release 
and modulates the activity of caspase cascade during cellular apoptosis [27, 28]. The blockade 
of Akt phosphorylation abrogates the anti-apoptotic and anti-inflammatory effect after EPO 
administration [28, 29]. Moreover, the activation of Akt after EPO treatment is also reported 
to protect against genomic DNA degradation and membrane phosphatidylserine exposure 
[28, 30]. Several transcriptional modulators in the downstream pathways of Akt have also 
been shown to mediate the tissue-protection of EPO. For example, EPO could down-regulate 
the activity of forkhead transcription factor (FOXO3a) through inhibitory phosphorylation, 
which renders FOXO3a ineffective to activate the transcription of nuclear genes involved in 
apoptosis [31]. Other mechanisms include the inhibition of glycogen synthase kinase-3β [32], 
a serine-threonine kinase that plays a significant role in the induction of apoptosis of neurons, 
vascular smooth muscle cells and cardiomyocytes, and the up-regulation of the anti-apoptotic 
Bcl-2 family member Bcl-xL [33].

3. Helix B surface peptide: a specific tissue protective peptide 
without erythropoietic effect

The role of EPO in anti-inflammation and anti-apoptosis inspired us to investigate if EPO 
could also be served as a potential therapy for tissue injury caused by the exposure to drugs, 
chemicals, or physical ischemia. However, the tissue protective effect of EPO only occurs at 
the dosage that is well above normal, which may simultaneously elicit severe side-effects 
associated with its erythropoietic effects such as polycythemia and hypercoagulation in the 
circulation [9]. The demand of high dose to exert the tissue protective activities may be caused 
by the relatively low affinity of EPO to the tissue-protective EPOR/βcR dimer receptor relative 
to the erythropoietic (EPOR)2 homodimer [15, 20, 34]. Being enlightened by the finding that 
helix B plays a dominant role in mediating the tissue protective effect by binding with EPOR/
βcR receptor, Michael Brines et al. first synthesized the nonerythropoietic, tissue-protective 
peptides derived from the tertiary structure of erythropoietin which comprises the amino acid 
sequence corresponding to helix B as well as the three residues within the proximal portion of 
the BC loop. The design of the novel peptide aims to mimic the three-dimensional structure 
that interacts with EPOR/βcR receptor to reproduce the tissue-protective activities of the full 
molecule [26]. This 11-mer peptide derivative was named as helix B surface peptide (HBSP) 
[26]. Following studies demonstrated that HBSP is sufficient to activate tissue-protective path-
ways representative of the full molecule and protect from injury in a wide variety of tissues 
and organs but without causing erythropoietic effects.

3.1. In cardiovascular system

HBSP was demonstrated to exert tissue protective effects first in the cardiovascular system after 
it was designed. The designers of this peptide showed that HBSP protected cardiomyocytes 
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from TNF-α apoptosis in an Akt-dependent pathway both in vitro and in vivo [26, 35]. In this 
study, the levels of serum creatinine kinase activity and of cardiac expression of atrial natriuretic 
peptide, a marker of chronic heart failure, were down-regulated in animals treated with HBSP 
[26, 35]. Then, the anti-atherosclerotic effects HBSP were investigated in vitro and in vivo [36]. In 
vitro, HBSP inhibited C-reactive protein induced apoptosis in human umbilical vein endothe-
lial cells and THP-1 cells to a great extent [36]. In the hyperlipidemic spontaneous myocardial 
infarction model of rabbits, HBSP was shown to significantly suppress the progression of coro-
nary stenosis and myocardial ischemia caused by atherosclerotic lesions and inhibit coronary 
artery endothelial cell apoptosis through the activation of Akt pathway and the corresponding 
decreased the production of TNF-α as well as modified macrophage M1/M2 polarization [36]. 
Similarly, in the myocardial ischemia-reperfusion injury model of mice, HBSP administration 
before reperfusion significantly reduced the myocardial infarct size, decreased cardiomyocyte 
apoptosis, reduced the activities of superoxide dismutase and partially preserved heart func-
tion through the upregulation of Akt/GSK-3β/ERK and STAT-3 [37]. In an in vitro study per-
formed by using a rodent cardiomyocyte cell line subjected to hypoxia-reoxygenation injury, 
HBSP was reported to have protective effects by reducing cellular apoptosis, mitochondrial 
reactive oxygen production, ΔΨm collapse, and cytochrome C release from mitochondria to 
the cytosol. Furthermore, HBSP inhibited the activation of caspase 9 and caspase 3 as well as 
the alteration of Bcl-2 family proteins induced by hypoxia-reoxygenation [38]. Diabetes is also 
one of the major causes of myocardial lesions. Diabetic cardiomyopathy (DCM) is a ventricu-
lar dysfunction independent of coronary artery disease and hypertension, which is associated 
with inflammation, myocardial apoptosis and fibrosis [39–41]. In a study regarding the protec-
tion of HBSP on DCM, HBSP notably improved cardiac function, attenuated cardiac interstitial 
fibrosis, inhibited myocardial apoptosis, and ameliorated mitochondrial ultrastructure in mice 
with diabetic cardiomyopathy through an AMPK-dependent pathway [42]. HBSP promoted 
aortic endothelial cell repair under hypoxic conditions in a model of aortic endothelial injury, 
in which HBSP enhanced scratch closure by promoting cell migration and proliferation [43]. 
Furthermore, EPO protected bovine aortic endothelial cells from staurosporine-induced apop-
tosis under hypoxic conditions. Hypoxia was associated with a reduction in nitric oxide (NO) 
production. HBSP notably increased NO production, in a manner sensitive to NO synthase 
inhibition, under hypoxic conditions but not under normoxic conditions [43]. In summary, mul-
tiple studies proved the protective effect of HBSP on myocardial tissues and endothelial cells 
in the cardiovascular system following the injury caused by insufficient oxygen supply and 
implied that Akt pathway played a critical role in this process.

3.2. In nervous system

Another field of research in which the protection of HBSP was well investigated is in the ner-
vous system. In one study by Robertson et al., the effects of HBSP on early cerebral hemody-
namics and neurological outcome post-injury were investigated in a rat model of mild cortical 
impact injury followed hemorrhagic hypotension [44]. The results demonstrated that both 
EPO and HBSP treated groups improved recovery of cerebral blood flow in the injured brain 
following resuscitation, and showed more rapid recovery in the performance of functional 
neural tests. This study suggests that HBSP has neuroprotective effects similar to EPO in this 
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model of combined brain injury and hypotension [44]. They later reported that the treatment 
with HBSP resulted in significantly improved performance after the rats were suffered from 
mild traumatic brain injury (mTBI), which was associated with decreased infiltration of CD68-
positive inflammatory cells in the damaged brain tissue [45]. The results suggest that HBSP 
may improve cognitive function following mTBI [45]. Among the patients with neuritis, neu-
ropathic pain is a quite common symptom, which may be due to nerve inflammation. The 
neuropathic pain results from several overlapping pathways, which then merges into a mag-
nified pain status with symptoms such as allodynia and hyperalgesia [46, 47]. The study by 
Pulman KG et al., examined the effects of HBSP on pain behavior in the rat model of neuritis 
[48]. The results showed that treatment with HBSP prevented the development of mechani-
cal allodynia caused by neuritis but not affect heat hyperalgesia [48]. In another study, HBSP 
treatment could reduce allodynia coupled to the suppression of spinal microglia response in a 
dose-dependent manner, which may result from HBSP-induced suppression of inflammation 
in central nervous system [49]. In the study on the therapeutic effects of HBSP in experimental 
autoimmune encephalomyelitis (EAE), the administration of HBSP to EAE rats significantly 
reduced the severity and shortened the duration of injury, reduced the infiltration of pro-
inflammatory cells and suppressed expression of pro-inflammatory cytokines such as IL-1β, 
IL-17, TNF-α, IFN-γ. The expression of inducible NO synthase and transcription factor T-bet 
at mRNA level was also reduced in spinal cords following HBSP treatment [50]. In the in vitro 
study, HBSP inhibited antigen-specific and non-specific lymphocyte proliferation and pro-
moted the polarization of Th2 and regulatory T cells (Treg) while suppressed the polarization 
of Th1 and Th17 cells in EAE lymph nodes [50]. In summary, these studies regarding the role of 
HBSP in nervous system revealed that HBSP could also protect the nervous tissue from injury, 
which was associated with the alteration of the cytokine and cell milieu to limit inflammation 
in the damaged nervous tissue.

3.3. In obesity and diabetes related disorders

Several recent studies focused on the evaluation of the effects and potential mechanisms of 
HBSP in obesity modulation and diabetes-related disorders. One study was performed by 
using male C57BL/6 J mice fed with high-fat high-sucrose (HFHS) diet [51]. HFHS diet treated 
mice exhibited insulin resistance, hyperlipidemia, hepatic lipid accumulation and kidney dys-
function, which was related to the impaired insulin signal pathway and reduced membrane 
translocation of glucose transporter 4 [51]. However, treatment with HBSP ameliorated renal 
function, reduced hepatic lipid deposition, and normalized serum glucose and lipid profiles, 
which were associated with improved insulin sensitivity and glucose uptake in skeletal mus-
cle. The mechanism included that HBSP attenuated the HFHS-induced overproduction of IL-6 
and fibroblast growth factor-21, and enhanced mitochondrial biogenesis in skeletal muscle 
[51]. In another study regarding the effect of HBSP on obesity, HBSP was found to protect 
against obesity and insulin resistance by suppressing adipogenesis, adipokine expression as 
well as attenuating macrophage inflammatory activation in lipid tissue [52]. The retinopathy 
is one of the most common complications of diabetes and remains one of the leading causes of 
non-congenital blindness [53]. In the diabetic retina, vasodegenerative phase is accompanied 
by neuroglial abnormalities and eventual depletion of ganglion cells [54]. HBSP was shown to 
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from TNF-α apoptosis in an Akt-dependent pathway both in vitro and in vivo [26, 35]. In this 
study, the levels of serum creatinine kinase activity and of cardiac expression of atrial natriuretic 
peptide, a marker of chronic heart failure, were down-regulated in animals treated with HBSP 
[26, 35]. Then, the anti-atherosclerotic effects HBSP were investigated in vitro and in vivo [36]. In 
vitro, HBSP inhibited C-reactive protein induced apoptosis in human umbilical vein endothe-
lial cells and THP-1 cells to a great extent [36]. In the hyperlipidemic spontaneous myocardial 
infarction model of rabbits, HBSP was shown to significantly suppress the progression of coro-
nary stenosis and myocardial ischemia caused by atherosclerotic lesions and inhibit coronary 
artery endothelial cell apoptosis through the activation of Akt pathway and the corresponding 
decreased the production of TNF-α as well as modified macrophage M1/M2 polarization [36]. 
Similarly, in the myocardial ischemia-reperfusion injury model of mice, HBSP administration 
before reperfusion significantly reduced the myocardial infarct size, decreased cardiomyocyte 
apoptosis, reduced the activities of superoxide dismutase and partially preserved heart func-
tion through the upregulation of Akt/GSK-3β/ERK and STAT-3 [37]. In an in vitro study per-
formed by using a rodent cardiomyocyte cell line subjected to hypoxia-reoxygenation injury, 
HBSP was reported to have protective effects by reducing cellular apoptosis, mitochondrial 
reactive oxygen production, ΔΨm collapse, and cytochrome C release from mitochondria to 
the cytosol. Furthermore, HBSP inhibited the activation of caspase 9 and caspase 3 as well as 
the alteration of Bcl-2 family proteins induced by hypoxia-reoxygenation [38]. Diabetes is also 
one of the major causes of myocardial lesions. Diabetic cardiomyopathy (DCM) is a ventricu-
lar dysfunction independent of coronary artery disease and hypertension, which is associated 
with inflammation, myocardial apoptosis and fibrosis [39–41]. In a study regarding the protec-
tion of HBSP on DCM, HBSP notably improved cardiac function, attenuated cardiac interstitial 
fibrosis, inhibited myocardial apoptosis, and ameliorated mitochondrial ultrastructure in mice 
with diabetic cardiomyopathy through an AMPK-dependent pathway [42]. HBSP promoted 
aortic endothelial cell repair under hypoxic conditions in a model of aortic endothelial injury, 
in which HBSP enhanced scratch closure by promoting cell migration and proliferation [43]. 
Furthermore, EPO protected bovine aortic endothelial cells from staurosporine-induced apop-
tosis under hypoxic conditions. Hypoxia was associated with a reduction in nitric oxide (NO) 
production. HBSP notably increased NO production, in a manner sensitive to NO synthase 
inhibition, under hypoxic conditions but not under normoxic conditions [43]. In summary, mul-
tiple studies proved the protective effect of HBSP on myocardial tissues and endothelial cells 
in the cardiovascular system following the injury caused by insufficient oxygen supply and 
implied that Akt pathway played a critical role in this process.

3.2. In nervous system

Another field of research in which the protection of HBSP was well investigated is in the ner-
vous system. In one study by Robertson et al., the effects of HBSP on early cerebral hemody-
namics and neurological outcome post-injury were investigated in a rat model of mild cortical 
impact injury followed hemorrhagic hypotension [44]. The results demonstrated that both 
EPO and HBSP treated groups improved recovery of cerebral blood flow in the injured brain 
following resuscitation, and showed more rapid recovery in the performance of functional 
neural tests. This study suggests that HBSP has neuroprotective effects similar to EPO in this 
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model of combined brain injury and hypotension [44]. They later reported that the treatment 
with HBSP resulted in significantly improved performance after the rats were suffered from 
mild traumatic brain injury (mTBI), which was associated with decreased infiltration of CD68-
positive inflammatory cells in the damaged brain tissue [45]. The results suggest that HBSP 
may improve cognitive function following mTBI [45]. Among the patients with neuritis, neu-
ropathic pain is a quite common symptom, which may be due to nerve inflammation. The 
neuropathic pain results from several overlapping pathways, which then merges into a mag-
nified pain status with symptoms such as allodynia and hyperalgesia [46, 47]. The study by 
Pulman KG et al., examined the effects of HBSP on pain behavior in the rat model of neuritis 
[48]. The results showed that treatment with HBSP prevented the development of mechani-
cal allodynia caused by neuritis but not affect heat hyperalgesia [48]. In another study, HBSP 
treatment could reduce allodynia coupled to the suppression of spinal microglia response in a 
dose-dependent manner, which may result from HBSP-induced suppression of inflammation 
in central nervous system [49]. In the study on the therapeutic effects of HBSP in experimental 
autoimmune encephalomyelitis (EAE), the administration of HBSP to EAE rats significantly 
reduced the severity and shortened the duration of injury, reduced the infiltration of pro-
inflammatory cells and suppressed expression of pro-inflammatory cytokines such as IL-1β, 
IL-17, TNF-α, IFN-γ. The expression of inducible NO synthase and transcription factor T-bet 
at mRNA level was also reduced in spinal cords following HBSP treatment [50]. In the in vitro 
study, HBSP inhibited antigen-specific and non-specific lymphocyte proliferation and pro-
moted the polarization of Th2 and regulatory T cells (Treg) while suppressed the polarization 
of Th1 and Th17 cells in EAE lymph nodes [50]. In summary, these studies regarding the role of 
HBSP in nervous system revealed that HBSP could also protect the nervous tissue from injury, 
which was associated with the alteration of the cytokine and cell milieu to limit inflammation 
in the damaged nervous tissue.

3.3. In obesity and diabetes related disorders

Several recent studies focused on the evaluation of the effects and potential mechanisms of 
HBSP in obesity modulation and diabetes-related disorders. One study was performed by 
using male C57BL/6 J mice fed with high-fat high-sucrose (HFHS) diet [51]. HFHS diet treated 
mice exhibited insulin resistance, hyperlipidemia, hepatic lipid accumulation and kidney dys-
function, which was related to the impaired insulin signal pathway and reduced membrane 
translocation of glucose transporter 4 [51]. However, treatment with HBSP ameliorated renal 
function, reduced hepatic lipid deposition, and normalized serum glucose and lipid profiles, 
which were associated with improved insulin sensitivity and glucose uptake in skeletal mus-
cle. The mechanism included that HBSP attenuated the HFHS-induced overproduction of IL-6 
and fibroblast growth factor-21, and enhanced mitochondrial biogenesis in skeletal muscle 
[51]. In another study regarding the effect of HBSP on obesity, HBSP was found to protect 
against obesity and insulin resistance by suppressing adipogenesis, adipokine expression as 
well as attenuating macrophage inflammatory activation in lipid tissue [52]. The retinopathy 
is one of the most common complications of diabetes and remains one of the leading causes of 
non-congenital blindness [53]. In the diabetic retina, vasodegenerative phase is accompanied 
by neuroglial abnormalities and eventual depletion of ganglion cells [54]. HBSP was shown to 
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significantly reduce microglial activation and protected against neuroglial and vascular degen-
eration but without exacerbating neovascularization in the retina [55]. These findings suggest 
that HBSP has therapeutic implications for metabolic disorders, such as obesity, diabetes, and 
diabetic retinopathy.

3.4. In kidney

Our research mainly discussed the tissue protection of HBSP on kidney injury. In 2013, we 
investigated effects of HBSP and the expression of EPOR/βcR heterodimer receptor in a 
murine renal ischemia-reperfusion (IR) injury model [56]. We found that HBSP could signifi-
cantly ameliorate renal dysfunction and tissue damage, reduced apoptotic cells in the kidney 
and inhibited the activation of caspase-9 and caspase-3 [56]. The expression of EPOR/βcR in 
the kidney was up-regulated following ischemia-reperfusion injury but was down-regulated 
by the treatment of HBSP [56]. Further investigation revealed that the PI3K-Akt pathway 
was dramatically activated by HBSP. The treatment of the PI3K inhibitor, Wortmannin, 
abolished improved renal function and histologic structure by HBSP [56]. This study sug-
gests that HBSP could protect the kidney from IR injury in a PI3K-Akt dependent pathway. 
Then, we also investigated the role of HBSP in IR and cyclosporine A (CsA) induced kidney 
injury since both of them are unavoidable after kidney transplantation and associated with 
allograft dysfunction [57]. We found that the level of creatinine and blood urea nitrogen was 
increased by CsA but decreased by HBSP. HBSP also significantly ameliorated tubuloin-
terstitial damage and interstitial fibrosis, which were gradually increased by IR and CsA 
[57]. In addition, apoptotic cells, infiltrated inflammatory cells, and active caspase-3 posi-
tive cells were greatly reduced by HBSP. It was demonstrated for the first time that HBSP 
effectively improved renal function and tissue damage caused by IR and/or CsA, which 
might be through reducing caspase-3 activation and synthesis, apoptosis, and inflamma-
tion [57]. Similar findings were also reported by Nimesh SA Patel’s and Willem G van Rijt’s 
groups that HBSP has renoprotective capacities by anti-inflammation and anti-apoptosis in 
the injured kidney tissue [58, 59].

