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ABSTRACT 

 

Saglam, B., Cloning Putative Voltage-Gated Calcium Channel Gene in Astacus 

Leptodactylus and Determination of Structural and Functional Properties of Related 

Protein. Hacettepe University Graduate School of Health Sciences, Ph.D. Thesis in 

Biophysics, Ankara, 2023. Voltage-gated calcium channels are essential elements in 

development of many cellular processes like electrical signaling, contraction 

secretion and gene expression. There has been a fair amount of information about 

the functional and structural properties of the calcium channels in mammalian 

species. Crayfish serves as a model animal for many types of experiments. However, 

there has been no information related to the molecular and genetic properties of the 

calcium channels in the crayfish. Conventional cloning methods, three-dimensional 

structural calculations, docking experiments have been conducted. An mRNA 7791 

bp in size has been cloned. The coding region has been translated into an alpha 

peptide with 1942 residues. The cloned protein sequence has similarity to other L-

type voltage-gated calcium channel sequences from the neighboring species. Three-

dimensional structure, in reference to human L-type voltage-gated calcium channel, 

has been calculated. Known calcium channel blockers; nifedipine, verapamil and 

diltiazem have been successfully docked on the calculated three-dimensional model. 

Considering the similarity assay in the NCBI platform, the three-dimensional 

structural calculations and the docking experiments it was concluded that the cloned 

mRNA codes an alpha peptide for a putative voltage-gated calcium channel protein 

in the crayfish. In the present work by using the conventional molecular biology 

methods complete mRNA coding a putative calcium channel was de novo cloned. 

Three-dimensional structure of the related protein was calculated and several 

pharmacological agents blocking the channel were docked to the identified receptor 

sites. 

Key words: Cloning, calcium channel, modeling, docking, crayfish 

Supported by: Hacettepe University Research Foundation (# 15403, 19942), The 

Scientific and Technological Research Council of Turkey (# 218S553) 
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ÖZET 

 

Sağlam, B., Astacus leptodactylus Türünde Voltaj Kapılı Kalsiyum Kanalına Ait 

Genlerinin Klonlanmasi ve İlgili Proteinlerin Yapısal ve Fonksiyonel Özelliklerinin 

Belirlenmesi. Hacettepe Üniversitesi Sağlık Bilimleri Enstitüsü Biyofizik Programı 

Doktora Tezi, Ankara, 2023. Voltaj kapılı kalsiyum kanalları, elektrik sinyali, kasılma 

salgısı ve gen ifadesi gibi birçok hücresel işlemlerin gerçekleşmesinde temel 

unsurlardır. Memeli türlerinde kalsiyum kanallarının işlevsel ve yapısal özellikleri 

hakkında oldukça fazla bilgi bulunmaktadır. Kerevit, birçok deney türü için model 

hayvan görevi görür. Ancak kerevitlerdeki kalsiyum kanallarının moleküler ve genetik 

özellikleri ile ilgili herhangi bir bilgi bulunmamaktadır. Konvansiyonel klonlama 

yöntemleri, üç boyutlu yapısal hesaplar, docking deneyleri yapılmıştır. 7791 bp 

boyutunda bir mRNA klonlanmıştır. Kodlama bölgesi, 1942 amino asitli bir alfa 

peptidine çevrilmiştir. Klonlanmış protein sekansı, komşu türlerden gelen diğer L-tipi 

voltaj kapılı kalsiyum kanalı sekansları ile benzerliğe sahiptir. Üç boyutlu yapı, insan L 

tipi voltaj kapılı kalsiyum kanalına göre hesaplanmıştır. Bilinen kalsiyum kanal 

blokerleri; nifedipin, verapamil ve diltiazem, hesaplanan üç boyutlu modele başarıyla 

bağlandı. NCBI platformundaki benzerlik analizi, üç boyutlu yapısal hesaplamalar ve 

docking deneyleri göz önüne alındığında, klonlanmış mRNA'nın kerevitte varsayılan 

voltaj kapılı kalsiyum kanalı proteini için bir alfa peptidi kodladığı sonucuna varıldı. 

Mevcut çalışmada, geleneksel moleküler biyoloji yöntemleri kullanılarak, varsayılan 

voltaj kapılı kalsiyum kanalını kodlayan mRNA tam olarak de novo klonlanmıştır. İlgili 

proteinin üç boyutlu yapısı hesaplanmıştır ve kanalı bloke eden birkaç farmakolojik 

ajan belirlenen reseptör bölgelerine yerleştirilmiştir. 

 

 

Anahtar Kelimeler: Klonlama, kalsiyum kanalı, modelleme, docking, kerevit  
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1. INTRODUCTION 

Voltage-gated calcium channels (Cav), gated by potential changes in the cell 

membrane, generate a Ca2+ influx acting as a second messenger for many important 

cellular processes like muscle activity, secretion, and gene transcription (1).  

Astacus leptodactylus is a very useful model animal for many types of 

experiments. Due to the simplified morphology and relative ease in access to the 

neural circuitry it is particularly convenient for many neuroscience studies. The 

electrical and functional properties of the many types of cells almost have completely 

been investigated. (2-7). In comparison to the functional studies amount of 

information about the genetic properties of the animal is rather limited. Recently, 

several ion channel genes that give cells many essential electrical and functional 

properties have been explored by our laboratory. mRNAs coding a voltage gated 

sodium channel, sodium-calcium exchanger, inward rectifier potassium channel, 

calcium activated potassium channel, ryanodine receptor, transmembrane channel-

like protein and Piezo channel have been cloned (8-13). Calcium channels play an 

important role in the muscle and neural physiology in this model animal. However, 

there is no information about the genetic and molecular properties of the voltage-

gated calcium channels in this model animal. 

Therefore, the aim of this study was to clone the voltage-gated calcium 

channel (Cav) of Astacus leptodactylus and to examine its electrical and functional 

properties by computational modeling and heterologous expressing in Xenopus laevis 

oocytes. 
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2. LITERATURE SEARCH 

2.1. Voltage-gated Calcium Channels 

Voltage-gated calcium channels (Cav) are activated in variety of cell types in 

response to depolarization and mediate a Ca2+ influx acting as a second messenger 

for electrical signaling and subsequent cellular processes (1). Voltage-gated Ca2+ 

channels have an important role in transducing the changes in membrane potential 

into a Ca2+ influx for physiological processes such as muscle excitability, contraction, 

secretion, protein phosphorylation, enzyme regulation and gene transcription (Figure 

2.1) (1, 14, 15, 16).  

 

 

Figure 2.1. Cellular events triggered by the voltage-gated Ca2+ channels. (Created 
with BioRender.com.) 

A fair amount of information about calcium channels has been complied in 

reference to many molecular biology and electrophysiology experiments even in 
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humans. Fundamental structural and functional properties of the voltage-gated Ca2+ 

channels have been characterized (17). It is worth to note that the voltage-gated 

calcium channels were firstly discovered in a crustacean muscle simply by a sodium 

removal from the bath solution. Although there was no sodium in the solution, the 

muscle cell was still able to produce action potentials (18, 19). Following the initial 

recording of skeletal muscle Ca2+ channels in 1973, extensive studies were conducted 

to examine the properties of calcium currents in different invertebrate tissues (20, 

21). Calcium currents were observed in all excitable cells including mammalian 

skeletal and cardiac muscle. (22, 23). 

A type of Ca2+ channel from T-tubules of skeletal muscle was the first to be 

purified and cloned (24). First impressions that there could be more calcium channels 

came from a study of starfish eggs. (25). Subsequently, two calcium current 

components in mammalian sensory neurons were identified based on their 

biophysical properties (26, 27). In this work by Carbone and Lux, these components 

were described for the first time using the terms “high-voltage-activated (HVA)” and 

“low-voltage-activated (LVA)”, showing that the individual channels responsible for 

producing these current components have different electrical properties. Because of 

their long-lasting activation, HVA channels were classified as the “L-type channels” 

that were sensitive to 1,4-dihydropyridines and were discovered in skeletal muscle, 

heart, smooth muscle, and neurons. (14,28). 

It is initially necessary to recognize voltage-gated calcium channels as a 

principle part of a protein complex. Voltage-gated calcium channel complex, also 

known as DHP receptor was found to have 5 different components as in skeletal 

muscle (Figure 2.2). These components are α1 which is main pore-forming subunit 

called Cav (190 kDa), a disulfide-linked glycoprotein dimer of α2 (150 kDa) and δ (17–

25 kDa), intracellular β (55 kDa) and transmembrane glycoprotein subunit γ (33 kDa), 

in an approximately equal stoichiometric ratio (29,30). 
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Figure 2.2. Subunit structures of a representative voltage-gated calcium channel. (1). 

Although the auxiliary α2δ and β subunits of the voltage calcium channel 

increase the expression of functional channels at the membrane, they are not directly 

involved in the formation of the selective pore (14). As this is the case, examinations 

were focused onto the α1 subunit, which is responsible for the pore structure and 

selectivity. Ca2+, Na+, and K+ channels are voltage-gated ion channels that are part of 

a large multigene protein family termed as 4x6TM (Four copies of a six 

transmembrane protein domain). The α1 subunit of voltage-gated calcium channel 

has 24 transmembrane segments, six segments (S1-S6) in each one of four 

homologous repeats (DI-DIV) (14, 17, 31, 32) (Figure 2.3). 

 

Figure 2.3. The α1 subunit of voltage-gated calcium channel. (Created with 
BioRender.com.) 
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Mammalian voltage-gated calcium channels are present in ten different genes 

(Figure 2.4). The related α1 units of each gene possess a different function and 

expression pattern (33). 

 

Figure 2.4. Phylogeny of α1 subunits of voltage-gated calcium channels (33). 