3.5. In liver

Very recently, the protective effect of HBSP on acute liver injury was investigated in Wu’s 
study. In this study, the acute liver injury was induced by the administration of carbon tet-
rachloride (CCl4) [60]. HBSP was demonstrated to significantly decrease serum alanine ami-
notransferase, aspartate aminotransferase, lactate dehydrogenase, and pro-inflammatory 
cytokines in liver tissues after CCl4 injection. The infiltration of CD3, CD8, and CD68 posi-
tive cells and the expression of cleaved caspase-3 were also significantly decreased by HBSP 
treatment. The glutathione peroxidase activity and survival rate increased, while the total 
apoptotic rate was reduced in the HBSP-treated group. As to the mechanism, the authors 
reported that HBSP activated the PI3K/Akt/mTORC1 pathway [60]. Thus, HBSP showed con-
vincing protective effects on CCl4-induced acute liver injury by ameliorating inflammation 
and apoptosis [60].
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4. Thioether-cyclized helix B peptide: a cyclized peptide with 
increased instability and tissue protective potency

Despite the powerful tissue-protective function exhibited in various organs by inhibiting inflam-
mation and apoptosis, the property of poor permeability to biomembranes, unstable second-
ary structure, and short half-time restricts the application of HBSP in translation study [26]. 
Therefore, the structurally optimized transformation of HBSP is urgently required. It is acknowl-
edged that peptide cyclization could provide an efficient strategy to overcome these problems 
[61]. Provoked by this, we for the first time introduced the head-to-tail cyclization to the struc-
ture of HBSP to improve its stability, since the backbone of the peptide was constrained by the 
cyclization in which the linkages between main chains were formed by thioether [62]. This newly 
designed and synthesized peptide was named as thioether-cyclized helix B peptide (CHBP) [62].

4.1. Novel properties and mechanisms

In the following study, we demonstrate that CHBP is significantly stable in the human plasma 
and has a 2.5-fold longer half-life time than HBSP, suggesting that CHBP is highly resistant to 
proteolytic degradation both in vitro and in vivo [63]. We also found in our study that due to 
its stability, this long-acting peptide could ameliorate renal IR injury to a greater extent than 
HBSP, for only one dose of CHBP exerted persistent renal protective effect throughout the one 
week post IR injury [63]. Autophagy is demonstrated to play a renoprotective role in IR injury 
and is closely related to cellular apoptosis and inflammation in kidney tissue [64]. We also 
found that CHBP could induce autophagy in the injured kidney by increasing LC3-II/I ratio as 
well as upregulating beclin-1 [62]. Furthermore, our study depicted possible signaling path-
ways involved in CHBP-induced autophagy, which included the regulation of mammalian 
target of rapamycin (mTOR) pathway and the activation of AMPK pathway. The activation 
of AMPK by CHBP then phosphorylated and activated tuberous sclerosis 2 (TSC2), which 
connected with tuberous sclerosis 1(TSC1) to form a heterodimer to inhibit the activation of 
mammalian target of rapamycin complex 1 (mTORC1). Meanwhile, the mTORC2-Akt path-
way was activated by CHBP and autophagy was induced by the altered mTORC1/mTORC2 
equilibrium [62]. Also, CHBP was reported to upregulate Treg and downregulate helper T cell 
17 (Th17) after renal IR injury to restore the Treg/Th17 balance [62]. These findings revealed 
the mechanisms that are involved in the tissue protective function in CHBP but have not been 
reported in HBSP yet.

4.2. CHBP in organ preservation

During the transport of donated organs, any strategies that can effectively protect against IR 
injury during the cold storage (CS) and reperfusion stages would be very beneficial for pre-
venting the delayed graft function after kidney transplant surgery. Thus, we administrated 
CHBP in the preservation solution and autologous blood perfusate to examine its effect on 
the preservation of isolated donor kidney in the following study [65]. The results showed that 
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significantly reduce microglial activation and protected against neuroglial and vascular degen-
eration but without exacerbating neovascularization in the retina [55]. These findings suggest 
that HBSP has therapeutic implications for metabolic disorders, such as obesity, diabetes, and 
diabetic retinopathy.

3.4. In kidney

Our research mainly discussed the tissue protection of HBSP on kidney injury. In 2013, we 
investigated effects of HBSP and the expression of EPOR/βcR heterodimer receptor in a 
murine renal ischemia-reperfusion (IR) injury model [56]. We found that HBSP could signifi-
cantly ameliorate renal dysfunction and tissue damage, reduced apoptotic cells in the kidney 
and inhibited the activation of caspase-9 and caspase-3 [56]. The expression of EPOR/βcR in 
the kidney was up-regulated following ischemia-reperfusion injury but was down-regulated 
by the treatment of HBSP [56]. Further investigation revealed that the PI3K-Akt pathway 
was dramatically activated by HBSP. The treatment of the PI3K inhibitor, Wortmannin, 
abolished improved renal function and histologic structure by HBSP [56]. This study sug-
gests that HBSP could protect the kidney from IR injury in a PI3K-Akt dependent pathway. 
Then, we also investigated the role of HBSP in IR and cyclosporine A (CsA) induced kidney 
injury since both of them are unavoidable after kidney transplantation and associated with 
allograft dysfunction [57]. We found that the level of creatinine and blood urea nitrogen was 
increased by CsA but decreased by HBSP. HBSP also significantly ameliorated tubuloin-
terstitial damage and interstitial fibrosis, which were gradually increased by IR and CsA 
[57]. In addition, apoptotic cells, infiltrated inflammatory cells, and active caspase-3 posi-
tive cells were greatly reduced by HBSP. It was demonstrated for the first time that HBSP 
effectively improved renal function and tissue damage caused by IR and/or CsA, which 
might be through reducing caspase-3 activation and synthesis, apoptosis, and inflamma-
tion [57]. Similar findings were also reported by Nimesh SA Patel’s and Willem G van Rijt’s 
groups that HBSP has renoprotective capacities by anti-inflammation and anti-apoptosis in 
the injured kidney tissue [58, 59].

3.5. In liver

Very recently, the protective effect of HBSP on acute liver injury was investigated in Wu’s 
study. In this study, the acute liver injury was induced by the administration of carbon tet-
rachloride (CCl4) [60]. HBSP was demonstrated to significantly decrease serum alanine ami-
notransferase, aspartate aminotransferase, lactate dehydrogenase, and pro-inflammatory 
cytokines in liver tissues after CCl4 injection. The infiltration of CD3, CD8, and CD68 posi-
tive cells and the expression of cleaved caspase-3 were also significantly decreased by HBSP 
treatment. The glutathione peroxidase activity and survival rate increased, while the total 
apoptotic rate was reduced in the HBSP-treated group. As to the mechanism, the authors 
reported that HBSP activated the PI3K/Akt/mTORC1 pathway [60]. Thus, HBSP showed con-
vincing protective effects on CCl4-induced acute liver injury by ameliorating inflammation 
and apoptosis [60].
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4. Thioether-cyclized helix B peptide: a cyclized peptide with 
increased instability and tissue protective potency

Despite the powerful tissue-protective function exhibited in various organs by inhibiting inflam-
mation and apoptosis, the property of poor permeability to biomembranes, unstable second-
ary structure, and short half-time restricts the application of HBSP in translation study [26]. 
Therefore, the structurally optimized transformation of HBSP is urgently required. It is acknowl-
edged that peptide cyclization could provide an efficient strategy to overcome these problems 
[61]. Provoked by this, we for the first time introduced the head-to-tail cyclization to the struc-
ture of HBSP to improve its stability, since the backbone of the peptide was constrained by the 
cyclization in which the linkages between main chains were formed by thioether [62]. This newly 
designed and synthesized peptide was named as thioether-cyclized helix B peptide (CHBP) [62].

4.1. Novel properties and mechanisms

In the following study, we demonstrate that CHBP is significantly stable in the human plasma 
and has a 2.5-fold longer half-life time than HBSP, suggesting that CHBP is highly resistant to 
proteolytic degradation both in vitro and in vivo [63]. We also found in our study that due to 
its stability, this long-acting peptide could ameliorate renal IR injury to a greater extent than 
HBSP, for only one dose of CHBP exerted persistent renal protective effect throughout the one 
week post IR injury [63]. Autophagy is demonstrated to play a renoprotective role in IR injury 
and is closely related to cellular apoptosis and inflammation in kidney tissue [64]. We also 
found that CHBP could induce autophagy in the injured kidney by increasing LC3-II/I ratio as 
well as upregulating beclin-1 [62]. Furthermore, our study depicted possible signaling path-
ways involved in CHBP-induced autophagy, which included the regulation of mammalian 
target of rapamycin (mTOR) pathway and the activation of AMPK pathway. The activation 
of AMPK by CHBP then phosphorylated and activated tuberous sclerosis 2 (TSC2), which 
connected with tuberous sclerosis 1(TSC1) to form a heterodimer to inhibit the activation of 
mammalian target of rapamycin complex 1 (mTORC1). Meanwhile, the mTORC2-Akt path-
way was activated by CHBP and autophagy was induced by the altered mTORC1/mTORC2 
equilibrium [62]. Also, CHBP was reported to upregulate Treg and downregulate helper T cell 
17 (Th17) after renal IR injury to restore the Treg/Th17 balance [62]. These findings revealed 
the mechanisms that are involved in the tissue protective function in CHBP but have not been 
reported in HBSP yet.

4.2. CHBP in organ preservation

During the transport of donated organs, any strategies that can effectively protect against IR 
injury during the cold storage (CS) and reperfusion stages would be very beneficial for pre-
venting the delayed graft function after kidney transplant surgery. Thus, we administrated 
CHBP in the preservation solution and autologous blood perfusate to examine its effect on 
the preservation of isolated donor kidney in the following study [65]. The results showed that 
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the administration of CHBP during cold preservation of kidneys as well as autologous blood 
could ameliorate IR injury after hemoperfusion, which was associated with increased renal 
blood supply and improved renal tubular structure and function [65].

4.3. CHBP and anti-allograft rejection

As the professional antigen-presenting cells, dendritic cells (DCs) play a triggering role in acute 
rejection (AR) after transplant surgery. Thus, we investigated the effects of CHBP on DCs in the 
kidney transplantation model from Lewis to Wistar rats [66]. The results showed that five succes-
sive doses of CHBP administration after kidney transplantation could significantly ameliorate 
AR with the association of lower histological injury, apoptosis, and CD4+ and CD8+ T-cell infil-
tration in renal allografts. CHBP also reduced the expression of IFN-γ and IL-1β but increased 
the expression of IL-4 and IL-10 in the serum of receipt. The number of mature DCs was signifi-
cantly decreased in renal allografts treated with CHBP [66]. Also, the incubation of DCs with 
CHBP in vitro led to a reduction in TNF-α, IFN-γ, IL-1β and IL-12 levels and an increase of 
IL-10 level at the protein level in the supernatant [66]. In the mechanism study, CHBP inhibited 
TLR activation-induced DC maturation by increasing SOCS1 expression through Jak-2/STAT3 
signaling [66]. Our study suggested that CHBP suppressed renal allograft AR by inhibiting the 
maturation of DCs via Jak-2/STAT3/SOCS1 signaling.

4.4. CHBP and protection of mesenchymal stem cells

Mesenchymal stem cell (MSC) is a pluripotent stem cell originating from the mesoderm and 
has the potential to differentiate into multiple types of cells and tissues [67, 68]. Thus, MSC 
has long been considered as an ideal cell-based therapy in the repairing of tissue injuries. After 
adoptive transferred in vivo, however, MSCs may confront a variety of undesirable factors 
that could decrease their viability and activity [69, 70]. Among them, nutrient starvation is the 
major obstacle for MSCs within injured tissues. In our study regarding the effect of CHBP on 
MSCs in vitro, we found that CHBP could significantly improve the cell viability and suppress 
apoptosis of MSCs in a dose-dependent manner [71]. Starvation resulted in the mitochondrial 
dysfunction, and the treatment of CHBP could alleviate mitochondrial dysfunction by dimin-
ishing the oxidative stress from ROS, restore mitochondrial membrane potential and maintain 
mitochondrial membrane integrity through the activation of Nrf2/Sirt3/FoxO3a pathway [71]. 
Moreover, MSCs pretreated with CHBP were more resistant to nutrient starvation [71]. This 
study suggests that CHBP has the e prospects for sustaining stem cell survival under nutrient-
deprived conditions and improving the therapeutic effect of MSC-based treatment.

5. Perspective and limitation for translation into clinic

The research about CHBP in our center also includes its effects on other kinds of injuries, for 
example, aristolochic acid-induced acute kidney injury [72]. The study on the role of CHBP in 
acute and chronic allograft rejection is in progress as well. Although our understanding about 
CHBP has significantly increased, there is still plenty of work to do to translate this protective 
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peptide into clinical practice. For example, the pharmacokinetics and pharmacodynamics of 
CHBP are not examined so far. The dosage form design of this new drug should be improved 
for oral administration or intravenous injection. The clinical trials are indispensable before it 
is finally applied for clinical use. In a further study, we plan to investigate the effects of CHBP 
in primate models of acute organ injury which could better represent the analogous disorders 
in the human being. We believe that this smaller but stronger peptide derivative of EPO could 
facilitate the treatment of acute tissue injury shortly.
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the administration of CHBP during cold preservation of kidneys as well as autologous blood 
could ameliorate IR injury after hemoperfusion, which was associated with increased renal 
blood supply and improved renal tubular structure and function [65].

4.3. CHBP and anti-allograft rejection

As the professional antigen-presenting cells, dendritic cells (DCs) play a triggering role in acute 
rejection (AR) after transplant surgery. Thus, we investigated the effects of CHBP on DCs in the 
kidney transplantation model from Lewis to Wistar rats [66]. The results showed that five succes-
sive doses of CHBP administration after kidney transplantation could significantly ameliorate 
AR with the association of lower histological injury, apoptosis, and CD4+ and CD8+ T-cell infil-
tration in renal allografts. CHBP also reduced the expression of IFN-γ and IL-1β but increased 
the expression of IL-4 and IL-10 in the serum of receipt. The number of mature DCs was signifi-
cantly decreased in renal allografts treated with CHBP [66]. Also, the incubation of DCs with 
CHBP in vitro led to a reduction in TNF-α, IFN-γ, IL-1β and IL-12 levels and an increase of 
IL-10 level at the protein level in the supernatant [66]. In the mechanism study, CHBP inhibited 
TLR activation-induced DC maturation by increasing SOCS1 expression through Jak-2/STAT3 
signaling [66]. Our study suggested that CHBP suppressed renal allograft AR by inhibiting the 
maturation of DCs via Jak-2/STAT3/SOCS1 signaling.

4.4. CHBP and protection of mesenchymal stem cells

Mesenchymal stem cell (MSC) is a pluripotent stem cell originating from the mesoderm and 
has the potential to differentiate into multiple types of cells and tissues [67, 68]. Thus, MSC 
has long been considered as an ideal cell-based therapy in the repairing of tissue injuries. After 
adoptive transferred in vivo, however, MSCs may confront a variety of undesirable factors 
that could decrease their viability and activity [69, 70]. Among them, nutrient starvation is the 
major obstacle for MSCs within injured tissues. In our study regarding the effect of CHBP on 
MSCs in vitro, we found that CHBP could significantly improve the cell viability and suppress 
apoptosis of MSCs in a dose-dependent manner [71]. Starvation resulted in the mitochondrial 
dysfunction, and the treatment of CHBP could alleviate mitochondrial dysfunction by dimin-
ishing the oxidative stress from ROS, restore mitochondrial membrane potential and maintain 
mitochondrial membrane integrity through the activation of Nrf2/Sirt3/FoxO3a pathway [71]. 
Moreover, MSCs pretreated with CHBP were more resistant to nutrient starvation [71]. This 
study suggests that CHBP has the e prospects for sustaining stem cell survival under nutrient-
deprived conditions and improving the therapeutic effect of MSC-based treatment.

5. Perspective and limitation for translation into clinic

The research about CHBP in our center also includes its effects on other kinds of injuries, for 
example, aristolochic acid-induced acute kidney injury [72]. The study on the role of CHBP in 
acute and chronic allograft rejection is in progress as well. Although our understanding about 
CHBP has significantly increased, there is still plenty of work to do to translate this protective 
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peptide into clinical practice. For example, the pharmacokinetics and pharmacodynamics of 
CHBP are not examined so far. The dosage form design of this new drug should be improved 
for oral administration or intravenous injection. The clinical trials are indispensable before it 
is finally applied for clinical use. In a further study, we plan to investigate the effects of CHBP 
in primate models of acute organ injury which could better represent the analogous disorders 
in the human being. We believe that this smaller but stronger peptide derivative of EPO could 
facilitate the treatment of acute tissue injury shortly.
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Abstract

A transmembrane (TM) single-polypeptide-chain (sc) linker can connect two G-protein–
coupled receptors (GPCRs) in tandem. The priority of a gene-fusion strategy for any two 
class A GPCRs has been demonstrated. In the striatal function, dopamine (DA) plays 
a critical role. In the striatum, how the GPCR for adenosine, subtype A2A (A2AR), con-
tributes to the DA neurotransmission in the “volume transmission”/dual-transmission 
model has been studied extensively. In addition to the fusion receptor, i.e., the prototype 
scA2AR/D2R complex (the GPCR for DA, subtype D2), several types were created and 
tested experimentally. To further elucidate this in vivo, we designed a new molecular 
tool, namely, the supermolecule scA2AR/D2R. Here, no experiments on its expression 
were done. However, the TM linker to connect the nonobligate dimer as the transient 
class A GPCR nanocluster that has not been identified at the cell surface membrane 
deserves discussion through scA2AR/D2R. Supramolecular designs, are experimentally 
testable and will be used to confirm in vivo the functions of the two GPCRs interactive in 
such a low specific signal to the nonspecific noise (S/N) ratio in the neurotransmission in 
the brain. The sc also has, at last, become straightforward in the field of GPCRs, similar 
to in the field of antibody.
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1. Introduction

Dopamine (DA) [1] plays a critical part in the function in the striatum of the basal ganglia [2, 3]. 
In striatal DA neurotransmission, how the G-protein–coupled receptor (GPCR) for adenosine, 
subtype A2A (A2AR) [4, 5], works in the “volume transmission”/dual-transmission model [6] 
was explored previously [7, 8]. Moreover, the prototype single-polypeptide-chain (sc) het-
erodimeric A2AR/D2R complex (the GPCR for DA, subtype D2 [9]) [10] (Figures 1–3), a fusion 
receptor, and several other types were created and tested experimentally [11]. Supermolecules 
were also designed, none of which were constructed or tested [12], while referring to a relation-
ship between nanoscale surface curvature and surface-bound protein oligomerization [13–15]. 
Here, the transmembrane (TM) linker to connect the nonobligate dimer will be discussed based 
on scA2AR/D2R.