 The Cav1 family consists of 4 different members, each of which is an L-type 

calcium channel. Cav1.1 is an isoform found in skeletal muscle, while Cav1.2 is found 

specifically in cardiac muscle. Cav1.3 and 1.4 are activated at low voltage levels and 

expressed less frequently in cardiac and skeletal muscle cells (34). While the CaV1 

subfamily is involved in the regulation of contraction, secretion and gene expression 

in neurons, in special sensory cells it takes part in synaptic transmission (34). 

Members of the CaV2 subfamily play a major role in initiating synaptic 

transmission at fast synapses. CaV2.1 is defined as P/Q type calcium channels (35) and 

CaV2.2 has the molecular structure similar to the neuronal N type calcium channels 

(36). CaV2.3 channels were found to be more inactivating than other HVA channels 

(36). However, it may contribute to the R-type calcium current (34). The CaV3 

subfamily is involved in the rhythmic repetitive firing of action potentials in cardiac 

myocytes and thalamic neurons. Homology comparisons show that members of the 

CaV3 group are quite different from the HVA channels and are assigned into LVA 

channels (34, 38).  
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The α1 subunit of the voltage-gated calcium channel contains 24 

transmembrane segments, of which the S1-S4 segment provides voltage sensitivity 

and the S5-S6 segment forms pore structure (39). In voltage dependent calcium 

channels, the pore-forming segments S5–S6 and the connecting P loop play a 

significant role in determining selectivity and conductance. They are highly selective 

for calcium ion (40). The pore loop at the external end of the channel which is lined 

with a cluster of negatively charged glutamate residues in each domain, is responsible 

for Ca2+ selectivity (15, 31, 41, 42). 

 

Figure 2.5. Calcium binding sites (Sites 1,2,3) of selectivity filter (43). 

In the selectivity filter, three binding sites were discovered and identified as 

Sites 1,2 and 3 (Figure 2.5). Site 1 has four carboxyl side chains of glutamate and is 

placed at the mouth of the filter. Site 2 has a single occupancy and is constituted by 

four carbonyl side chains in addition to four backbone carbonyls. Site 3, which has a 

lower affinity, is formed only by four backbone carbonyls and facilitates exit into the 

central cavity (43). 

Voltage-gated calcium channels have an important self-regulating mechanism 

called calcium-dependent inactivation (CDI). A conserved aspartate in Domain II (DII) 

of the selectivity filter is required for calcium-dependent inactivation (44). A variety 

of studies have suggested a strong connection between ion selectivity and CDI, based 

on the observation that selectivity filter mutations, particularly glutamate in the S5-

S6 loop of the third and fourth repeats, simultaneously impact calcium dependent 
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inactivation and selectivity properties (31, 41, 44). The mutation from EEEE to EEQE 

in the third repeat's S5-S6 loop, which abolishes calcium-dependent inactivation, 

strongly suggests that the selectivity locus is crucial for calcium-dependent 

inactivation (15).  Moreover, the activation of calcium conductance and calcium-

dependent inactivation is influenced by the amount of extracellular calcium 

concentration (45). The selectivity filter acts as the gateway for calcium-dependent 

inactivation, wherein this process specifically inhibits Ca2+ permeation by stabilizing 

a state of the selectivity filter with high affinity for Ca2+(46, 47).  

The central pore of the channel is surrounded by four voltage-sensitive 

domains, which link channel opening to changes in membrane potential. These 

domains detect and respond to fluctuations in membrane potential, regulating the 

flow of ions through the channel (14). Specific amino acid residues, such as Lysine (K) 

and Arginine (R), which act as the voltage sensor are located in the S4 segment of the 

voltage-gated channel. These strategically placed positively charged residues in the 

S4 segment are crucial for detecting changes in membrane potential (48, 49). The S4 

segment's positively charged residues are extremely sensitive to changes in 

membrane potential and go through conformational changes in response to the 

changes in the electrical field. Each homologous domain's S4 segments function as a 

voltage sensor when the cell depolarizes. They move outward and rotate in response 

to the changes in the electric field, translocating towards the extracellular side of the 

membrane. This movement of the S4 segments causes the adjacent S5 and S6 

segments to change conformation, which ultimately forces the channel pore to open 

(14, 34, 50, 51). 

2.2. Heterologous Expression in Oocytes of Xenopus laevis 

Xenopus oocytes have been used in many different studies in the 40 years 

since the first experiment in which their capacity to translate exogenous mRNA was 

determined (52, 53). Xenopus oocytes are a suitable model for heterologous 

expression experiments with their large size for electrophysiological experiments (54, 

55, 56). Oocytes from the Xenopus laevis, known as the South African clawed frog, 
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are frequently used in experiments to examine the functional properties of Ca2+ 

channels. (53). 

There are five main advantages to using oocytes in heterologous expression 

experiments. Firstly, Xenopus frogs are easy to maintain for in suitable conditions and 

oocytes can be easily obtained from frogs with a minor surgical intervention (53). 

Secondly, completely grown Xenopus oocytes are durable and can survive for a long 

time under in vitro conditions (57). Thirdly, the diameter of the oocytes is 

approximately 1 millimeter at the stage V and VI, so that the desired RNA can be 

easily injected into the oocyte by microinjection (58). The oocyte is a non-selective 

but reliable expression system, ion channels and few prokaryotic channels have been 

expressed from various eukaryotic organisms (59, 60). Finally, functional tests are 

much easier to perform and observe, because of their relatively large size (60). The 

disadvantage of the expression system in oocytes is the variation in the quality of the 

oocytes as a result of seasonal variability observed in many laboratories (55, 62, 63).  

Heterologous expression in Xenopus oocytes is a very suitable method 

particularly for ion channels since the electrophysiological examination is easy. Thus, 

the benefits of using oocytes prevails the disadvantage. 

2.3. Protein-Ligand Docking 

There are three main classes of antagonists for the Ca2+ channels. The first 

group consists of dihydropyridines (DHP) with nitrendipine, nifedipine and 

nimodipine, while benzodiazepines (BTZ) group is including diltiazem and 

phenylalkylamines (PAA) group is including verapamil (18, 64, 65, 66). Diltiazem and 

verapamil block the ion channel’ pore, while DHP antagonists produce allosteric 

interactions with the channel molecule and potently blocks the channel (67, 68, 69). 

The most frequently used and accurate structure-based computational 

method that helps us to calculate and analyze the interactions between channels and 

their agonists and antagonists is molecular docking (70). Computational molecular 

docking models the structures formed between ligands and large molecules and 

calculates the free energy levels of their binding. This computation process works on 
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a ligand and macromolecule with known structure. The docking phase estimates the 

ligand's binding conformation to the large molecule and the binding free energy value 

(71). The computational docking is based on to find the appropriate conformational 

space for the ligand, and to estimate the free binding energy of the structure by using 

scoring function (72). In summary, computational molecular docking is the model to 

bind small three-dimensional molecules with a target three-dimensional molecular 

structure in various positions, conformations, and orientations to get the best fit (73). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

3.  MATERIALS AND METHODS 

 

3.1. Model Animals 

In this study, the model animals (crayfish), collected from lakes of Central 

Turkey, kept in 18-20 °C fresh water aquarium. Their diet includes carrot and fish 

given once a week. Female Xenopus laevis (African clawed frogs) from a breeder are 

kept in aquarium filled with fresh water at 19 °C. Their diet includes chicken livers 

once a week. These animals’ oocytes are harvested to use in downstream 

experiments. In the manipulation of experimental animals, Hacettepe University 

ethics committee approval was obtained and the guidelines were followed.  

3.2. Tissue Extraction from the Model Animal 

Intermolt animals were selected and kept on ice for 15 minutes and 

decapitated immediately. Surgical equipment was sterilized and used in collecting of 

the muscle tissue samples. The collected tissue samples were stored at -80 °C for RNA 

isolation. 

3.3. Total RNA Isolation 

Qiazol Lysis Reagent (Qiagen) was used for the process of the total RNA 

isolation.  20 mg of muscle tissue sample was grinded and homogenized in 1 ml of 

Qiazol Lysis Reagent by using single-use pestles. After 5 minutes of incubation at 

room temperature (RT), 200 µl of chloroform was added to the solution and vortexed 

robustly for 20 seconds. The solution was centrifuged for 15 minutes at 12,000 g at 4 

°C. Upper aqueous phase of the solution was transferred into a clean tube 

meticulously. 500 µl of isopropanol was added and the solution was vortexed and 

incubated 10 minutes at RT. The solution was centrifuged for 10 minutes at 12,000 g 

at 4 °C. The supernatant was removed and the pellet was washed in the tube with 

1ml of 75 % ethanol. The sample was centrifuged for 5 minutes at 7,500 g at 4 °C and 
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the supernatant was removed. The pellet was allowed to rest for drying. The RNA 

pellet was resuspended in RNase-free water and stored at -80 °C. 

3.4. cDNA Library Construction 

cDNA Libraries were constructed by using two different WTA construction 

kits; SMARTer RACE 5’/3’ Kit (Clontech) and REPLI-g WTA Single Cell Kit (Qiagen). All 

cDNA synthesis preparation up to the reverse transcription stage were done in a cold 

environment either by using ice or a cold block to protect the RNA samples. 

3.4.1. cDNA Synthesis by using SMARTer RACE 5’ / 3’ Kit 

By using the SMARTer RACE (Rapid amplification of cDNA ends) 5’/3’ Kit, RNA 

samples were reverse transcribed. Long and GC-rich cDNA library production ability 

was the reason to choose SMARTer RACE Kit. Buffer mixture solution was prepared, 

given in Table 3.1, for both 5’ and 3’ cDNA synthesis reactions.  

Table 3.1. Buffer mixture solution for both 5’ and 3’ reactions. 