2. Making the single-polypeptide-chain to compensate the weak 
affinity of the two molecules

2.1. Glycine-glycine-glycine-glycine-serine (G4S) linker

Approximately 30 years ago, a 15–amino acid linker [glycine-glycine-glycine-glycine-ser-
ine (G4S)3] was adopted to form a variable region fragment (Fv) analogue connected as a 

Figure 1. A transmembrane single-polypeptide-chain (sc) linker to connect two G-protein–coupled receptors in tandem. 
See text for details.

Polypeptide - New Insight into Drug Discovery and Development42

single polypeptide chain (single-chain Fv), consisting of the heavy- and light-chain vari-
able regions (VH and VL) of a monoclonal antibody (mAb). This was successfully produced 
in Escherichia coli or bacteriophage by protein engineering based on the crystallographic 
analysis of the antigen-binding fragments (Fabs) of antibodies, i.e., the carboxy-terminus 

Figure 2. A supermolecule of an `exclusive´ dimeric GPCR with the oil-fence–like structure. (A) Using the light-harvesting 
antenna complex from Thermochromatium tepidum, the C-ter of an α-apoprotein (Angle 1 in B, in dotted line in gray) of two 
(Angles 1 and 16), each of which is concatenated in tandem through a CD4 transmembrane (TM) region in purple (in darker 
gray for a printed version in black and white) between Angles 1 and 16; CD4 is well known to make no formation of dimer 
itself, fused to the N-ter of TM helix 1 of the human prototype scA2AR/D2LR, i.e., A2AR-odr4TM-D2LR colored (in the same gray 
as in Figure 1 for a printed version in black and white), and its C-ter of TM helix 7 fused to the N-ter of another α-apoprotein 
(Angle 8) of other two (Angles 8 and 9 here in B, as given angles of the complex, in dotted line in gray), i.e., the α-apoprotein-
CD4TM-α-apoprotein-scGPCR-α-apoprotein-CD4TM-α-apoprotein fusion, is shown. Its expression as a fusion with 
the remaining ~12 α-apoproteins (presumed to be 16 mer originally in total), i.e., four 3mers (Angles 2–4, 5–7, 10–12, and 
13–15 in B) of α-apoprotein fused to a motif sequence driving α-helical coiled coil interaction as lines in blue (in darker 
gray for a printed version in black and white) on the left in B because four 4mers and eight 2mers cannot exclude vacant 
supermolecules, could form a unified complex, with ~16 wild-type β-apoproteins (plus the translation initiation methionine) 
in total and pigments, thus surrounding scA2AR/D2LR. (B) The light-harvesting antenna complex (LH1, a gray circle) from 
Thermochromatium tepidum consists of 16 mer of the α-apoprotein [61 amino acids, with the intracellular N-terminus (N-ter); 
for clarity, instead of a hexadecagon (not shown here) with each angle numbered, some are shown as a nonagon] packed side 
by side to form a hollow cylinder of diameter 73–82 Å and the 16 helical β-apoproteins (46 amino acids plus the translation 
initiation methionine, with the intracellular N-ter) of an outer cylinder of diameter 96–105 Å, together with light-absorbing 
pigments (not shown here) 32 bacteriochlorophyll a (Bchl a) and 16 carotenoids (spirilloxanthin, Spx) [77]. Lines of 72 Å are 
shown in black. The figure art (A) is shown and was drawn and adapted from the published figure, i.e., the figure art (lower 
left) for A2AR-odr4TM-D2LR in Fig. 1A (pp. 140), in our previous report [10], with written permission of the copyright owner, 
the Japan Society for Cell Biology. Only small but biologically important modifications were introduced.
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(C-ter) of the VH domain and the amino-terminus (N-ter) of the VL domain, being at a dis-
tance of ≈3.5 nm [16, 17]. The use of a spacer (linker sequence) of ~30 amino acids, including 
G4S, between the two proteins was established after that, giving (G4S)3: 3.5 nm [18]. As a 
compensation for the weak interactions between the two proteins, a tandem is especially 

Figure 3. Transient class A GPCR nanocluster. TM helices (transverse sections) are shown as circles [numbered, in black 
(D2R) or white (A2AR)]. The A2AR and D2R ligands are also shown as black and light gray ovals, respectively. odr4TM in 
the scA2AR/D2R is shown in a gray rectangle. This figure is from the figure art of the graphical abstract in our previous 
report [11], with written permission of the copyright owner, Elsevier Inc.
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useful. Under the molecular dynamics and the organizing principles of the plasma mem-
brane [19], depending on the GPCR monomer-dimer dynamic equilibrium that is character-
ized by single-molecule imaging to date [20], the endocytosis of the GPCR is mediated by 
the clathrin-coated pit machinery [21]. The clathrin coats on the endosome vesicles resem-
ble the architecture of a soccer ball, and each clathrin that forms a three-legged structure 
assembles into typical polyhedral cages, with an inscribed or circumscribed circle width 
diameter of approximately 25 nm ([11]: graphical abstract) (Figure 3). At issue are the tun-
ing and amplitude of GPCR oligomerization. Using a β2V2R receptor chimera [the class 
A GPCR β2 adrenergic receptor where the C-ter tail was exchanged for the class B GPCR 
vasopressin type 2 receptor (V2R) C-ter] [22], the existence, functionality, and architecture 
of internalized class B GPCR complexes, called supercomplexes or “megaplexes,” result-
ing in sustained signaling, are reported to consist of a single GPCR, β-arrestin, and G pro-
tein. Additionally, GPCR-mediated extracellular signal-regulated kinase (ERK) activation 
is classified into two modes, including an early, β-arrestin–independent one, which may 
correspond to nanocluster activation at the cell surface membrane, and a late, β-arrestin–
dependent one, which prolongs ERK activity. Nanoclusters are transient dynamic struc-
tures that are assembled by the lipid-anchored proteins [23]. With regard to Ras proteins, 
they are arrayed in nanoclusters comprising 6–8 proteins in domains that are 12–22 nm in 
diameter. However, the transient class A GPCR nanocluster has not been identified at the 
cell surface membrane.

2.2. Glycine-threonine (GT) linker

In a report by Twomey et al., in order to form the complex between the α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid-subtype ionotropic glutamate receptor GluA2 and the aux-
iliary protein stargazin (STZ), they used “a tandem construct, GluA2-STZ, where the N-ter of 
STZ was fused to the C-ter of GluA2 by a glycine-threonine (GT) linker.”{[24]—(pp. 83, the 
right column—the second paragraph—line 1)}.

2.3. Glycine-serine-anchored 6– or 30–amino acid (GSxxGS) linker

In a report by Elegheert et al., they used the fusion protein of the Cbln1C1q-GluD2ATD. Cbln1 
is a soluble synaptic organizer molecule with a compact jelly-roll β-sandwich fold and 
is a member of complement C1q-tumor necrosis factor superfamily that directly binds 
the ionotropic glutamate receptor δ2 extracellular N-ter domain GluD2 ATD. Cbln1 also 
interacts with presynaptic membrane-tethered neurexins that, with postsynaptic neuroli-
gins, make up the transsynaptic bridges spanning the synaptic cleft [25]. Because of the 
weak affinity of the Cbln1C1q-GluD2ATD interaction, they designed a construct that “linked 
a Cbln1C1q trimer with GluD2ATD into one continuous polypeptide chain by using short 
six-amino acid linkers (GSELGS and GSASGS in single-letter amino acid code, respec-
tively)” and “by a 30-residue flexible Gly-Gly-Ser ((G2S)10) spacer, which may reach ~110 
Å in length in a fully extended conformation and would allow quasi-unrestricted confor-
mational sampling of the GluD2ATD by Cbln1C1q-fused during the crystallization process.” 
([25]—supplementary text).
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(D2R) or white (A2AR)]. The A2AR and D2R ligands are also shown as black and light gray ovals, respectively. odr4TM in 
the scA2AR/D2R is shown in a gray rectangle. This figure is from the figure art of the graphical abstract in our previous 
report [11], with written permission of the copyright owner, Elsevier Inc.
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useful. Under the molecular dynamics and the organizing principles of the plasma mem-
brane [19], depending on the GPCR monomer-dimer dynamic equilibrium that is character-
ized by single-molecule imaging to date [20], the endocytosis of the GPCR is mediated by 
the clathrin-coated pit machinery [21]. The clathrin coats on the endosome vesicles resem-
ble the architecture of a soccer ball, and each clathrin that forms a three-legged structure 
assembles into typical polyhedral cages, with an inscribed or circumscribed circle width 
diameter of approximately 25 nm ([11]: graphical abstract) (Figure 3). At issue are the tun-
ing and amplitude of GPCR oligomerization. Using a β2V2R receptor chimera [the class 
A GPCR β2 adrenergic receptor where the C-ter tail was exchanged for the class B GPCR 
vasopressin type 2 receptor (V2R) C-ter] [22], the existence, functionality, and architecture 
of internalized class B GPCR complexes, called supercomplexes or “megaplexes,” result-
ing in sustained signaling, are reported to consist of a single GPCR, β-arrestin, and G pro-
tein. Additionally, GPCR-mediated extracellular signal-regulated kinase (ERK) activation 
is classified into two modes, including an early, β-arrestin–independent one, which may 
correspond to nanocluster activation at the cell surface membrane, and a late, β-arrestin–
dependent one, which prolongs ERK activity. Nanoclusters are transient dynamic struc-
tures that are assembled by the lipid-anchored proteins [23]. With regard to Ras proteins, 
they are arrayed in nanoclusters comprising 6–8 proteins in domains that are 12–22 nm in 
diameter. However, the transient class A GPCR nanocluster has not been identified at the 
cell surface membrane.

2.2. Glycine-threonine (GT) linker

In a report by Twomey et al., in order to form the complex between the α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid-subtype ionotropic glutamate receptor GluA2 and the aux-
iliary protein stargazin (STZ), they used “a tandem construct, GluA2-STZ, where the N-ter of 
STZ was fused to the C-ter of GluA2 by a glycine-threonine (GT) linker.”{[24]—(pp. 83, the 
right column—the second paragraph—line 1)}.

2.3. Glycine-serine-anchored 6– or 30–amino acid (GSxxGS) linker

In a report by Elegheert et al., they used the fusion protein of the Cbln1C1q-GluD2ATD. Cbln1 
is a soluble synaptic organizer molecule with a compact jelly-roll β-sandwich fold and 
is a member of complement C1q-tumor necrosis factor superfamily that directly binds 
the ionotropic glutamate receptor δ2 extracellular N-ter domain GluD2 ATD. Cbln1 also 
interacts with presynaptic membrane-tethered neurexins that, with postsynaptic neuroli-
gins, make up the transsynaptic bridges spanning the synaptic cleft [25]. Because of the 
weak affinity of the Cbln1C1q-GluD2ATD interaction, they designed a construct that “linked 
a Cbln1C1q trimer with GluD2ATD into one continuous polypeptide chain by using short 
six-amino acid linkers (GSELGS and GSASGS in single-letter amino acid code, respec-
tively)” and “by a 30-residue flexible Gly-Gly-Ser ((G2S)10) spacer, which may reach ~110 
Å in length in a fully extended conformation and would allow quasi-unrestricted confor-
mational sampling of the GluD2ATD by Cbln1C1q-fused during the crystallization process.” 
([25]—supplementary text).
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2.4. Transmembrane linker

Levitz et al. took advantage of a gene-fusion strategy used previously for microbial opsins [26] 
to construct a tandem dimer, where a TM linker connects the C-ter of the first copy of a class C 
GPCR, the metabotropic glutamate receptor mGluR2, to the N-ter of a second [27]. The gene-
fusion strategy of Kleinlogel et al. proved to be useful in optogenetics and for any two class 
A GPCR rhodopsins, using “the light-activated microbial rhodopsins”: Channelrhodopsin-2 
(ChR2) derived from Chlamydomonas reinhardtii [“a cation-permeable channel that enables cell 
depolarization (neuronal activation) in response to blue light”] and halorhodopsin derived 
from Natromonas pharaonis (NphR or Halo) [“a chloride pump that enables cell hyperpolar-
ization (neuronal silencing) in response to orange light”] [26], i.e., the intracellular C-ter of 
ChR2 through β helix (the 105-amino-acid N-ter fragment of the β subunit of the rat gastric 
H+,K+-ATPase) fused to the extracellular N-ter of NphR for the “precise co-localization and 
stoichiometric expression of two different light-gated membrane proteins.” However, they 
found that in the fusion of ChR2(1-309) with βbR (a variant of the inhibitory proton pump 
bacteriorhodopsin from Halobacterium salinarum, containing an additional N-ter TM β helix), 
the insertion of an enhanced yellow fluorescent protein (EYFP) between the two proteins 
resulted in its functional expression (ChR2-EYFP-βbR). However, they did not try another β 
helix itself, the effects of their length, or the reverse type (such as bR-EYFP-βChR2), unlike the 
TM α helix linkers in our previous report [11]. Interestingly, rational de novo computational 
protein design of the α-helical domain is also reported [28–30].

The points raised in our study about how the A2AR contributes to the DA neurotransmission 
are addressed in a straightforward manner (Figure 1) (Section 3.1). Thus, making the sin-
gle-polypeptide-chain has also, at last, become straightforward and is no longer an unusual 
approach to stimulate the weak affinity of two molecules in the field of neuroscience/GPCR, 
similar to in the field of immunology/monoclonal antibody. Additionally, “the glycan wedge” 
approach by “a 10-residue glycosylated linker” (ELSNGTDGAS in single-letter amino acid 
code) arranged between the ATD and ligand-binding domain (LBD) layers “in order to space 
them apart and disrupt potential mechanical ATD-LBD coupling” [25] is shown to function 
in inhibiting the association between protomers of the γ-aminobutyric acid (GABA) type B 
receptor (GABAB)[GABAB1 (GB1)]/[GABAB2 (GB2)] heterodimer (via coiled-coil interaction of 
the cytoplasmic C-ter) but not that of the tetramer (GB2/GB1)-(GB1/GB2) [31].

Furthermore, the DA neurotransmission in the “volume transmission”/dual-transmission 
model could not physically adopt the supramolecular architectures, such as “the prototypi-
cal molecular bridge linking” postsynaptic GluD2 and the presynaptic neurexin, via Cbln1, 
besides a possible link between the glial A2ARs and presynaptic or postsynaptic D2R.

2.5. An enzyme-dependent covalent biotinylation occurs within 10–50 nm of the bait 
protein

BioID is an affinity purification approach where an E. coli BirA biotin-protein ligase, 
BirAR118G (BirA, with Gly replacing Arg 118), is fused to a bait protein expressed in cells 
and allows for the isolation and analysis of proximal proteins by streptavidin-based affinity 
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purification and mass spectrometry [32–36]. “Biotinylation by BioID is a mark of proxim-
ity and not evidence for physical interaction,” and causing “the practical labeling radius of 
BioID in vivo to be ~10 nm” [32]. Thus, similar to the proximity ligation assay (PLA), BioID is 
a “proximity assay that may detect adjacent proteins that are not true interactor” [36]. Across 
the cell surface membrane, BirA-dependent covalent biotinylation cannot occur even within 
10–50 nm of the bait protein.

3. The transmembrane-linked connection of the nonobligate dimer: 
scA2AR/D2R

3.1. An approach toward a class A GPCR dimer that is not fully formed

With a model of receptor-receptor interaction to regulate DAergic activity, a functional antag-
onistic interaction between A2AR and D2R has been explicated [37–40]. Although allostery in 
a GPCR heterodimer is demonstrated [41–45], these class A GPCR dimers, unlike other class 
GPCRs that are fully formed [46], depend on the equilibrium between monomers and dimers 
[47]. This does not mean that such insufficient class A GPCR dimers or oligomers cannot func-
tion in vivo. Some types of protein-protein interactions, transient or weaker, “will be found to 
play an even more important role” in the cells [48, 49].