 Volume (μl) 

5X First Strand Buffer 4 

DTT (100 mM) 0.5 

dNTPs (20 mM) 1 

Total volume 5.5 

Preparation mixtures were prepared as given in Table 3.2 for 5’ and 3’ 

reactions. After the incubation at 72 °C for 3 minutes and 42 °C for 2 minutes, the 

tubes containing Preparation mixtures were span in brief and 1 µl of SMARTer II A 

Oligonucleotide was added into 5’ cDNA synthesis mixture. Master mixtures were 

prepared for both 5’ and 3’ cDNA during the incubation period. (Table 3.3)  

Table 3.2. Mixture solution for preparation of 5’ cDNA synthesis and 3’ cDNA 
synthesis. 

5’- cDNA synthesis 3’- cDNA synthesis 

 Volume (μl)  Volume (μl) 
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Total RNA (10 ng–1 μg)  1-10 Total RNA (10 ng–1 μg)  1-11 

5’-CDS Primer A  1 3’-CDS Primer A  1 

Sterile H2O  0-9 Sterile H2O  0-10 

Total volume 11 Total volume 12 

Table 3.3. Master mixture solutions for both 5’- and 3’- cDNA synthesis reactions. 

 Volume (μl) 

Buffer Mix  5.5 

RNase inhibitor (40 U / μl) 0.5 

SMARTScribe Reverse Transcriptase (100 U) 2 

Total volume 8 

After the incubation in the Preparation mixture solutions, Master mixture 

solution added both for 5’ and 3’ cDNA synthesis reactions. Then the mixed solutions 

were incubated at 42 °C for 1.5 hours and at 70 °C for 10 minutes. The end products 

were diluted with 10 µl of Tricine-EDTA and stored at -20 °C. 

3.4.2. cDNA synthesis by using REPLI-g WTA Single Cell Kit 

REPLI-g SensiPhi DNA polymerase, included in the kit, has the ability of 

Multiple Displacement Amplification.  Therefore, the kit is successful in amplifying 

the whole transcriptome with a neglectable sequence bias and detection of very low-

profusion transcripts.  

The reaction mixture, given in Table 3.4, was incubated at 95 °C for 3 minutes. 

2 µl of Genomic DNA Wipeout Buffer was added and that mixture was incubated at 

42 °C for 10 minutes.  

Table 3.4. Reaction mixture of cDNA synthesis by using REPLI-g WTA Single Cell Kit. 

 Volume (μl) 

Total RNA (> 10pg- 100ng) 2 

dH2O 6 

NA Denaturation Buffer 3 
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While this incubation was taking place, Quantiscript RT mixture given in Table 

3.5 was prepared. 

Table 3.5. Quantiscript RT mixture. 

 Volume (μl) 

RT/Polymerase Buffer 4 

Random Primer 1 

Oligo dT Primer 1 

Quantiscript RT Enzyme Mix 1 

Total volume 7 

 

 The reaction mixture and 7 μl of Quantiscript RT mixture were combined and 

incubated at 42 °C for 1 hour. After the incubation at 95 °C for 3 minutes, the mixture 

was kept on ice to cool.  

Table 3.6. Ligation mixture. 

 Volume (μl) 

Ligase Buffer 8 

Ligase Mix 2 

Total volume 10 

The ligation mixture, given in Table 3.6, was added into the cooled mixture 

and incubated at 24 °C for 30 minutes and at 95 °C for additional 5 minutes. After the 

cooling process on ice, REPLI-g SensiPhi mixture given in Table 3.7 was combined with 

the cooled mixture and incubated at 30 °C for 2 hours and at 65 °C for 5 minutes. 

Diluted cDNA samples were stored at -20 °C. 

Table 3.7. REPLI-g SensiPhi mixture. 

 Volume (μl) 

REPLI-g SC Reaction Buffer 29 
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REPLI-g SensiPhi DNA Polymerase 1 

Total volume 30 

3.5. Polymerase Chain Reaction 

Polymerase Chain Reaction (PCR) is an experimental method that has ability 

to produce excessive amount of a specific sequence copies by using an enzyme called 

DNA polymerase (74). In order to generate complete and reliable copies of the 

interested sequence, designing the primers is the first and most important stage.  

In this study, OneTaq DNA polymerase (NEB), Platinum SuperFi II (Thermo 

Fisher) DNA polymerase and SeqAMP DNA polymerase (Takara) were used. OneTaq 

DNA polymerase was used for the amplification of sequences less than 2.5 kbp 

(kilobase pairs) in size, while SuperFi II DNA polymerase was used for sequences 

longer than 2.5 kbp. SeqAMP DNA polymerase (Takara) was used in 5’/3’ RACE PCR 

for uncovering 5’ and 3’ ends. 

3.5.1. Designing the Primers 

Primers are short oligonucleotides, produced synthetically, for PCR 

experiments. For a successful experiment, designed primers need to be 18-26 bp in 

size and to have 40-60% GC content. In the 3’ end of the primers, there should be a 

purine nucleotide, G or C. Designed primers’ melting temperatures (Tm) should be 

between 50-64 °C and the difference between paired primers should not exceed 5 

°C. In addition, the primers should not have no potency to develop neither a dimer 

nor a hairpin (75). 

For a RACE PCR experiment, primers need to have different features. RACE 

primers should be 23-28 bp in size, have 50-70% GC content and 65-70 °C Tm. 

Specifically, RACE primers should not be complementary to 3’ end primers which are 

provided with the kit as UPM and Short UPM. A specific code script developed in 

MATLAB environment were used to generate the primers from the target sequence.  

3.5.2. Procedures for Polymerase Chain Reactions 
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Throughout of the study, three type of PCR kits were used depending on the 

amplicon size. All the steps prior to PCR were done on cooled block. 

For producing the sequences less than 2.5 kbp, OneTaq Quick-Load DNA 

polymerase Kit (NEB_M0509L) was used. Reaction mixtures and conditions of 

thermal cycler were given in Table 3.8 and 3.9. 

Table 3.8. OneTaq Quick-Load DNA Polymerase’s Reaction mixture. 

 Volume (μl) 

Nuclease-free dH2O 7.5 

OneTaq Quick-Load 2X Master Mix 

with Standard Buffer 

12.5 

10 μM Forward Primer  2 

10 μM Reverse Primer  2 

Template DNA 1 

Total volume 25 

Table 3.9. OneTaq Quick-Load DNA Polymerase’s Conditions of Thermal Cycler. 

Steps Temperature Duration 

Initial denaturation 95 °C 2 minutes 

40 cycles Denaturation 95 °C 20 seconds 

Annealing 55 – 65 °C 20 seconds 

Extension 68 °C 1 minute/kbp 

Final extension 68 °C 5 minutes 

In order to amplify sequences up to 12 kbp, Platinum SuperFi II Green PCR 

Master Mix (Thermo Fisher_12369010) was used. SuperFi II DNA polymerase is a 

high-fidelity and universal primer annealing enzyme. Reaction mixtures and 

conditions of thermal cycler were given in Table 3.10 and 3.11.  

Table 3.10. Reaction mix for Platinum SuperFi II  DNA Polymerase. 

 Volume (μl) 

Nuclease-free dH2O 19 
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2X Platinum SuperFi II PCR Master Mix 25 

Forward Primer (10 μM) 2.5 

Reverse Primer (10 μM) 2.5 

Template 1 

Total volume 50 

Table 3.1. Conditions of Thermal Cycling for Platinum SuperFi II  DNA Polymerase. 

Steps Temperature Duration 

Initial Denaturation 98 °C 30 seconds 

30 cycles Denaturation 98 °C 20 seconds 

Annealing 60 °C 10 seconds 

Extension 72 °C 1 minute/kbp 

Final extension 72 °C 5 minutes 

Hold 4 °C  

For amplifying sequences that uncovers 5’ and 3’ ends, RACE experiments by 

using SeqAmp DNA polymerase (Takara) were conducted. Reaction mixtures and 

conditions of thermal cycler were given in Table 3.12, 3.13 and 3.14 are suitable for 

both 5’ or 3’ RACE experiment. 

Table 3.2. SeqAmp PCR Master Mixture. 

 Volume (μl) 

PCR-Grade dH2O 15.5 

2X SeqAmp Buffer  25 

SeqAmp DNA Polymerase  1 

Total volume 41.5 

Table 3.3. Reaction mixture for 5’- and 3’-RACE reactions. 

 Volume (μl) 

5’-/3’-RACE-Ready cDNA 2.5 

10X UPM 5 

5’/3’ Gene Specific Primer 1 
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SeqAmp PCR Master Mixture 41.5 

Total volume 50 

Table 3.4. Conditions of Thermal Cycling for SeqAmp DNA Polymerase. 

Steps Temperature Duration 

Initial Denaturation 94 °C 2 minutes 

25 cycles 94 °C 30 seconds 

68 °C 30 seconds 

72 °C 1 minute/kbp 

Hold 4 °C  

3.6. Gel Electrophoresis of PCR Products 

Agarose gel electrophoresis (Elite 200 Wealtec) was used to examine the 

products of PCR experiments.  

1 gram of Agarose (Sigma A9539) and 100ml of 1X TBE Buffer were mixed, the 

solution was heated in a microwave oven until dissolution was completed. Gel casting 

tray was built while waiting the cooling process of the solution. 3 µl of Ethidium 

Bromide (10 mg/ml_SNP BiyoTeknoloji) was added to solution and then the mixture 

was poured into the gel casting tray. After the agarose was solidified, gel was 

transferred into electrophoresis tank (Cleaver Scientific) filled with 1X TBE buffer. In 

the loading part of DNA products into wells of gel, 6X Gel Loading Dye (NEB) were 

mixed with the products. In order to examine the length of the DNA products, 100 bp 

or 1 kbp Ladders (NEB) were also transferred into wells. Agarose gel was exposed to 

electric field with potential of 90-100 mV for 45-60 minutes. For observing the 

separated DNA products, gel was placed under UV light of (Alphamager EC device, 

Protein Simple). With the help of the AlphaImager EC software on the PC, screenshots 

of the gel electrophoresis result were saved.  