Interestingly, in the process of rational design and screening, we found that fusion of the 
two receptors stimulates the receptor dimer formation [10, 11]. In these studies, by fusing 
the cytoplasmic C-ter of the human brain–type A2AR (that is derived from Dr. Shine’s cDNA 
[50]) ([12]: Fig. S1) through the TM domain of a type II TM protein (Section 4.3) with the 
extracellular N-ter of D2R in tandem, we made successful designs for a fusion receptor, single-
polypeptide-chain (sc) heterodimeric GPCR complex A2AR/D2R [10, 11]. However, the result-
ing prototype scA2AR/D2LR (D2LR, the long form of D2R) has a compact folding, i.e., a fixed 
stoichiometry (the apparent ratios of A2AR to D2R binding sites), A2AR:D2R = 10:3 = 3–4:1 ([11]: 
graphical abstract) (Figure 3), and the scA2AR/D2R expression system shows that the various 
designed types of functional A2AR/D2R exist even in living cells, but there is no apparent allo-
stery as a whole. Thus, to further clarify the heteromerization through scA2AR/D2LR, we tried 
to design other fusion proteins so as not to be formed/expressed as higher-order-oligomers, 
and we called these ‘exclusive’ monomers or dimers. First, we noted that GPCRs have general 
features of a TM helix 3 as the structural [at a tilt-angle of 35° to a perpendicular (vertical) 
line to the cell surface membrane plane]/functional hub and a TM helix 6 moving along 14 Å 
after activation [51] and of A2AR, with a bundle width diameter of approximately 3.6 nm [12]. 
Thus, using a partner to increase spacing [25] without identifying and specifically blocking 
the interacting portions between the receptors, we created the designs for nonoligomerized 
‘exclusive’ monomeric A2AR and/or D2R in order to exclude their dimer/oligomer formation 
[12] (Sections 4.1.1 and 4.1.2), and did those for the ‘exclusive’ dimer [12] [Fig. 2, (Section 4.2)]. 
Such a self-assembled molecular architecture will entirely hold either a monomeric receptor 
or single dimeric A2AR/D2R alone, but none of the oligomers. Although we constructed or 
tested none of these new fusions, we aimed to obtain heterodimer-specific agents using the 
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to construct a tandem dimer, where a TM linker connects the C-ter of the first copy of a class C 
GPCR, the metabotropic glutamate receptor mGluR2, to the N-ter of a second [27]. The gene-
fusion strategy of Kleinlogel et al. proved to be useful in optogenetics and for any two class 
A GPCR rhodopsins, using “the light-activated microbial rhodopsins”: Channelrhodopsin-2 
(ChR2) derived from Chlamydomonas reinhardtii [“a cation-permeable channel that enables cell 
depolarization (neuronal activation) in response to blue light”] and halorhodopsin derived 
from Natromonas pharaonis (NphR or Halo) [“a chloride pump that enables cell hyperpolar-
ization (neuronal silencing) in response to orange light”] [26], i.e., the intracellular C-ter of 
ChR2 through β helix (the 105-amino-acid N-ter fragment of the β subunit of the rat gastric 
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resulted in its functional expression (ChR2-EYFP-βbR). However, they did not try another β 
helix itself, the effects of their length, or the reverse type (such as bR-EYFP-βChR2), unlike the 
TM α helix linkers in our previous report [11]. Interestingly, rational de novo computational 
protein design of the α-helical domain is also reported [28–30].

The points raised in our study about how the A2AR contributes to the DA neurotransmission 
are addressed in a straightforward manner (Figure 1) (Section 3.1). Thus, making the sin-
gle-polypeptide-chain has also, at last, become straightforward and is no longer an unusual 
approach to stimulate the weak affinity of two molecules in the field of neuroscience/GPCR, 
similar to in the field of immunology/monoclonal antibody. Additionally, “the glycan wedge” 
approach by “a 10-residue glycosylated linker” (ELSNGTDGAS in single-letter amino acid 
code) arranged between the ATD and ligand-binding domain (LBD) layers “in order to space 
them apart and disrupt potential mechanical ATD-LBD coupling” [25] is shown to function 
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the cytoplasmic C-ter) but not that of the tetramer (GB2/GB1)-(GB1/GB2) [31].

Furthermore, the DA neurotransmission in the “volume transmission”/dual-transmission 
model could not physically adopt the supramolecular architectures, such as “the prototypi-
cal molecular bridge linking” postsynaptic GluD2 and the presynaptic neurexin, via Cbln1, 
besides a possible link between the glial A2ARs and presynaptic or postsynaptic D2R.

2.5. An enzyme-dependent covalent biotinylation occurs within 10–50 nm of the bait 
protein

BioID is an affinity purification approach where an E. coli BirA biotin-protein ligase, 
BirAR118G (BirA, with Gly replacing Arg 118), is fused to a bait protein expressed in cells 
and allows for the isolation and analysis of proximal proteins by streptavidin-based affinity 
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purification and mass spectrometry [32–36]. “Biotinylation by BioID is a mark of proxim-
ity and not evidence for physical interaction,” and causing “the practical labeling radius of 
BioID in vivo to be ~10 nm” [32]. Thus, similar to the proximity ligation assay (PLA), BioID is 
a “proximity assay that may detect adjacent proteins that are not true interactor” [36]. Across 
the cell surface membrane, BirA-dependent covalent biotinylation cannot occur even within 
10–50 nm of the bait protein.

3. The transmembrane-linked connection of the nonobligate dimer: 
scA2AR/D2R

3.1. An approach toward a class A GPCR dimer that is not fully formed

With a model of receptor-receptor interaction to regulate DAergic activity, a functional antag-
onistic interaction between A2AR and D2R has been explicated [37–40]. Although allostery in 
a GPCR heterodimer is demonstrated [41–45], these class A GPCR dimers, unlike other class 
GPCRs that are fully formed [46], depend on the equilibrium between monomers and dimers 
[47]. This does not mean that such insufficient class A GPCR dimers or oligomers cannot func-
tion in vivo. Some types of protein-protein interactions, transient or weaker, “will be found to 
play an even more important role” in the cells [48, 49].

Interestingly, in the process of rational design and screening, we found that fusion of the 
two receptors stimulates the receptor dimer formation [10, 11]. In these studies, by fusing 
the cytoplasmic C-ter of the human brain–type A2AR (that is derived from Dr. Shine’s cDNA 
[50]) ([12]: Fig. S1) through the TM domain of a type II TM protein (Section 4.3) with the 
extracellular N-ter of D2R in tandem, we made successful designs for a fusion receptor, single-
polypeptide-chain (sc) heterodimeric GPCR complex A2AR/D2R [10, 11]. However, the result-
ing prototype scA2AR/D2LR (D2LR, the long form of D2R) has a compact folding, i.e., a fixed 
stoichiometry (the apparent ratios of A2AR to D2R binding sites), A2AR:D2R = 10:3 = 3–4:1 ([11]: 
graphical abstract) (Figure 3), and the scA2AR/D2R expression system shows that the various 
designed types of functional A2AR/D2R exist even in living cells, but there is no apparent allo-
stery as a whole. Thus, to further clarify the heteromerization through scA2AR/D2LR, we tried 
to design other fusion proteins so as not to be formed/expressed as higher-order-oligomers, 
and we called these ‘exclusive’ monomers or dimers. First, we noted that GPCRs have general 
features of a TM helix 3 as the structural [at a tilt-angle of 35° to a perpendicular (vertical) 
line to the cell surface membrane plane]/functional hub and a TM helix 6 moving along 14 Å 
after activation [51] and of A2AR, with a bundle width diameter of approximately 3.6 nm [12]. 
Thus, using a partner to increase spacing [25] without identifying and specifically blocking 
the interacting portions between the receptors, we created the designs for nonoligomerized 
‘exclusive’ monomeric A2AR and/or D2R in order to exclude their dimer/oligomer formation 
[12] (Sections 4.1.1 and 4.1.2), and did those for the ‘exclusive’ dimer [12] [Fig. 2, (Section 4.2)]. 
Such a self-assembled molecular architecture will entirely hold either a monomeric receptor 
or single dimeric A2AR/D2R alone, but none of the oligomers. Although we constructed or 
tested none of these new fusions, we aimed to obtain heterodimer-specific agents using the 
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fusion receptor scA2AR/D2R. Indeed, we can take an example of a universal influenza vaccine 
that was engineered by fusing two polypeptides. The polypeptides originally resulted from 
the limited proteolysis of the native conformation of the hemagglutinin (HA), a trimeric mem-
brane protein of influenza viruses, and their conformations were retained and stabilized in 
the vaccine engineering [52]. Such ‘exclusive’ forms of single-chain dimers are useful analyti-
cal tools, allowing us to address this point. Additionally, in the postsynaptic striatopallidal 
γ-aminobutyric acid (GABA)-ergic medium spiny projection neurons (the indirect pathway), 
expressing both A2AR and D2R, an in vivo analysis of knock-in mice of the scA2AR/D2R would 
elucidate the functional A2AR/D2R with the antagonism [12], thus, to confirm us, in vivo, that 
such a low S/N ratio interaction between A2AR and D2LR functions in the DA neurotransmis-
sion in the striatum.

The heterodimeric interaction of A2AR with D2R depends, in part, on the cytoplasmic C-ter 
region of A2AR [53]. Although the three-dimensional (3D) structures of the GPCR heterodi-
mer also remains unresolved crystallographically [39], a possible monovalent agent acting on 
GPCR heterodimers was made reference to, and a screen needs developing to this end [54]. 
Our goal is to prove that the above-mentioned scGPCR-based screen is such a system. Here, 
we aim to obtain such heterodimer-specific agents [12], using a supramolecularly [55–57] 
designed fusion receptor, scA2AR/D2R, i.e., nonoligomerized ‘exclusive’ monomer (Section 
4.1) and dimer (Section 4.2) of the receptors, and the above-mentioned in vivo analysis of the 
functional antagonistic A2AR/D2R. The possible occurrence of an unsuitable folding into a 3D 
structure, such that the resulting receptor exhibits lower or false activity, should be avoided. 
This is attributed to the interaction between a single ‘exclusive’ form of either the receptor 
monomer or scA2AR/D2R and the surrounding fence-like architecture, while considering a 
single bond between two carbon atoms, with a C─C covalent bond with a distance of 1.5 Å 
(Section 4.3).

3.2. The molecular populations of the A2AR/D2LR species in cell membranes

To illustrate this point, for clarity, let us consider epitopes generated only in heterodi-
meric A2AR/D2LR, but not in monomeric (and/or homodimeric) A2AR or D2LR [11] (Figure 1), 
which is in accordance with findings on the existence of agonistic/antagonistic (active/
inactive-state-specific) or dimer-specific antibodies (nanobody) ([12]: Table 1). A broad and 
extremely potent human immunodeficiency virus (HIV)-specific mAb, termed 35O22, is 
reported, which binds the gp41−gp120 interface of the viral envelope glycoprotein (trimer 
of gp41–gp120 heterodimers) [58] ([12]: Table 1). This dimer-specific mAb was obtained 
despite not being immunized. The existence of virus-neutralizing mAbs, such as 35O22, 
which recognizes HIV-1 gp41–gp120 interface [58], and 2D22, locking the dimeric envelope 
proteins of dengue virus type 2 [59], is suggestive of that of the heterodimer-specific mAb 
that we are interested in. Additionally, transient nucleotide-bound β2-Gs species that are 
distinct from known structures are revealed [60]. Thus, the expression of homogeneous 
molecular species, either monomer or dimer, but not the mixture of both, followed by their 
membrane preparation appropriate to our needs, is necessary and worthy to be addressed 
experimentally.
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4. Architecture of a transmembrane-linked scA2AR/D2R

4.1. Supramolecular monomer

4.1.1. Protein assembly regulation and ‘exclusive’ monomers, supramolecularly designed using 
the Cε2 domain of IgE-Fc: the scA2AR/D2R-transmembrane linker makes both receptors stay 
away from each other

The molecular entity of the allosteric modulation of A2AR/D2R remains unresolved. To solve 
the insufficiency of the dimer formation of A2AR/D2LR, various scA2AR/D2R constructs, with 
spacers between the two receptors, were created (Figure 3). Successful designs of fusions, 
A2AR-D2R(ΔTM1) (not shown), D2R-A2AR(ΔTM1) (Figure 1), the prototype A2AR-odr4TM-
D2R, fusions, which have the same configuration as the prototype, but with different spac-
ers, and the same configuration as the prototype, but with different TM (A2AR-TM-D2R), 
and the reverse configuration, D2R-odr4TM-A2AR, were designed. Using whole cell binding 
assays, the constructs were examined for their binding activity. Two papers [61, 62] inspired 
us to also design the following fusions ([12]: Fig. 1B): first, the conversion between a single- 
and two-antigen binding brought by using a hinge/domain in the designed antibody was 
reported. Then, in models of viral fusogenic proteins, both steric hindrance and conforma-
tional changes, i.e., negative cooperativity, were referred to. Accordingly, we took advantage 
of the structure of the complete Fc fragment (Fc) of immunoglobulin (Ig) E, including the Cε2 
domains, which is a compact, bent conformation ([63]: pp. 205, the right column-line 2 from 
the bottom; [64]) (the human IgE has a rigid Cε2 domain of Fc portion, instead of lacking a 
flexible hinge region, in contrast to other class/subclasses, such as IgG1. Upon binding of an 
allergen to the IgE that is already bound to the high-affinity receptor FcεRI, the antigen bind-
ing fragment (Fab) portion transduces it to the FcεRI [64]). Thus, the expression of the ‘exclu-
sive’ monomeric GPCRs linked with the transmembrane plus human Cε2 domain (here in a 
loop), i.e., the C-ter of the odr4TM of the prototype scA2AR/D2LR fused to the N-ter of Cε2 and 
its C-ter fused to the N-ter of the D2LR, could separate from each other. Whereas the prototype 
A2AR-odr4TM-D2R stimulates the dimerization of A2AR and D2R, this type of Cε2-intervening 
scA2AR/D2R makes both receptors push out each other, resulting in two ‘exclusive’ mono-
mers. To this end, additional bulky molecules at both the N-ter and the C-ter of the fusion 
would be required.

4.1.2. Another `exclusive´ monomeric GPCR with the oil-fence–like structure: a supermolecule 
using transmembrane apoproteins from a bacterial light-harvesting antenna complex

The human A2AR structure PDB 3EML [12] has a bundle width diameter of approximately 
36 Å. It was determined by the T4-lysozyme fusion strategy [65], where most of the intracel-
lular loop 3 (Leu2095.70–Ala2216.23: the Ballesteros-Weinstein numbering scheme is shown in 
superscript) [66] was replaced with a lysozyme from T4 bacteriophage, and the C-ter tail 
(Ala317–Ser412) was deleted to improve the likelihood of crystallization. According to recent 
papers, ‘the most complex designed membrane proteins contain porphyrins that catalyze 
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fusion receptor scA2AR/D2R. Indeed, we can take an example of a universal influenza vaccine 
that was engineered by fusing two polypeptides. The polypeptides originally resulted from 
the limited proteolysis of the native conformation of the hemagglutinin (HA), a trimeric mem-
brane protein of influenza viruses, and their conformations were retained and stabilized in 
the vaccine engineering [52]. Such ‘exclusive’ forms of single-chain dimers are useful analyti-
cal tools, allowing us to address this point. Additionally, in the postsynaptic striatopallidal 
γ-aminobutyric acid (GABA)-ergic medium spiny projection neurons (the indirect pathway), 
expressing both A2AR and D2R, an in vivo analysis of knock-in mice of the scA2AR/D2R would 
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The heterodimeric interaction of A2AR with D2R depends, in part, on the cytoplasmic C-ter 
region of A2AR [53]. Although the three-dimensional (3D) structures of the GPCR heterodi-
mer also remains unresolved crystallographically [39], a possible monovalent agent acting on 
GPCR heterodimers was made reference to, and a screen needs developing to this end [54]. 
Our goal is to prove that the above-mentioned scGPCR-based screen is such a system. Here, 
we aim to obtain such heterodimer-specific agents [12], using a supramolecularly [55–57] 
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4.1) and dimer (Section 4.2) of the receptors, and the above-mentioned in vivo analysis of the 
functional antagonistic A2AR/D2R. The possible occurrence of an unsuitable folding into a 3D 
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single bond between two carbon atoms, with a C─C covalent bond with a distance of 1.5 Å 
(Section 4.3).
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To illustrate this point, for clarity, let us consider epitopes generated only in heterodi-
meric A2AR/D2LR, but not in monomeric (and/or homodimeric) A2AR or D2LR [11] (Figure 1), 
which is in accordance with findings on the existence of agonistic/antagonistic (active/
inactive-state-specific) or dimer-specific antibodies (nanobody) ([12]: Table 1). A broad and 
extremely potent human immunodeficiency virus (HIV)-specific mAb, termed 35O22, is 
reported, which binds the gp41−gp120 interface of the viral envelope glycoprotein (trimer 
of gp41–gp120 heterodimers) [58] ([12]: Table 1). This dimer-specific mAb was obtained 
despite not being immunized. The existence of virus-neutralizing mAbs, such as 35O22, 
which recognizes HIV-1 gp41–gp120 interface [58], and 2D22, locking the dimeric envelope 
proteins of dengue virus type 2 [59], is suggestive of that of the heterodimer-specific mAb 
that we are interested in. Additionally, transient nucleotide-bound β2-Gs species that are 
distinct from known structures are revealed [60]. Thus, the expression of homogeneous 
molecular species, either monomer or dimer, but not the mixture of both, followed by their 
membrane preparation appropriate to our needs, is necessary and worthy to be addressed 
experimentally.
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4.1.1. Protein assembly regulation and ‘exclusive’ monomers, supramolecularly designed using 
the Cε2 domain of IgE-Fc: the scA2AR/D2R-transmembrane linker makes both receptors stay 
away from each other
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transmembrane electron transfer’ [55]. The peripheral light-harvesting antenna complex 
(LH2) [12] derived from the purple bacterium Rhodopseudomonas acidophila (Rhodoblastus aci-
dophilus) strain 10050 is made up of both a 9 mer of the transmembrane α-apoprotein (53 
amino acids, with the intracellular N-ter) grouped side by side to form a hollow cylinder with 
a radius of 18 Å and the 9 transmembrane helical β-apoproteins (41 amino acids, with the 
intracellular N-ter) of an outer cylinder with a radius of 34 Å, together with porphyrin-like, 
light-absorbing pigments bacteriochlorophyll a (Bchl a) and carotenoids [67]. Thus, a com-
plex could be formed as an `exclusive´ monomeric GPCR with the oil-fence–like structure, by 
expressing both the C-ter of this α-apoprotein fused to the N-ter of TM helix 1 of GPCR, plus 
the C-ter of the TM helix 7 fused to the N-ter of another α-apoprotein, and other 7 wild-type 
α-apoproteins, together with 9 β-apoproteins and pigments [12].