3.7. Gel Extraction and PCR Product Purification 

In order to use the PCR products in downstream steps, purification of the 

sample or extracting from the agarose gel was needed. After the examination of the 
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gel under the UV light, if the interested lane of the gel had some non-specific bands 

together with the expected band, then the expected band was removed manually 

from gel and purified by using Monarch DNA Gel Extraction Kit (NEB). When the 

product examined under UV has single band without any contaminant non-specific 

bands, then the PCR product was directly purified by using Monarch PCR&DNA 

Cleanup Kit (NEB). After the purification, the DNA samples’ concentrations were 

measured by Qubit dsDNA High Sensitivity Assay Kit (Thermo Fisher) and samples 

were stored at -20 °C for further experiments.  

3.8. Sequencing the Products 

In this study, two methods of sequencing were utilized. If the purified DNA 

samples was up to 450 bp, then Sanger Sequencing approach was used. In this 

method, BigDye Terminator Cycle Sequencing Kit was used. The mixture given in 

Table 3.15 was prepared, conditions of thermal cycle given in Table 3.16 has been 

applied.  

Table 3.15. The mixture for BigDye Terminator Cycle Sequencing Kit. 

 Volume (μl) 

dH2O 5.4 

BigDye Reaction Mixture 3 

Forward or Reverse Primer (10mM) 0.6 

Purified DNA Samples 1 

Total volume 10 

Table 3.16. Conditions of Thermal Cycling for BigDye Terminator Cycle Sequencing 
Kit. 

Steps Temperature Duration 

50 cycles 95 °C 20 seconds 

55 °C 25 seconds 

60 °C 4 minutes 
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When the reaction was done, products were analyzed by using a capillary 

electrophoresis system (ABI 3130 Applied Biosystems). The electropherogram results 

was examined by using SnapGene Wiever (GSL Biotech LLC). 

For larger sequences, a Next Generation Sequencing (NGS) technology was 

used. Following fragmenting and tagging of DNA samples with Nextera XT DNA 

Library Preparation Kit (Illumina), samples were sequenced in Illumina Miseq 

platform and the results were examined in DNASTAR Software’s de novo assembly 

pathways. 

The de novo assembly calculated a scaffold with contigs. In MATLAB platform 

(76), contigs were aligned to the reference sequence where the primers were 

designed and the contigs with the best alignment score were chosen for correcting 

or extending the reference sequence. Selected contigs and extended reference 

sequence were submitted to the NCBI BLAST platform (77) for annotation. Moreover, 

the extended reference sequence was scanned in Conserved Domains Database (78) 

for identification of the functional regions of sequence. The phylogenetic tree has 

been constructed in MATLAB environment where distances were calculated by using 

Jukes-Cantor method 

3.9. Isolation of a1Ic-HE3-pcDNA3 plasmid 

Bacterial stab containing plasmid a1Ic-HE3-pcDNA3, a gift from Edward Perez-

Reyes’ Lab (Addgene plasmid #45810), was spread onto an agar plate by using a 

sterile inoculating loop. After overnight incubation, single colonies were inoculated 

in LB (Ampicillin, 100 μg/mL). In order to check the size, plasmid was linearized with 

SfiI (Thermo Fischer Scientific) restriction enzyme. The plasmid DNA was purified by 

using HiSpeed Plasmid Maxi Kit (Qiagen) and the DNA concentration was measured 

by using Qubit DNA High Sensitive Assay Kit (Thermo Fisher Scientific). 

3.10. Synthesis of cRNA 

Plasmid DNA was linearized at 37 °C overnight in the reaction mixture given 

at Table 3.17.  
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Table 3.17. Reaction Mixture for Linearization. 

 Volume (µl) 

dH20 2 

Plasmid DNA (<1 µg) 3 

Buffer CutSMART 5 

Restriction Enzyme 1 

Total volume 10 

 

For the recovery of the linearized DNA, 0.5 µl 0.5 M EDTA, 1 µl 3M Na-Acetate 

and 20 µl of ethanol were added to the DNA product. After incubation at -20 °C for 1 

hour and centrifugation at top speed for 15 minutes, supernatant was removed and 

the DNA pellet was resuspended with dH2O.  

The mMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher Scientific) 

was used for capped cRNA synthesis. Mixture given in Table 3.18 was incubated with 

DNA product at 37 °C for 2 hours. 1 µl of TURBO RNase free DNase (Thermo Fisher 

Scientific) was added and the mixture was incubated at 37 °C for 15 minutes. 