4.2. An `exclusive´ dimeric GPCR with the oil-fence–like structure: a supramolecular 
dimer

Using the LH complex from Thermochromatium tepidum, the C-ter of the second copy (Figure 2: 
Angle 1 in B, in dotted line in gray) of two α-apoproteins (Angles 1 and 16), each of which 
is concatenated in tandem through the human leukocyte antigen (cluster of differentia-
tion, CD) CD4 TM region (in purple between Angles 1 and 16; CD4 is well known to make 
no formation of a dimer itself), fused to the N-ter of TM helix 1 of the human prototype 
scA2AR/D2LR, i.e., A2AR-odr4TM-D2LR (colored), and its C-ter of TM helix 7 fused to the N-ter 
of another α-apoprotein (Angle 8) of the other two (Angles 8 and 9 herein in B, as given 
Angles of the complex, in dotted line in gray), i.e., the α-apoprotein-CD4TM-α-apoprotein-
scGPCR-α-apoprotein-CD4TM-α-apoprotein fusion, is shown. Its expression as a fusion, with 
the remaining ~12 α-apoproteins (presumed to be 16 mer originally in total), i.e., four 3mers 
(Angles 2–4, 5–7, 10–12, and 13–15 in B) of α-apoprotein fused to a motif sequence driving 
α-helical coiled coil interaction (as blue lines on the left in B) because four 4mers and eight 
2mers cannot exclude vacant supermolecules, could form a unified complex, with ~16 wild-
type β-apoproteins (plus the translation initiation methionine) in total and pigments, thus 
surrounding scA2AR/D2LR.

4.3. Predicting the interaction between the TM linker, odr4TM, in prototype scA2AR/
D2R and TMs of its surrounding (fence-like) LH proteins

Protein-protein interactions can be classified on the basis of their binding affinities [48, 49, 
68, 69]: by definition, unlike permanent interactions with high affinities (Kd in the nM range), 
proteins interacting transiently, either weakly or strongly, show a fast bound-unbound equi-
librium, with Kd values typically in the μM range or less. In our previous reports [10, 11], 
among the GPCR protein-protein interactions, such as the disulfide bond formation of the 
N-ter, coiled-coil interaction of the cytoplasmic C-ter, and TM interaction [70], a type II TM 
protein with a cytoplasmic N-ter segment, single TM, and extracellular C-ter tail, i.e., the 
Caenorhabditis elegans accessory protein of odorant receptor (odr4) [71], was first selected for 
a connection between the N-ter receptor half (A2AR) and the C-ter receptor half (D2LR) of the 
scA2AR/D2LR. Then, it was demonstrated that the insertion of some other TM sequence, instead 
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of the odr4TM sequence, works similarly or that it does not have to be odr4TM to work, using 
the scA2AR/D2LR designed with another TM of a type II TM protein, the human low-affinity 
receptor for IgE designated CD23 (Section 3.1).

Among the Smart blast search of odr4TM hits, a hit of a photosynthetic protein [of photo-
system (PS) II reaction center (RC)] is impressive to us because of the use of its surrounding 
apoproteins in the bacterial LH complex in the supramolecularly designed scA2AR/D2R, as 
described above [12]. The Blastp search of the odr4TM against all nonredundant GenBank 
databases and the human genome gave no hits for human CD23.

On the other hand, CD23 is highly conserved among mammals. The Smart blast search sug-
gests that human CD23TM is selected as a preferable experimental design due to little rela-
tionship between the two protein TMs.

In photosynthesis, certain protein complexes, such as the PS (or the LH1 and the RC), build 
the highly efficient, light-induced charge separation across the membrane, followed by elec-
tron transport. More strictly, PSI forms supercomplexes with the RC and the light-harvest-
ing proteins, i.e., PSI-type RC and LHCI, and PSII supercomplexes are PSII-type RC, core 
light-harvesting proteins (CP43 and CP47), and peripheral LHCII in aerobic photosynthesis 
(algae, cyanobacteria, and plants); PS is a type RC, core LH1, and peripheral LH2 in anaero-
bic photosynthesis (purple bacteria). Whether this quality of photosynthetic light reactions 
is negligible or not in our ‘exclusive’ supramolecular forms has not been tested. The rear-
rangement of each molecule in this architecture or exchange with similar but unrelated 
molecules [72] would be necessary to inhibit this completely and surround the prototype 
scA2AR/D2R.

In a recent report on PSII biogenesis, it is shown that, unlike its cyanobacterial counterpart, 
the PSII RC protein D1 C-terminal processing enzyme of a land plant Arabidopsis is essential 
for assembling functional PSII core complexes, dimers, and PSII supercomplexes [73], demon-
strating a discrepancy in PSII protein assembly [72] between cyanobacterium and Arabidopsis. 
Thus, whether the LH is attached and expressed to form our supermolecules in animal cells 
requires testing. The D1 and D2 subunits of the PSII and the M and L subunits of the bacterial 
photosynthetic RC are members of the Photo RC (cl08220) protein superfamily. However, 
these proteins differ in their number of TM helices [12, 74–77]. In addition, for the follow-
ing three reasons, it is persuasive to predict the interaction between odr4TM in prototype 
scA2AR/D2R and TMs of its surrounding (fence-like) LH proteins: (1) based on findings that 
the RC affects the LH1 complex shape [78], (2) and that it remains unknown what structural 
features lead to the consequent differences in the nonameric and octameric apoprotein assem-
blies in LH2, respectively, from Rhodopseudomonas acidophila and another purple bacterium, 
Rhodospirillum (Phaeospirillum) molischianum [79], thus meaning that it remains unknown 
why LH1 surrounds the RC but LH2 does not, (3) and furthermore, due to the difficulty in 
membrane-protein topology prediction itself, up to 25% precision, “to predict interaction sites 
from sequence information only” {[80]: supporting information—[Table 9. List of PDB IDs of 
all monomers (Test-set 1)] (pp. 38, line 27), human A2AR (PDB: 3EML) ([12]: Fig. 2A) (Section 
3.1.2) defined as a monomer}.
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Caenorhabditis elegans accessory protein of odorant receptor (odr4) [71], was first selected for 
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of the odr4TM sequence, works similarly or that it does not have to be odr4TM to work, using 
the scA2AR/D2LR designed with another TM of a type II TM protein, the human low-affinity 
receptor for IgE designated CD23 (Section 3.1).

Among the Smart blast search of odr4TM hits, a hit of a photosynthetic protein [of photo-
system (PS) II reaction center (RC)] is impressive to us because of the use of its surrounding 
apoproteins in the bacterial LH complex in the supramolecularly designed scA2AR/D2R, as 
described above [12]. The Blastp search of the odr4TM against all nonredundant GenBank 
databases and the human genome gave no hits for human CD23.

On the other hand, CD23 is highly conserved among mammals. The Smart blast search sug-
gests that human CD23TM is selected as a preferable experimental design due to little rela-
tionship between the two protein TMs.

In photosynthesis, certain protein complexes, such as the PS (or the LH1 and the RC), build 
the highly efficient, light-induced charge separation across the membrane, followed by elec-
tron transport. More strictly, PSI forms supercomplexes with the RC and the light-harvest-
ing proteins, i.e., PSI-type RC and LHCI, and PSII supercomplexes are PSII-type RC, core 
light-harvesting proteins (CP43 and CP47), and peripheral LHCII in aerobic photosynthesis 
(algae, cyanobacteria, and plants); PS is a type RC, core LH1, and peripheral LH2 in anaero-
bic photosynthesis (purple bacteria). Whether this quality of photosynthetic light reactions 
is negligible or not in our ‘exclusive’ supramolecular forms has not been tested. The rear-
rangement of each molecule in this architecture or exchange with similar but unrelated 
molecules [72] would be necessary to inhibit this completely and surround the prototype 
scA2AR/D2R.

In a recent report on PSII biogenesis, it is shown that, unlike its cyanobacterial counterpart, 
the PSII RC protein D1 C-terminal processing enzyme of a land plant Arabidopsis is essential 
for assembling functional PSII core complexes, dimers, and PSII supercomplexes [73], demon-
strating a discrepancy in PSII protein assembly [72] between cyanobacterium and Arabidopsis. 
Thus, whether the LH is attached and expressed to form our supermolecules in animal cells 
requires testing. The D1 and D2 subunits of the PSII and the M and L subunits of the bacterial 
photosynthetic RC are members of the Photo RC (cl08220) protein superfamily. However, 
these proteins differ in their number of TM helices [12, 74–77]. In addition, for the follow-
ing three reasons, it is persuasive to predict the interaction between odr4TM in prototype 
scA2AR/D2R and TMs of its surrounding (fence-like) LH proteins: (1) based on findings that 
the RC affects the LH1 complex shape [78], (2) and that it remains unknown what structural 
features lead to the consequent differences in the nonameric and octameric apoprotein assem-
blies in LH2, respectively, from Rhodopseudomonas acidophila and another purple bacterium, 
Rhodospirillum (Phaeospirillum) molischianum [79], thus meaning that it remains unknown 
why LH1 surrounds the RC but LH2 does not, (3) and furthermore, due to the difficulty in 
membrane-protein topology prediction itself, up to 25% precision, “to predict interaction sites 
from sequence information only” {[80]: supporting information—[Table 9. List of PDB IDs of 
all monomers (Test-set 1)] (pp. 38, line 27), human A2AR (PDB: 3EML) ([12]: Fig. 2A) (Section 
3.1.2) defined as a monomer}.
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Thus, as a source of information for the prediction of the protein-protein interactions [81], 
multiple sequence alignments were analyzed between the C. elegans odr4TM or human CD23 
TM and TMs of core RC proteins (L/M/H) of T. tepidum or Rhodopseudomonas (Blastochloris) 
viridis [12]. It indicates no relationship [12], suggesting that the αβ subunits for the LH sur-
rounding scA2AR/D2R do not affect their core GPCR itself substituted for the core RC, even 
if each protein in this supermolecule is assembled to form it. Whether alternative interac-
tions between core GPCRs and surrounding LH subunits in our supermolecules exist remains 
unknown because our designs are only back-of-envelope sketches and also, 3D-models, espe-
cially of membrane proteins, have their limitations [12, 82–84].

5. Summary and outlook

The supramolecular designs of transmembrane-linked scA2AR/D2LR, ‘exclusive’ monomers 
and dimers using the Cε2 domain of IgE-Fc or apoproteins of the bacterial light-harvesting 
antenna complex, allowing us to express the class A GPCR by receptor protein assembly regu-
lation, i.e., the selective monomer/nonobligate dimer formation, are experimentally testable 
and will be used to confirm, in vivo, that such low S/N ratio interaction between A2AR and 
D2LR functions in the dopamine neurotransmission in the striatum.
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Abstract

Calcitonin gene-related peptide (CGRP) is a neuropeptide containing 37 amino acids.
CGRP is a potent vasodilator neuropeptide, which has protective mechanisms in physio-
logical and pathological conditions. When released, CGRP is a peptide that is active in the
cerebral circulation and interacts with the sympathetic nervous system. CGRP is very
important in the treatment of cardiovascular diseases. In addition, CGRP, which is also
associated with pain processes, has an important role in inflammation. Calcitonin-
associated polypeptide alpha (CALCA), one of the isoforms of CGRP, functions through
the wide CGRP receptors. Polymorphisms occurring in the CALCA gene are associated
with diseases such as ischemic stroke, Parkinson’s disease, ovarian cancer, bone mineral
density, migraine, schizophrenia, manic depression, and essential hypertension. In this
section, the information was given about CALCA gene, which is one of its isoforms of
CGRP. In addition, CALCA gene polymorphisms and diseases associated with these gene
polymorphisms have also been addressed.

Keywords: CGRP, CALCA, gene polymorphism, PCR, RFLP, diseases

1. Introduction

The CGRP family consists of calcitonin, adrenomedullin, adrenomedullin 2 (intermedin) and
amylin. CGRP is a potent vasodilator neuropeptide and it acts through its receptors. CGRP has
wide perivascular localization. It is known that sensory fibers to exhibit a wide innervation
throughout the body, and CGRP is localized in these sensory fibers. CGRP is also localized in
non-neuronal tissues apart from these sensory fibers. CGRP has important protective proper-
ties in physiological and pathological conditions. It plays an important role in the treatment of
cardiovascular diseases since it has a role as a vascular protective factor. In addition, the
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sensory fibers contained in CGRP are associated with pain processes. For this reason, CGRP
also plays an important role in migraine pathophysiology. Another condition that is effective
of CGRP is inflammation. CGRP has CALCA and calcitonin-related polypeptide beta
(CALCB) isoforms [1].

The human CALCA gene is localized on the chromosome 11 (11p15.2-p15.1). This gene codes
the calcitonin and CGRP. CALCA gene contains 1 promoter and 6 exons. It is known that the
polymorphisms that occur in this gene are related to various diseases. Several polymorphisms
have been identified in the CALCA gene. It has been determined that these polymorphisms are
related to cerebrovascular, neurodegenerative, psychiatric diseases and hypertension-
connected conditions. The most common of the CALCA gene polymorphisms is the CALCA
T692C gene polymorphism. Besides this polymorphism, there are also various polymorphisms
of CALCA gene such as CALCA-1786T>C, CALCA-624 (T/C), and CALCA (I/D) [2, 3].

Several studies have been conducted to determine whether CALCA gene polymorphisms are
genetic risk factors for various diseases. In some of these studies, a significant relationship was
found between CALCA gene polymorphisms and disease development risks. However, stud-
ies were also found in which this relation is not determined [2].

As a result, in the studies carried out with different populations, different results were found.
Findings acquired from these studies that carried out with different ethnic groups will be an
important indicator that new treatments for these diseases can be developed.

2. Calcitonin gene-related peptide

CGRP is a neuropeptide produced in consequence of alternative RNA processing of the
calcitonin gene and containing 37 amino acids. CGRP gene family is composed of calcitonin,
adrenomedullin, adrenomedullin 2 (intermedin) and amylin. CGRP has two important
isoforms as CALCA and CALCB (calcitonin-related polypeptide beta). These isoforms of
CGRP have similar structures and biological activities. However, separate genes form them.
CGRP is also composed of receptor activity modifying protein (RAMP) and calcitonin
receptor-like receptor (CLR). RAMP is a protein that changes receptor activity. The CLR
receptor is also another receptor bound to the RAMP receptor. CGRP is an extremely powerful
vasodilator that has protective mechanisms important for physiological and pathological
conditions. Firstly, CGRP released from sensory nerves includes pain pathways. It is a known
fact that the sensory fibers contained in CGRP are also related to the pain processes. There are
studies showing that CGRP antagonists play an important role in migraine and have the
potential to treat migraine. The studies are found that demonstrate that CGRP antagonists
alleviate migraine. Apart from this disease, it is also known to have effects on arthritis, skin
disorders, diabetes and obesity. Therefore, CGRP is a very important peptide in mammalian
biology. CGRP is localized in the sensory fibers, which exhibit an innervation throughout the
body, mainly with extensive perivascular localization. These sensory fibers are known to have
a dual role in sensory (nociceptive) and efferent (effector) function. The role of CGRP is
unclear, but it is also localized in the lesser known neuronal tissues. Sympathetic leakage
mediation of CGRP in the brain has been shown. However, when exogenous CGRP was
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administered to femtomolar doses to skin of human and animal species, CGRP appeared to
have a vasodilatory effect. Vascular protective role of CGRP has been identified via studies in
various animal models. Therefore, it has been suggested that CGRP may be an important
peptide in the treatment of cardiovascular diseases. CGRP is a very important neuropeptide
with various aspects. Firstly, when CGRP is released, it is found as active in the cerebral
circulation. In addition to be a powerful vasodilator, it is known that there is a reciprocal
interaction with the sympathetic system in the environment. In addition to these, very impor-
tant role of CGRP is found in inflammation [1].

2.1. Structure of CGRP

The structure of CALCA resembles CALCB the other isoform of CGRP. CALCA isoform
consists of four domains. The first domain consists of the first seven residues of the NH2

terminus, and it forms a ring-like structure that is held together with a disulfide bridge. CGRP
8-37 is a CGRP antagonist that occurred from removal of this first domain. Domain 2, compos-
ing an alpha helix, occurs from 8 to 18 residues, and these residues constitute deletions that
cause 50- to 100-fold decrease in affinity. Residues of 11 and 18 are found in the hydrophilic
face of the alpha helix. These residues also play an important role in supporting high-affinity
binding. Domain 3 is occurs from 19 to 27 residues, and it is formed from the beta or gamma
twist. The fourth domain comprises COOH terminus, and it consists of residues inherit from
28 to 37. It is believed that Domain 4 is required to form a binding epitope, and this domain has
two domain rotations. When species differences and structure-activity relationships for CGRP
are investigated, various amino acids have been identified. In receptor binding and activation,
quite important functions of these amino acids have been found [1] (Figure 1 and Table 1).

2.2. Molecular genetics of CGRP

CALCA gene is localized on the chromosome 11 (11p15.2-p15.1), and it contains six exons.
Exon I is an untranslated region. While the exon II encodes signal peptide, exon III encodes N-
terminal propeptide. Calcitonin and CGRP are localized on exon IV and V. The untranslated
exon VI is the part of the CALCA. All of six exons constitute the primary mRNA transcript and
then calcitonin or CGRP mRNA is formed. In consequence of combining the first three exons
with exons V and VI, mRNA containing the CGRP is produced. Exon V codes the CGRP. Exon
VI encodes the 30 untranslated region of the CGRPmRNA besides the polyadenylation (polyA)
signal. mRNA is translated to produce the pro-CGRP peptide which is cleaved in the conju-
gated dibasic amino acids and the CGRP is released as 37th amino acid. The structure of the
CALCB gene on chromosome 11 is like that of the CALCA gene. However, the exon 4 has lack
polyA and thus alternative binding is prevented. In the consequence of this gene transcription,
only CGRP is produced [4] (Figure 2).

Figure 1. Amino acid residues of human CALCA and CALCB isoforms.
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Amino acids Three-letter
abbreviation

One-letter
abbreviation

DNA codons Chemical structure

Alanine Ala A GCT, GCC, GCA, GCG

Glycine Gly G GGT, GGC, GGA, GGG

Isoleucine Ile I ATT, ATC, ATA

Leucine Leu L CTT, CTC, CTA, CTG, TTA,
TTG

Proline Pro P CCT, CCC, CCA, CCG

Valine Val V GTT, GTC, GTA, GTG

Phenylalanine Phe F TTT, TTC

Tryptophan Trp W TGG

Tyrosine Tyr Y TAT, TAC

Aspartic acid Asp D GAT, GAC

Glutamic acid Glu E GAA, GAG

Arginine Arg R CGT, CGC, CGA, CGG, AGA,
AGG

Histidine His H CAT, CAC

Lysine Lys K AAA, AAG

Serine Ser S TCT, TCC, TCA, TCG, AGT,
AGC
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2.3. Isoforms of CGRP

The CALCA and CALCB isoforms of CGRP are called as also CGRP I and CGRP II. These
isoforms are synthesized from two different genes on chromosome 11 in different regions. The

Amino acids Three-letter
abbreviation

One-letter
abbreviation

DNA codons Chemical structure

Threonine Thr T ACT, ACC, ACA, ACG

Cysteine Cys C TGT, TGC

Methionine Met M ATG

Asparagine Asn N AAT, AAC

Glutamine Gln Q CAA, CAG

Table 1. The chemical structure and DNA codons of amino acid residues of human CALCA and CALCB isoforms.

Figure 2. Calcitonin or CGRP production from CALC I gene.
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CALCB is copied from the CALC II gene, the CALC I gene is to alternative binding to produce
calcitonin or CGRP. The CALCA and CALCB sharing are analogous and 90% homologous,
but they different from in terms of only three amino acids in humans. Therefore, the biological
activities of these isoforms are similar. CALCA is the basic form that found in the central and
peripheral nervous system. CALCB is the isoform that found in the enteric nervous system.
Calcitonin is produced from the CALC I gene in consequence of expression in the mature
protein of exon IV in the gene. Exon V and exon VI are converted to the 121st amino acid pro-
hormone in consequence of the expression. CALCA is then cleaved to produce mature 37
amino acid peptides and mRNA is produced. The mechanism determining alternative binding
for CALCA, which is predominantly expressed along the central, and peripheral nervous
system, is still not fully understood [1].

2.4. Physiological functions of CGRP

2.4.1. CGRP in the cardiovascular system

The distribution of CGRP and its receptors in cardiac tissues such as the sinoatrial node,
coronary arteries, atrial and ventricular muscle systems causes an increase in functions such
as heart rate, contraction force, coronary heart flow and microvascular permeability. CGRP
plays an important role in the regulation of vascular tone and angiogenesis. In consequence of
CGRP infusion, perfusion pressure drops in isolated hearts, and vasodilator effect is observed
in coronary vasculature. Also, CGRP shows a cardioprotective effect. Thus, capacitance blood
vessels are directly affected and environmental vasodilation develops. CGRP receptors, which
are found predominantly in the renal blood vessels, have various functions. These functions
include increasing renal blood flow, increasing glomerular filtration rate, relieving glomerular
afferent arterioles, increasing renin production, and stimulating arterial natriuretic peptide
release [4].

2.4.2. CGRP in the central nervous system

CGRP plays a very important role in various functions such as motor, sensory and integrative
systems in the central nervous system. Except this, CGRP is a peptide that modulates various
senses. CGRP spreads in the central associated with autonomic functions. CGRP also plays an
important role in regulating functions such as cardiovascular, respiratory and sleep functions.
Apart from these functions, CGRP has a regulatory role. There is a regulatory effect of CGRP in
the growth hormone release, hyperthermia, catalepsy, motor activity, and nociceptive
responses. In addition, CGRP enhances excitatory actions by increasing the release of excit-
atory amino acid. CGRP that found in the efferent nerve fibers is found together with neurons
containing acetylcholine. Thus, CGRP modulates the acetylcholine release. It also increases the
synthesis of acetylcholine receptors and functions as a neurotrophic factor [4].

2.4.3. Other functions of CGRP

Other functions of CGRP are regulation of pituitary hormone secretion, release of pancreatic
enzymes, control of gastric acid secretion, thermoregulation, reduction in food intake, insulin
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action, antagonism of insulin, growth factor-like functions. The CGRP effect is induced in the
bones through the calcitonin receptors. In consequence of this induction, hypocalcemia, prolif-
eration of osteoclasts, inhibition of both basal and stimulated absorption of the bone occurs. It
is also known that CGRP is also distributed in bone tissues. In cases such as pregnancy,
menstruation, or oral contraception, plasma CGRP levels increase. Spontaneous contractions
occurring in uterus and fallopian tubes are also inhibited by CGRP effect. CGRP, which
increases microvascular permeability, is also effective in the formation of inflammatory hyper-
emia, neutrophil accumulation, and localized edema. CGRP, which has the function of enhanc-
ing the migration of endothelial cells, plays an important role in the situations such as
ischemia, inflammation, and wound healing [4].

3. Calcitonin-associated polypeptide alpha

3.1. Structure of CALCA gene

The human CALCA gene that encodes calcitonin and CGRP is localized on chromosome 11
(11p15.2-p15.1). CALCA gene that consisted of 1 promoter and 6 exons, performs its function
through CGRP receptors [2] (Figure 3).

3.2. CALCA gene polymorphisms

Many gene polymorphisms are found that occurring in the CALCA gene. In some studies, it
has been shown the polymorphisms in the CALCA gene to be associated with cerebrovascular
diseases such as ischemic stroke. However, there are studies that show that CALCA gene
polymorphisms are not a genetic risk factor for the development of ischemic stroke. Apart
from ischemic stroke, it is known that CALCA gene polymorphisms may also be genetic risk
factors for various diseases such as Parkinson’s disease, ovarian cancer, bone mineral density,
migraine, schizophrenia, and essential hypertension [5–8].

The most common polymorphism in the CALCA gene is the CALCA T692C gene polymor-
phism. Apart from this polymorphism, in the CALCA gene, -1786T>C, -624(T/C), 4218(T/C),
-1784 (T/C), -1750 (C/G), -1218 (C/T), -1036 (G/A), rs7948017 (A/C), rs5241 (C/A), rs 2956 (A/T),
-855 (G/A), -590 (C/G), CALCA (I/D), 2 bp microdeletion and CALCA A4218T>C gene poly-
morphisms are determined. Polymerase chain reaction (PCR) and restriction fragment length
polymorphism (RFLP) methods are used to determine the CALCA gene polymorphisms
genotype distributions [5–8].

Figure 3. The structure of CALCA gene.
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emia, neutrophil accumulation, and localized edema. CGRP, which has the function of enhanc-
ing the migration of endothelial cells, plays an important role in the situations such as
ischemia, inflammation, and wound healing [4].
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The human CALCA gene that encodes calcitonin and CGRP is localized on chromosome 11
(11p15.2-p15.1). CALCA gene that consisted of 1 promoter and 6 exons, performs its function
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polymorphisms are not a genetic risk factor for the development of ischemic stroke. Apart
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The CALCA T692C gene polymorphism is a single nucleotide polymorphism, and it is charac-
terized by a T/C base transition in position 692 of the CALCA gene. In CALCA T692C gene
polymorphism, three genotypes are observed as 692TT homozygote, 692CT heterozygote and
692CC homozygote. The forward primer for the CALCA T692C gene polymorphism is 50-CGC
ATC TGT ACC TTG CAA CT-30, and the reverse primer is 50-TCA AAT TCC CGC TCA CTT
TA-30. The PCR conditions for the CALCA T692C gene polymorphism are 5 min for denatur-
ation at 94�C, followed by 38 cycles of denaturation for 50 s at 94�C, annealing for 50 s at 57�C
and extension for 1 min at 72�C, followed by 10 min of termination at 72�C. CALCA T692C
gene polymorphism is determined using the restriction enzyme PshAI and product length is
observed: 636 bp for the TT genotype; 636, 235, 401 bp for the CT genotype; 235, 401 bp for the
CC genotype [2].

The CALCA-1786T>C gene polymorphism is another single-nucleotide gene polymorphism
that belongs to the CALCA gene. This polymorphism is in the promoter region and arises in
consequence of a T/C base exchange in position-1786. TT, CT and CC genotypes are observed
in the CALCA-1786T>C gene polymorphism. For the CALCA-1786T>C gene polymorphism,
the forward and reverse primers are 50-CGC TGG GCT GTT TCT CAC AATAT-30 and 50-GTT
AGA CAG GAG TTC AAT TAC AGT TGG C-30. The PCR conditions for the CALCA-1786T>C
gene polymorphism are 5 min for denaturation at 94�C, followed by 38 cycles of denaturation
for 45 s at 94�C, annealing for 40 s at 62�C and extension for 45 s at 72�C, followed by 10 min of
extension at 72�C. The genotype distributions of CALCA-1786T>C gene polymorphism are
determined by using BsmAI restriction enzyme and product length is observed: 144 bp for the
TT genotype; 144, 115, 29 bp for the CT genotype; 115, 29 bp for the CC genotype [2].

The CALCA 624 (T/C) gene polymorphism occurs because of a T/C base transition in position
-624 of the CALCA gene promoter region. TT, CT and CC genotypes are observed in this
polymorphism. The forward primer for the CALCA-624 (T/C) gene polymorphism is 50-GCT
GTT TCT CAC AAT ATT CC-30 and the reverse primer is 50-CAA TTC CTG GTT GTG TGA
TC-30. For CALCA-624 (T/C) gene polymorphism, the PCR conditions are 10 min for denatur-
ation at 94�C, followed by 35 cycles denaturation for 45 s at 95�C, annealing for 45 s at 60�C,
and extension for 45 s at 72�C, followed by 7 min of termination at 72�C. The genotype
distributions of CALCA-624 (T/C) gene polymorphisms are determined by using BsmAI
restriction enzyme and product length is observed: 109 bp for the TT genotype; 109, 86, 23 bp
for the CT genotype; 86, 23 bp for the CC genotype [2].

The forward primer for the CGRP 4218 (T/C) gene polymorphism is 50-GGA AGA AGC AAA
GAC CAG GA-30 and the reverse primer is 50-CTG CAA GAA CAA TTC CCA CA-30. The
genotype distributions of CGRP 4218 (T/C) gene polymorphisms are determined by using AluI
restriction enzyme and product length is observed: 202, 169, 106 bp for the TT genotype; 371,
202, 169, 106 bp for the CT genotype; 371, 106 bp for the CC genotype [9].

TT, CT and CC genotypes are observed in CALCA A4218T>C gene polymorphism. Primer
sequences are used to determine this gene polymorphism; forward primer: 50-AGC CTG CAC
TGA GTT TGC TTC CC-30 and reverse primer: 50-ATC CAC CTT CCT GTG TAT TGC TG CG-
3. For CALCA A4218T>C gene polymorphism, the PCR conditions are 10 min for denaturation
at 95�C, followed by 35 cycles denaturation for 45 s at 95�C, annealing for 45 s at 60�C, and
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extension for 45 s at 72�C, followed by 7 min of termination at 72�C. The genotype distribu-
tions of CGRP 4218 (T/C) gene polymorphisms are determined by using AluI restriction
enzyme and product length is observed: 140, 96 bp for the TT genotype; 236, 140, 96 bp for
the CT genotype; 236, 96 bp for the CC genotype [10].

II, ID and DD genotypes are observed in the CALCA (I/D) gene polymorphism. Primer
sequences are used to determine this gene polymorphism; forward primer: 50-TTG GGG AGA
AGG GTA GGA CT-30 and reverse primer: 50-GAA CTT TTG GAA GCC CAT GA-3. For
CALCA (I/D) gene polymorphism, the PCR conditions are 10 min for denaturation at 95�C,
followed by 30 cycles denaturation for 45 s at 95�C, annealing for 45 s at 60�C, and extension
for 45 s at 72�C, followed by 4 min of termination at 72�C. Product lengths in the CALCA (I/D)
gene polymorphism are 303 bp (wildtype-I) and 287 bp (deletion-D) [6].

CC, CG and GG genotypes are observed in the CALCA-1750 (C/G) gene polymorphism.
Primer sequences are used to determine CALCA-1750 (C/G) gene polymorphism; forward
primer: 50-TAG CTG GTA TTT CCC ACA GAG-30 and reverse primer: 50-CCC ATT TCA
AAG ATG AGT ACC CTG-3. The genotype distributions of CALCA-1750 (C/G) gene poly-
morphisms are determined by using Bsu36I restriction enzyme and product length is
observed: 167 bp for the GG genotype; 167, 142, 25 bp for the CG genotype; 142, 25 bp for the
CC genotype [3].

Primer sequences are used to determine CALCA 2 bp microdeletion gene polymorphism;
forward primer: 50-CCC AGA AGA GGA GGA CAG CTC TGG GT-30 and reverse primer:
50-AGA GCT GGA GGA GCG ATC CTA GAG GGA-3. For CALCA (I/D) gene polymorphism,
the PCR conditions are 3 min for denaturation at 96�C, followed by 60 cycles denaturation for
25 s at 98�C, annealing for 30 s at 63�C, and extension for 30 s at 72�C, followed by 10 min of
termination at 72�C. Product lengths in the CALCA 2 bp microdeletion gene polymorphism
are 184 and 182 bp [11].

TT, CT, and CC genotypes are observed in the CALCA-1218 (C/T) gene polymorphism. Primer
sequences are used to determine this gene polymorphism; forward primer: 50-CAG GTT CTG
GAA GCA TGA GGG TGA CGC0 and reverse primer: 50-CGA CTG CTC TTA TTC CCG CCG
CTG T-3. For CALCA-1218 (C/T) gene polymorphism, the PCR conditions are 3 min for
denaturation at 96�C, followed by 60 cycles denaturation for 25 s at 98�C, annealing for 30 s
at 63�C, and extension for 30 s at 72�C, followed by 10 min of termination at 72�C [11].

GG, GA and AA genotypes are observed in the CALCA-855 (G/A) gene polymorphism. The
wild-type sequence used to determine this gene polymorphism is: 50-GGC TTC CGC ATC
TGTA-30 and mutation sequence: 50-GGC TTC CAC ATC TGTA-30. For CALCA-855 (G/A)
gene polymorphism, the PCR conditions are 35 cycles denaturation for 40 s at 94�C, annealing
for 45 s at 56�C, and extension for 1 min at 72�C. The genotype distributions of CALCA-855
(G/A) gene polymorphisms are determined by using AciI restriction enzyme [10].

CC, CG and GG genotypes are observed in the CALCA-590 (C/G) gene polymorphism. The
wild type and mutation sequences are used to determine the polymorphism of this gene
respectively as 50-ACA CTG AGC CTC TGT-30 and 50-ACA CTC AGG CTC TGT-30. For
CALCA-590 (C/G) gene polymorphism, the PCR conditions are 35 cycles denaturation for
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The CALCA T692C gene polymorphism is a single nucleotide polymorphism, and it is charac-
terized by a T/C base transition in position 692 of the CALCA gene. In CALCA T692C gene
polymorphism, three genotypes are observed as 692TT homozygote, 692CT heterozygote and
692CC homozygote. The forward primer for the CALCA T692C gene polymorphism is 50-CGC
ATC TGT ACC TTG CAA CT-30, and the reverse primer is 50-TCA AAT TCC CGC TCA CTT
TA-30. The PCR conditions for the CALCA T692C gene polymorphism are 5 min for denatur-
ation at 94�C, followed by 38 cycles of denaturation for 50 s at 94�C, annealing for 50 s at 57�C
and extension for 1 min at 72�C, followed by 10 min of termination at 72�C. CALCA T692C
gene polymorphism is determined using the restriction enzyme PshAI and product length is
observed: 636 bp for the TT genotype; 636, 235, 401 bp for the CT genotype; 235, 401 bp for the
CC genotype [2].

The CALCA-1786T>C gene polymorphism is another single-nucleotide gene polymorphism
that belongs to the CALCA gene. This polymorphism is in the promoter region and arises in
consequence of a T/C base exchange in position-1786. TT, CT and CC genotypes are observed
in the CALCA-1786T>C gene polymorphism. For the CALCA-1786T>C gene polymorphism,
the forward and reverse primers are 50-CGC TGG GCT GTT TCT CAC AATAT-30 and 50-GTT
AGA CAG GAG TTC AAT TAC AGT TGG C-30. The PCR conditions for the CALCA-1786T>C
gene polymorphism are 5 min for denaturation at 94�C, followed by 38 cycles of denaturation
for 45 s at 94�C, annealing for 40 s at 62�C and extension for 45 s at 72�C, followed by 10 min of
extension at 72�C. The genotype distributions of CALCA-1786T>C gene polymorphism are
determined by using BsmAI restriction enzyme and product length is observed: 144 bp for the
TT genotype; 144, 115, 29 bp for the CT genotype; 115, 29 bp for the CC genotype [2].

The CALCA 624 (T/C) gene polymorphism occurs because of a T/C base transition in position
-624 of the CALCA gene promoter region. TT, CT and CC genotypes are observed in this
polymorphism. The forward primer for the CALCA-624 (T/C) gene polymorphism is 50-GCT
GTT TCT CAC AAT ATT CC-30 and the reverse primer is 50-CAA TTC CTG GTT GTG TGA
TC-30. For CALCA-624 (T/C) gene polymorphism, the PCR conditions are 10 min for denatur-
ation at 94�C, followed by 35 cycles denaturation for 45 s at 95�C, annealing for 45 s at 60�C,
and extension for 45 s at 72�C, followed by 7 min of termination at 72�C. The genotype
distributions of CALCA-624 (T/C) gene polymorphisms are determined by using BsmAI
restriction enzyme and product length is observed: 109 bp for the TT genotype; 109, 86, 23 bp
for the CT genotype; 86, 23 bp for the CC genotype [2].

The forward primer for the CGRP 4218 (T/C) gene polymorphism is 50-GGA AGA AGC AAA
GAC CAG GA-30 and the reverse primer is 50-CTG CAA GAA CAA TTC CCA CA-30. The
genotype distributions of CGRP 4218 (T/C) gene polymorphisms are determined by using AluI
restriction enzyme and product length is observed: 202, 169, 106 bp for the TT genotype; 371,
202, 169, 106 bp for the CT genotype; 371, 106 bp for the CC genotype [9].

TT, CT and CC genotypes are observed in CALCA A4218T>C gene polymorphism. Primer
sequences are used to determine this gene polymorphism; forward primer: 50-AGC CTG CAC
TGA GTT TGC TTC CC-30 and reverse primer: 50-ATC CAC CTT CCT GTG TAT TGC TG CG-
3. For CALCA A4218T>C gene polymorphism, the PCR conditions are 10 min for denaturation
at 95�C, followed by 35 cycles denaturation for 45 s at 95�C, annealing for 45 s at 60�C, and
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extension for 45 s at 72�C, followed by 7 min of termination at 72�C. The genotype distribu-
tions of CGRP 4218 (T/C) gene polymorphisms are determined by using AluI restriction
enzyme and product length is observed: 140, 96 bp for the TT genotype; 236, 140, 96 bp for
the CT genotype; 236, 96 bp for the CC genotype [10].

II, ID and DD genotypes are observed in the CALCA (I/D) gene polymorphism. Primer
sequences are used to determine this gene polymorphism; forward primer: 50-TTG GGG AGA
AGG GTA GGA CT-30 and reverse primer: 50-GAA CTT TTG GAA GCC CAT GA-3. For
CALCA (I/D) gene polymorphism, the PCR conditions are 10 min for denaturation at 95�C,
followed by 30 cycles denaturation for 45 s at 95�C, annealing for 45 s at 60�C, and extension
for 45 s at 72�C, followed by 4 min of termination at 72�C. Product lengths in the CALCA (I/D)
gene polymorphism are 303 bp (wildtype-I) and 287 bp (deletion-D) [6].

CC, CG and GG genotypes are observed in the CALCA-1750 (C/G) gene polymorphism.
Primer sequences are used to determine CALCA-1750 (C/G) gene polymorphism; forward
primer: 50-TAG CTG GTA TTT CCC ACA GAG-30 and reverse primer: 50-CCC ATT TCA
AAG ATG AGT ACC CTG-3. The genotype distributions of CALCA-1750 (C/G) gene poly-
morphisms are determined by using Bsu36I restriction enzyme and product length is
observed: 167 bp for the GG genotype; 167, 142, 25 bp for the CG genotype; 142, 25 bp for the
CC genotype [3].

Primer sequences are used to determine CALCA 2 bp microdeletion gene polymorphism;
forward primer: 50-CCC AGA AGA GGA GGA CAG CTC TGG GT-30 and reverse primer:
50-AGA GCT GGA GGA GCG ATC CTA GAG GGA-3. For CALCA (I/D) gene polymorphism,
the PCR conditions are 3 min for denaturation at 96�C, followed by 60 cycles denaturation for
25 s at 98�C, annealing for 30 s at 63�C, and extension for 30 s at 72�C, followed by 10 min of
termination at 72�C. Product lengths in the CALCA 2 bp microdeletion gene polymorphism
are 184 and 182 bp [11].

TT, CT, and CC genotypes are observed in the CALCA-1218 (C/T) gene polymorphism. Primer
sequences are used to determine this gene polymorphism; forward primer: 50-CAG GTT CTG
GAA GCA TGA GGG TGA CGC0 and reverse primer: 50-CGA CTG CTC TTA TTC CCG CCG
CTG T-3. For CALCA-1218 (C/T) gene polymorphism, the PCR conditions are 3 min for
denaturation at 96�C, followed by 60 cycles denaturation for 25 s at 98�C, annealing for 30 s
at 63�C, and extension for 30 s at 72�C, followed by 10 min of termination at 72�C [11].

GG, GA and AA genotypes are observed in the CALCA-855 (G/A) gene polymorphism. The
wild-type sequence used to determine this gene polymorphism is: 50-GGC TTC CGC ATC
TGTA-30 and mutation sequence: 50-GGC TTC CAC ATC TGTA-30. For CALCA-855 (G/A)
gene polymorphism, the PCR conditions are 35 cycles denaturation for 40 s at 94�C, annealing
for 45 s at 56�C, and extension for 1 min at 72�C. The genotype distributions of CALCA-855
(G/A) gene polymorphisms are determined by using AciI restriction enzyme [10].

CC, CG and GG genotypes are observed in the CALCA-590 (C/G) gene polymorphism. The
wild type and mutation sequences are used to determine the polymorphism of this gene
respectively as 50-ACA CTG AGC CTC TGT-30 and 50-ACA CTC AGG CTC TGT-30. For
CALCA-590 (C/G) gene polymorphism, the PCR conditions are 35 cycles denaturation for
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40 s at 94�C, annealing for 45 s at 56�C, and extension for 1 min at 72�C. The genotype
distributions of CALCA-590 (C/G) gene polymorphisms are determined by using PshAI
restriction enzyme [10].

3.3. Migraine and CALCA gene polymorphisms

Migraine, a common disease, is characterized by unilateral throbbing headache with auto-
nomic symptoms such as nausea, vomiting, and photophobia. Although the pathogenesis of
migraine is still unclear, it is known that genetic and environmental factors play a role in the
pathophysiology of this disease [12].

At the onset of migraine attack, trigeminovascular system is activated. Vasodilatation occurs in
the cranial blood vessels in consequence of the release of substance P, neurokinin A and CGRP
at sensory nerve endings. As a result, neurogenic inflammation occurs in these veins. Pain
signals are induced, and they transmitted to the thalamus. These signals are perceived as
headache by the cerebral cortex [12].

Increased levels of CGRP obtained from jugular vein are related to the development of
migraine attacks. These CGRP levels return to normal following headache interruption. Intra-
venous infusion of CGRP is effective in the formation of a like migraine headache. When
properly administered, CGRP antagonists can prevent migraine attacks. Nitric oxide is another
substance that plays an important role in the pathogenesis of migraine, and nitric oxide effect
is seen in consequence of CGRP release in the trigeminal nerve terminals [12].

CGRP is very important in migraine pathophysiology. CGRP is a peptide, which is responsible
for neurological inflammation and vasodilatation in head trauma. It plays an important role in
the regulation of vascular tone and angiogenesis by causing vasodilatation in blood vessels. It
is known to be a neurotrophic factor modulating pain sensation in the nervous system. CGRP,
an important peptide, must be synthesized correctly for biological activities to be regular. The
molecular structure, function and reaction can change in consequence of the polymorphisms
occurring in the CALCA gene [12].

Many studies have been conducted to investigate the relationship between migraine develop-
ment risk and CALCA gene polymorphisms. In a study conducted in the Thracian population,
CALCA T692C gene polymorphism genotype and allele, distributions in female migraine
patients were not determined different from healthy controls. This polymorphism was found
not to be associated with severity and frequency of migraine attacks. The significant difference
was not found in terms of CALCA T692C gene polymorphism in comparison carried out
between migraine types with and without aura [12].

In a study conducted by Menon et al., in the Australian population, the significant difference
was not found in terms of CALCA (I/D) gene polymorphism between migraine patients
(migraine with aura-migraine without aura) and controls. In a study performed by Lemos
et al., the significant difference was not determined in terms of CALCA-1750 (C/G) gene
polymorphism between migraine patients (with and without aura) and controls. In this study,
it was also found that the coexistence of the CG genotype of CALCA-1750 (C/G) gene
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polymorphism the AT genotype of the brain natriuretic factor gene polymorphism of
increased the risk of the resulting migraine [12].

In a study conducted in the Han-Chinese population, no significant relationship was found
between CALCA rs 3781719 and rs 145837941 gene polymorphisms and the risk of developing
migraine. However, in this study, CALCA rs 3781719 gene polymorphism was an important
risk factor for the development of migraine with aura, but significant result was not found
statistically. In a study conducted in the Japanese population by Masakazu et al., it was
determined that CALCA rs 3781719 and rs 145837941 gene polymorphisms were not genetic
risk factors for migraine complications due to excessive drug use in migraine patients. In
another study conducted by Sutherland et al. in the Australian Caucasian population, there
was no relationship between CALCA rs 3781719 and rs 145837941 gene polymorphisms and
the risk of developing migraine. In the study carried out by Lemos et al., in a European
population, CALCA rs 1553005 gene polymorphism was not found as a genetic risk factor for
the development of migraine [12].

3.4. Essential hypertension and CALCA gene polymorphisms

Essential hypertension, which affects about 20–25% of the world’s population, is a very impor-
tant health problem. It is known that hypertension increases the risk of coronary heart disease,
ischemic stroke, and congestive heart failure. Essential hypertension is a multifactorial disease,
and it is quite complex. Environmental and genetic factors play a role in the development of
essential hypertension. Through changes in CGRP synthesis and release, CGRP plays an
important role in the onset, progression of essential hypertension and its maintenance of
essential hypertension [7].

Several single nucleotide gene polymorphisms have been found as effective in the develop-
ment of essential hypertension. It has been determined that some polymorphisms that occur
in the genes are important in influencing the expressions of enzymes and proteins associated
with essential hypertension such as angiotensinogen, endothelial nitric oxide synthase.
CGRP is a neuropeptide that plays an important role in the pathophysiology of essential
hypertension. CALCA and CALCB isoforms of CGRP are associated with increasing of blood
pressure. Differences in CGRP plasma concentrations were not fully determined between
healthy subjects and hypertensive patients. However, significantly lower plasma CGRP con-
centrations were found in hypertensive patients and preeclamptic pregnant women than
normotensive controls. In some studies performed in patients with hypertension, a signifi-
cant relationship was found between elevated plasma CGRP levels and systolic and diastolic
blood pressures [7].

In consequence of the polymorphisms occurring in the CALCA gene, heart diseases and renal
damage due to hypertension are also increasing. In some studies performed with experimental
animals, it was observed that systolic blood pressure increases in consequence of CALCA gene
polymorphisms. In a study conducted in Japan, a 2-bp microdeletion polymorphism has been
shown in the intron 1 of the CALCA gene. This gene polymorphism is associated with the risk
of developing essential hypertension. In another study conducted with the Chinese population,
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40 s at 94�C, annealing for 45 s at 56�C, and extension for 1 min at 72�C. The genotype
distributions of CALCA-590 (C/G) gene polymorphisms are determined by using PshAI
restriction enzyme [10].

3.3. Migraine and CALCA gene polymorphisms

Migraine, a common disease, is characterized by unilateral throbbing headache with auto-
nomic symptoms such as nausea, vomiting, and photophobia. Although the pathogenesis of
migraine is still unclear, it is known that genetic and environmental factors play a role in the
pathophysiology of this disease [12].

At the onset of migraine attack, trigeminovascular system is activated. Vasodilatation occurs in
the cranial blood vessels in consequence of the release of substance P, neurokinin A and CGRP
at sensory nerve endings. As a result, neurogenic inflammation occurs in these veins. Pain
signals are induced, and they transmitted to the thalamus. These signals are perceived as
headache by the cerebral cortex [12].

Increased levels of CGRP obtained from jugular vein are related to the development of
migraine attacks. These CGRP levels return to normal following headache interruption. Intra-
venous infusion of CGRP is effective in the formation of a like migraine headache. When
properly administered, CGRP antagonists can prevent migraine attacks. Nitric oxide is another
substance that plays an important role in the pathogenesis of migraine, and nitric oxide effect
is seen in consequence of CGRP release in the trigeminal nerve terminals [12].

CGRP is very important in migraine pathophysiology. CGRP is a peptide, which is responsible
for neurological inflammation and vasodilatation in head trauma. It plays an important role in
the regulation of vascular tone and angiogenesis by causing vasodilatation in blood vessels. It
is known to be a neurotrophic factor modulating pain sensation in the nervous system. CGRP,
an important peptide, must be synthesized correctly for biological activities to be regular. The
molecular structure, function and reaction can change in consequence of the polymorphisms
occurring in the CALCA gene [12].

Many studies have been conducted to investigate the relationship between migraine develop-
ment risk and CALCA gene polymorphisms. In a study conducted in the Thracian population,
CALCA T692C gene polymorphism genotype and allele, distributions in female migraine
patients were not determined different from healthy controls. This polymorphism was found
not to be associated with severity and frequency of migraine attacks. The significant difference
was not found in terms of CALCA T692C gene polymorphism in comparison carried out
between migraine types with and without aura [12].

In a study conducted by Menon et al., in the Australian population, the significant difference
was not found in terms of CALCA (I/D) gene polymorphism between migraine patients
(migraine with aura-migraine without aura) and controls. In a study performed by Lemos
et al., the significant difference was not determined in terms of CALCA-1750 (C/G) gene
polymorphism between migraine patients (with and without aura) and controls. In this study,
it was also found that the coexistence of the CG genotype of CALCA-1750 (C/G) gene
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polymorphism the AT genotype of the brain natriuretic factor gene polymorphism of
increased the risk of the resulting migraine [12].

In a study conducted in the Han-Chinese population, no significant relationship was found
between CALCA rs 3781719 and rs 145837941 gene polymorphisms and the risk of developing
migraine. However, in this study, CALCA rs 3781719 gene polymorphism was an important
risk factor for the development of migraine with aura, but significant result was not found
statistically. In a study conducted in the Japanese population by Masakazu et al., it was
determined that CALCA rs 3781719 and rs 145837941 gene polymorphisms were not genetic
risk factors for migraine complications due to excessive drug use in migraine patients. In
another study conducted by Sutherland et al. in the Australian Caucasian population, there
was no relationship between CALCA rs 3781719 and rs 145837941 gene polymorphisms and
the risk of developing migraine. In the study carried out by Lemos et al., in a European
population, CALCA rs 1553005 gene polymorphism was not found as a genetic risk factor for
the development of migraine [12].

3.4. Essential hypertension and CALCA gene polymorphisms

Essential hypertension, which affects about 20–25% of the world’s population, is a very impor-
tant health problem. It is known that hypertension increases the risk of coronary heart disease,
ischemic stroke, and congestive heart failure. Essential hypertension is a multifactorial disease,
and it is quite complex. Environmental and genetic factors play a role in the development of
essential hypertension. Through changes in CGRP synthesis and release, CGRP plays an
important role in the onset, progression of essential hypertension and its maintenance of
essential hypertension [7].

Several single nucleotide gene polymorphisms have been found as effective in the develop-
ment of essential hypertension. It has been determined that some polymorphisms that occur
in the genes are important in influencing the expressions of enzymes and proteins associated
with essential hypertension such as angiotensinogen, endothelial nitric oxide synthase.
CGRP is a neuropeptide that plays an important role in the pathophysiology of essential
hypertension. CALCA and CALCB isoforms of CGRP are associated with increasing of blood
pressure. Differences in CGRP plasma concentrations were not fully determined between
healthy subjects and hypertensive patients. However, significantly lower plasma CGRP con-
centrations were found in hypertensive patients and preeclamptic pregnant women than
normotensive controls. In some studies performed in patients with hypertension, a signifi-
cant relationship was found between elevated plasma CGRP levels and systolic and diastolic
blood pressures [7].

In consequence of the polymorphisms occurring in the CALCA gene, heart diseases and renal
damage due to hypertension are also increasing. In some studies performed with experimental
animals, it was observed that systolic blood pressure increases in consequence of CALCA gene
polymorphisms. In a study conducted in Japan, a 2-bp microdeletion polymorphism has been
shown in the intron 1 of the CALCA gene. This gene polymorphism is associated with the risk
of developing essential hypertension. In another study conducted with the Chinese population,
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it was determined that CALCA T692C gene polymorphism is a genetic risk factor in the
development of essential hypertension [7].

3.5. Ischemic stroke and CALCA gene polymorphisms

Cerebrovascular diseases occur in consequence of sudden emergence of local or global neuro-
logical symptoms. Ischemic stroke is one of these diseases, and it occurs in consequence of
blocking of blood flow to any region of the brain. Ischemic stroke is classified into five sub-
groups. The emergence of large or small vessel diseases is a major cause of cerebral ischemia.
Large artery disease arises due to atherothrombosis of the carotid, vertebral and proximal
cerebral arteries. Lipohyalinosis of the vessel wall in the distal penetrant branches of the veins
results in small artery disease. Another ischemic stroke subtype arising from endometrium
diseased cardiac valves is cardioembolism. In consequence of these pathogenic mechanisms, a
decline is observed in cerebral blood flow. In consequence of decrease the levels of oxygen and
glucose required to feed of the brain reduce cell damage occurs. Another type of stroke that
causing hypercoagulability is cryptogenic stroke. The other one is also an unclassified ischemic
stroke subtype [2].

CGRP is an important member of the calcitonin peptide family, and it plays an important role
in the dilation of the cerebral arteries in the human. It is a neuropeptide that especially
associated with central and peripheral nervous system disorders. It is known that the poly-
morphisms occurring in the CALCA gene is associated with ischemic stroke. However, in
some studies, it has been determined that CALCA gene polymorphisms were not to be genetic
risk factors for the development of ischemic stroke. In a study conducted in the Thracian
population, it was determined that CALCA T692C, -1786T>C and -624 (T/C) gene polymor-
phisms were not genetic risk factors for the development of ischemic stroke. In addition, the
significant difference was not determined in terms of the CALCA gene polymorphisms in the
patients’ subtypes with ischemic stroke in the same study. A limited number of studies have
found aimed to investigate the relationship between the risk of ischemic stroke development
and CALCA gene polymorphisms [2].

3.6. Ovarian cancer and CALCA gene polymorphisms

Calcitonin, which is synthesized by parathyroid cells of the thyroid, is a peptide hormone that
plays an important role in suppressing blood calcium levels. It is known that reducing extra-
cellular calcium levels is associated with the regulation of calcitonin. The risk of ovarian cancer
can be reduced by an antiproliferative mechanism. In the ovulation period, the ovarian surface
epithelium is subjected to repeated injuries and healing. Repeated proliferative stimulation
plays an important role in the malignant transformation of ovarian epithelial cells. Extracellu-
lar calcium is elevated via receptors that sensing the calcium. Unconverted ovarian surface
epithelial cells multiply in response to this condition [13].

The differentiation and proliferation of small intestine and chest epithelial cells are also modu-
lated by extracellular calcium. There is a very significant relationship between this differentiation,
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proliferation and ovarian cancer. Therefore, impaired calcium regulation is believed to be an
important risk factor for the development of ovarian cancer. Calcitonin, which plays an impor-
tant role in the prevention of bone resorption, causes a decrease in serum calcium and is
known as an important regulator of calcium metabolism by this property. Calcium inhibits
the production of proteins necessary for the regulation of hypocalcemia. Increased calcium
reduces proliferation and thus regulates wound healing of the ovarian surface epithelium [13].

Hypercalcemia is also associated with ovarian epithelial tumors. Proteins that are effective in
the regulation of hypocalcemia stimulate protein kinase C and phospholipase C signaling
pathways. Thus, mitosis is triggered and cancer-related apoptosis reduces. It can also alter the
cancer susceptibility by interacting with insulin-like growth factor (IGF) and binding protein,
hormones and other growth factors [13].

In studies conducted in the Japanese population, it was found that the C allele of CALCA-624
(T/C) gene polymorphism associated significantly with ovarian cancer. In women with TT
genotypes, ovarian cancer is much more common than in women with CC genotype. It has
been determined that the C allele is a genetic risk factor in women who consume less calcium.
In addition, because of reduced calcium intake, serum calcium levels decrease and the concen-
tration of required calcitonin decreases [13].

3.7. Parkinson, schizophrenia, manic depression and CALCA gene polymorphisms

Parkinson’s disease occurs because of damage of gray matter nuclei in the lower part of the
brain. Because of this damage, degeneration occurs in cells that secrete dopamine [14]. Schizo-
phrenia, a chronic brain disease, is also known as a developmental disorder of the brain. It is
known that subcortical dopamine pathways in the brain are highly active in this disease. In
consequence of this over activity, excessive dose of dopamine is released from the nerve
endings. As a result, dopamine receptors are stimulated largely [15]. The dopaminergic
hypothesis plays an important role in the pathophysiology of manic depression, a common
neuropsychiatric disorder. There are homeostatic mechanisms that develop in response to
hyperdopaminergic agents in the manic phase of the disease [16]. Because of these mecha-
nisms, decrease occurs in dopaminergic function together with a hypodopaminergic situation
and depression can developed [10].

Calcitonin plays an important role in bone calcium metabolism and is produced by C cells
known as thyroid parafollicular cells. Polymorphisms that occur in calcitonin receptors are
associated with changes in bone density in postmenopausal women. It is believed that the
disorders that occur in calcitonin function are related to osteoporosis. Concentrations of
procalcitonin are increased in bacterial infections and in cases such as bacterial sepsis. This
increase is performed as independent of thyroid C cells. Catacalsine (PND-21) is another prod-
uct of procalcitonin and is important in the development of medullary thyroid carcinoma [10].

CALCA, which produces a strong vasodilator effect in the brain and peripheral organs, is
released from nerve fibers that bind blood vessels to the nervous system. CALCA, released
from fibrils that come from the ventral tegmental area, amygdala, and ventral striatum plays
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it was determined that CALCA T692C gene polymorphism is a genetic risk factor in the
development of essential hypertension [7].

3.5. Ischemic stroke and CALCA gene polymorphisms

Cerebrovascular diseases occur in consequence of sudden emergence of local or global neuro-
logical symptoms. Ischemic stroke is one of these diseases, and it occurs in consequence of
blocking of blood flow to any region of the brain. Ischemic stroke is classified into five sub-
groups. The emergence of large or small vessel diseases is a major cause of cerebral ischemia.
Large artery disease arises due to atherothrombosis of the carotid, vertebral and proximal
cerebral arteries. Lipohyalinosis of the vessel wall in the distal penetrant branches of the veins
results in small artery disease. Another ischemic stroke subtype arising from endometrium
diseased cardiac valves is cardioembolism. In consequence of these pathogenic mechanisms, a
decline is observed in cerebral blood flow. In consequence of decrease the levels of oxygen and
glucose required to feed of the brain reduce cell damage occurs. Another type of stroke that
causing hypercoagulability is cryptogenic stroke. The other one is also an unclassified ischemic
stroke subtype [2].

CGRP is an important member of the calcitonin peptide family, and it plays an important role
in the dilation of the cerebral arteries in the human. It is a neuropeptide that especially
associated with central and peripheral nervous system disorders. It is known that the poly-
morphisms occurring in the CALCA gene is associated with ischemic stroke. However, in
some studies, it has been determined that CALCA gene polymorphisms were not to be genetic
risk factors for the development of ischemic stroke. In a study conducted in the Thracian
population, it was determined that CALCA T692C, -1786T>C and -624 (T/C) gene polymor-
phisms were not genetic risk factors for the development of ischemic stroke. In addition, the
significant difference was not determined in terms of the CALCA gene polymorphisms in the
patients’ subtypes with ischemic stroke in the same study. A limited number of studies have
found aimed to investigate the relationship between the risk of ischemic stroke development
and CALCA gene polymorphisms [2].

3.6. Ovarian cancer and CALCA gene polymorphisms

Calcitonin, which is synthesized by parathyroid cells of the thyroid, is a peptide hormone that
plays an important role in suppressing blood calcium levels. It is known that reducing extra-
cellular calcium levels is associated with the regulation of calcitonin. The risk of ovarian cancer
can be reduced by an antiproliferative mechanism. In the ovulation period, the ovarian surface
epithelium is subjected to repeated injuries and healing. Repeated proliferative stimulation
plays an important role in the malignant transformation of ovarian epithelial cells. Extracellu-
lar calcium is elevated via receptors that sensing the calcium. Unconverted ovarian surface
epithelial cells multiply in response to this condition [13].

The differentiation and proliferation of small intestine and chest epithelial cells are also modu-
lated by extracellular calcium. There is a very significant relationship between this differentiation,
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proliferation and ovarian cancer. Therefore, impaired calcium regulation is believed to be an
important risk factor for the development of ovarian cancer. Calcitonin, which plays an impor-
tant role in the prevention of bone resorption, causes a decrease in serum calcium and is
known as an important regulator of calcium metabolism by this property. Calcium inhibits
the production of proteins necessary for the regulation of hypocalcemia. Increased calcium
reduces proliferation and thus regulates wound healing of the ovarian surface epithelium [13].

Hypercalcemia is also associated with ovarian epithelial tumors. Proteins that are effective in
the regulation of hypocalcemia stimulate protein kinase C and phospholipase C signaling
pathways. Thus, mitosis is triggered and cancer-related apoptosis reduces. It can also alter the
cancer susceptibility by interacting with insulin-like growth factor (IGF) and binding protein,
hormones and other growth factors [13].

In studies conducted in the Japanese population, it was found that the C allele of CALCA-624
(T/C) gene polymorphism associated significantly with ovarian cancer. In women with TT
genotypes, ovarian cancer is much more common than in women with CC genotype. It has
been determined that the C allele is a genetic risk factor in women who consume less calcium.
In addition, because of reduced calcium intake, serum calcium levels decrease and the concen-
tration of required calcitonin decreases [13].

3.7. Parkinson, schizophrenia, manic depression and CALCA gene polymorphisms

Parkinson’s disease occurs because of damage of gray matter nuclei in the lower part of the
brain. Because of this damage, degeneration occurs in cells that secrete dopamine [14]. Schizo-
phrenia, a chronic brain disease, is also known as a developmental disorder of the brain. It is
known that subcortical dopamine pathways in the brain are highly active in this disease. In
consequence of this over activity, excessive dose of dopamine is released from the nerve
endings. As a result, dopamine receptors are stimulated largely [15]. The dopaminergic
hypothesis plays an important role in the pathophysiology of manic depression, a common
neuropsychiatric disorder. There are homeostatic mechanisms that develop in response to
hyperdopaminergic agents in the manic phase of the disease [16]. Because of these mecha-
nisms, decrease occurs in dopaminergic function together with a hypodopaminergic situation
and depression can developed [10].

Calcitonin plays an important role in bone calcium metabolism and is produced by C cells
known as thyroid parafollicular cells. Polymorphisms that occur in calcitonin receptors are
associated with changes in bone density in postmenopausal women. It is believed that the
disorders that occur in calcitonin function are related to osteoporosis. Concentrations of
procalcitonin are increased in bacterial infections and in cases such as bacterial sepsis. This
increase is performed as independent of thyroid C cells. Catacalsine (PND-21) is another prod-
uct of procalcitonin and is important in the development of medullary thyroid carcinoma [10].

CALCA, which produces a strong vasodilator effect in the brain and peripheral organs, is
released from nerve fibers that bind blood vessels to the nervous system. CALCA, released
from fibrils that come from the ventral tegmental area, amygdala, and ventral striatum plays

Calcitonin-Related Polypeptide Alpha Gene Polymorphisms and Related Diseases
http://dx.doi.org/10.5772/intechopen.78320

73



an important role as moderator of dopaminergic transmission in these areas. The dopaminer-
gic system consists of mesolimbic and mesostral axis. Both axes are influenced by CALCA.
There was a relationship between cerebrospinal fluid and elevated CALCA levels in patients
with major depression. Polymorphisms of CALCA gene have been associated with disorders
such as Parkinson, Schizophrenia, and manic depression. It is believed that gene polymor-
phisms of CALCA 855 (G/A), CALCA-624 (T/C), CALCA-590 (C/G) and CALCA (I/D) may be
associated with psychiatric or neurological diseases in dopaminergic transmission [10].

3.8. Aseptic loosened total hip arthroplasty and CALCA gene polymorphisms

One of the most important causes of long-term failure of arthroplasty is aseptic loosening of
total joint replacement. There are various studies to understand the aseptic relaxation mecha-
nism. Aseptic relaxation is known as a multifaceted process resulting from events such as
foreign body reaction, cell-cell interaction, allergic reactions, hydrostatic pressure, body
weight, and implantation. Protein-surrounding local osteolysis is initiated by an aseptic
inflammatory response following the addition of abrasion particles by the macrophages.
Fibroblasts are stimulated by macrophages in consequence of proliferation and differentiation
of precursor osteoclasts to mature osteoclasts. This stimulation performs via cytokines. An
important process in the regulation of homeostasis in tissues is apoptosis. Some important
proteins regulate the most important process and the proliferation of normal tissues.

In a study conducted by Ahmed et al., CALCA immunoreacted nerve fibers were found in the
arthroplasty interface membrane. CALCA, produced by central and peripheral nervous sys-
tems, is found in almost all tissues and plays an important role in bone remodeling. Large
quantities of calcitonin produced by thyroid cells are responsible for calcium homeostasis,
leading to the inhibition of osteoclasts. Because of changes in cell cycle, apoptosis, receptor
expression, DNA replication, gene expressions and genes, the risk of aseptic loosening follow-
ing total hip replacement can be increased. In a study conducted in Germany, it was aimed to
determine the relationship between aseptic loosening risk and CALCA-1786T>C gene poly-
morphism following total hip replacement. In consequence of this study, it was determined
that CALCA-1786T>C gene polymorphism was not a genetic risk factor for the risk of aseptic
loosening [8].

3.9. Analgesic effect and CALCA gene polymorphisms

In most of cancer patients, severe pain occurs in the terminal period. Opioid drugs, known as
the most effective drugs in the treatment of cancer pain, can lead to tolerance and hyperalgesia
when used for a long time. Fentanyl, one of the opioid drugs, is used as an analgesic in the
treatment of terminal cancer pain. Recently, it has been shown that there is a significant
relationship between fentanyl and human genes. It is known that CGRP is an important
transmitter in the transmission of pain signals. The analgesic mechanism in opioid medications
reduces the release of neurotransmitters such as CGRP into the synaptic cleft of nerve fiber
ends of the presynaptic membrane [9].
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In a study conducted by Cepeda et al., it is found that respiratory depression arising from
morphine was found to be more effective in Native American Indians than Caucasians. In
another study conducted by Zhou et al. in Caucasians, sedation and respiratory depression
were found to be more observed than in Asians. When comparing men and women, it was also
determined that the reactions to these drugs were different. In a study by Sear et al., no
association was found between plasma concentrations of opioid drugs and clinical effects.
The analgesic effect of fentanyl is different. It is believed that this diversity to related to gene
motion modes [9].

In some studies, genetic variants that can affect the efficacy of fentanyl have been identified.
Because of the polymorphisms that occur in the genes, the analgesic effect and the pain
perception mechanism in humans are affected. CGRP is an important neuropeptide in the
nervous system. This neuropeptide plays an important role in peripheral nerves via nociceptive
information transfer. It is also effective in the production of hyperalgesia in the spinal cord [9].

As a newly discovered polymorphism in exon III of the CGRP gene, CGRP 4218 (T/C) gene
polymorphism is believed to be associated with diseases such as Parkinson’s and major
depression. Whether there is an association between the analgesic effect of fentanyl and the
CGRP 4218 (T/C), gene polymorphism is unclear. In a study, CGRP 4218 (T/C) gene polymor-
phism was identified as a risk factor for the analgesic effect of fentanyl. This study has proven
that there is no association between CGRP 4218 (T/C) gene polymorphism and postoperative
adverse reactions resulting from fentanyl. In addition to these studies, studies on the relation-
ship between CGRP 4218 (T/C) gene polymorphism and fentanyl pharmacokinetics should be
performed [9].

3.10. Psoriasis vulgaris and CALCA gene polymorphisms

The pathogenesis of psoriasis, a chronic disease characterized by reddish, scaly skin, is quite
complicated. Intravascularmolecules such as intracellular adhesionmolecule (ICAM), TNF-alpha,
reactive oxygen species (ROS) play an important role in the pathogenesis of this disease [17].

CGRP, widely distributed in central and peripheral nervous systems, is a peptide
intermediating to pain. This peptide is also known as a growth factor in cells such as Schwan
cells and endothelial cells. Proinflammatory features of CGRP are found in many diseases. In
several earlier studies, a marked cutaneous proliferation has been identified in psoriasis. It has
also been found that plaques of psoriasis include CGRP. Because of this situation, it has been
shown that psoriatic progression is observed. In consequence of various studies, target genes
have been identified which can contribute to the development of psoriasis. One of the isoforms
of CGRP, which plays an important role in immune regulation and inflammation, is the
CALCA gene. It is believed that polymorphisms in this gene may be associated with the
development of psoriasis [17].

In a study conducted with the Chinese population, the effect of CGRP mRNA expression and
plasma CGRP levels on the development of psoriasis was investigated. It was also aimed to
determine the relationship between the T692C gene polymorphism in the CALCA gene and
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an important role as moderator of dopaminergic transmission in these areas. The dopaminer-
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important process in the regulation of homeostasis in tissues is apoptosis. Some important
proteins regulate the most important process and the proliferation of normal tissues.

In a study conducted by Ahmed et al., CALCA immunoreacted nerve fibers were found in the
arthroplasty interface membrane. CALCA, produced by central and peripheral nervous sys-
tems, is found in almost all tissues and plays an important role in bone remodeling. Large
quantities of calcitonin produced by thyroid cells are responsible for calcium homeostasis,
leading to the inhibition of osteoclasts. Because of changes in cell cycle, apoptosis, receptor
expression, DNA replication, gene expressions and genes, the risk of aseptic loosening follow-
ing total hip replacement can be increased. In a study conducted in Germany, it was aimed to
determine the relationship between aseptic loosening risk and CALCA-1786T>C gene poly-
morphism following total hip replacement. In consequence of this study, it was determined
that CALCA-1786T>C gene polymorphism was not a genetic risk factor for the risk of aseptic
loosening [8].

3.9. Analgesic effect and CALCA gene polymorphisms

In most of cancer patients, severe pain occurs in the terminal period. Opioid drugs, known as
the most effective drugs in the treatment of cancer pain, can lead to tolerance and hyperalgesia
when used for a long time. Fentanyl, one of the opioid drugs, is used as an analgesic in the
treatment of terminal cancer pain. Recently, it has been shown that there is a significant
relationship between fentanyl and human genes. It is known that CGRP is an important
transmitter in the transmission of pain signals. The analgesic mechanism in opioid medications
reduces the release of neurotransmitters such as CGRP into the synaptic cleft of nerve fiber
ends of the presynaptic membrane [9].
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association was found between plasma concentrations of opioid drugs and clinical effects.
The analgesic effect of fentanyl is different. It is believed that this diversity to related to gene
motion modes [9].

In some studies, genetic variants that can affect the efficacy of fentanyl have been identified.
Because of the polymorphisms that occur in the genes, the analgesic effect and the pain
perception mechanism in humans are affected. CGRP is an important neuropeptide in the
nervous system. This neuropeptide plays an important role in peripheral nerves via nociceptive
information transfer. It is also effective in the production of hyperalgesia in the spinal cord [9].

As a newly discovered polymorphism in exon III of the CGRP gene, CGRP 4218 (T/C) gene
polymorphism is believed to be associated with diseases such as Parkinson’s and major
depression. Whether there is an association between the analgesic effect of fentanyl and the
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The pathogenesis of psoriasis, a chronic disease characterized by reddish, scaly skin, is quite
complicated. Intravascularmolecules such as intracellular adhesionmolecule (ICAM), TNF-alpha,
reactive oxygen species (ROS) play an important role in the pathogenesis of this disease [17].

CGRP, widely distributed in central and peripheral nervous systems, is a peptide
intermediating to pain. This peptide is also known as a growth factor in cells such as Schwan
cells and endothelial cells. Proinflammatory features of CGRP are found in many diseases. In
several earlier studies, a marked cutaneous proliferation has been identified in psoriasis. It has
also been found that plaques of psoriasis include CGRP. Because of this situation, it has been
shown that psoriatic progression is observed. In consequence of various studies, target genes
have been identified which can contribute to the development of psoriasis. One of the isoforms
of CGRP, which plays an important role in immune regulation and inflammation, is the
CALCA gene. It is believed that polymorphisms in this gene may be associated with the
development of psoriasis [17].

In a study conducted with the Chinese population, the effect of CGRP mRNA expression and
plasma CGRP levels on the development of psoriasis was investigated. It was also aimed to
determine the relationship between the T692C gene polymorphism in the CALCA gene and
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the risk of development of psoriasis. In this study, morbidity of psoriasis was found to be
increased CGRP expression and release. Furthermore, in the CALCA T692C gene polymor-
phism, TT genotype has been identified as a genetic risk factor in the development of psoriasis
in people with alcohol habits. Ethanol that can activate primer sensory neurons can cause
neuropeptide release in the skin. In consequence, activation capsaicin receptor of the alcohol
results in the release of CGRP from the sensory nerves [17].

It is known that CGRP, a potent vasodilator, plays an important role in skin homeostasis. In
consequence of intradermal injection of CGRP, increased blood flow is observed, and microvas-
cular dilation is induced. Consequently, local erythema occurs. There are not many studies
aiming to investigate the relationship between CALCA gene polymorphisms and psoriasis [17].

4. Conclusion

Polymorphisms occurring in the CALCA gene are known to be associated with various
diseases. Several studies have been carried out to investigate the relationship between CALCA
gene polymorphisms and some diseases. In some of these studies, it has been determined that
CALCA gene polymorphisms are genetic risk factors in the development of these diseases.
However, there are also studies showing that there is no significant relationship between
CALCA gene polymorphisms and these diseases. Different results can be obtained in studies;
this situation may arise from different selection criteria for patients and control groups. In
addition, the studies performed with a small number of cases are another reason for the
different results. Different results were found in gene polymorphism studies carried out with
different racial and ethnic populations. Findings obtained in consequence of carrying out these
studies with more cases and with different populations will be an important indicator for the
treatment of diseases.
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