Table 3.18. RNA synthesis mixture. 

 Volume (µl) 

2xNTP/CAP 10 

10xBuffer 2 

Plasmid DNA  2 

dH20 3 

Enzyme Mix 2 

Total 20 

30 µl of RNase free water and 30 µl of 7.5 M LiCl were added to the mixture 

and then the mixture was kept at -20 °C for 30 minutes and centrifuged at top speed 

at 4 °C for 15 minutes. After removing the supernatant, RNA pellet was cleaned with 

70% ethanol and resuspended with RNase free water. Concentrations of the RNA 

product was measured by using Qubit RNA High Sensitive Assay Kit (Thermo Fisher 
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Scientific) and cRNA products were aliquoted and stored at -80 °C for downstream 

experiments.  

3.11. Harvesting and Defollunication of Oocytes 

After the anesthetizing of Xenopus laevis frogs in the solution of 1 g/L MS-222 

(Sigma) at 19 °C for 30 minutes, harvested oocytes were kept in Barth’s solution 

prepared with 88 mM NaCl, 2.4 mM NaHCO3, 1 mM KCl, 0.33 mM Ca (NO3)2 * 4 H20, 

0.41 mM CaCl2 * 2 H2O, 0.82 mM MgSO4 * 7 H2O, 5 mM Tris HCl for pH 7.4.  After the 

operation of frogs for harvesting oocytes, they kept in isolation. After 2 weeks the 

sutures were removed.  

In order to remove the layer of follicles around the oocytes, 1.5 mg/ml 

Collagenase was mixed with calcium-free Barth’s solution. Oocytes were incubated 

at 22 °C for 2 hours with shaking. After selecting the stage IV oocytes under 

microscope, they were kept in Barth’s solution. 

3.12. Transferring cRNA into Selected Oocytes 

Micropipettes, used for injection, were prepared by using Pipette Puller 

(Sutter P-1000, USA and Narishige PC-100, Japan). Pipettes were filled with diluted 

cRNA products and were inserted into oocytes with care under microscope. The 

injection was done by using pressure pulses from a pneumatic micro pump (Pico 

Spitzer, USA). The injected oocytes kept in 19 °C for a day at least before the 

downstream experiments. 

3.13. Electrophysiology and Data Analysis 

 Visually selected oocytes were transferred into a recording chamber 

perfused with a physiological saline (Barth’s). Membrane currents of the cRNA 

injected and WT oocytes were recorded with two electrode voltage clamp method 

(81). Glass pipettes with 1.5 mm outer and 1.17 mm inner diameter were pulled in a 

Pipette Puller.  Potential recording electrodes had a resistance of 3-5 MΩ and current 

injecting electrode had a resistance of 1-1.5 MΩ.  Both of the electrodes were filled 

with 3M KCl solution and an Ag-AgCl electrode placed in the bathing medium was 
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used as reference. Recordings were analyzed and compared between the test and 

control groups.  

3.14. SWISS-MODEL and Docking in AutoDock 

The nucleic acid sequence of the CDS region was translated to amino acid 

sequence and submitted to Swiss-Model platform (Biozentrum University of Basel, 

Switzerland) for three-dimensional structure calculations [82]. The relevancy of the 

calculations was evaluated by using the obtained GMQE=0.5 and QMEANDisCo 

Global=0.65±0.05 values. VMD software was used to view and analyze the calculated 

3D structure [83].  

Interactions between ligand and the channel were investigated in docking 

simulations, performed by using AutoDock 4.2.6. AutoGrid program.  A grid map in a 

defined volume of 126 x 98 x 126 xyz points was used in the calculations. Grid spacing 

was set to 0.375 Å and grid center was designated at dimensions (x, y, and z): 156.162, 

168.813 and 161.227. The grid space was chosen as to include the binding site and 

the selectivity filter of the protein. For each complex 1000 docking experiments were 

performed using the Lamarckian genetic algorithm with the default parameters 

except “maximum number for evals” which is set to “long”. During the docking 

procedure, both the protein and ligands are considered as rigid. The results less than 

2.0 Å in positional root-mean-square deviation (RMSD) was clustered together and 

represented by the result with the most favorable free energy of binding and the 

highest number of conformations. 
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4. RESULTS 

 In the present an mRNA coding a putative calcium channel has been de novo 

cloned. A collection of 15 mRNA sequences from closely related species has been 

aligned to define a conserved sequence for primer design (Table 4.1).  

Table 4.1. L-type Voltage-gated Calcium Channel mRNA sequences of closely related 
species for obtaining consensus sequence. 

 Astacus astacus  

 Contig# Annotation 

1 GEDF01015270.1 voltage-dependent calcium channel type D subunit alpha-1 

2 GEDF01017322.1 calcium release-activated calcium channel 1 isoform X3 

3 GEDF01017323.1 calcium release-activated calcium channel 1 isoform X3 

4 GEDF01017324.1 calcium release-activated calcium channel 1 isoform X3 

5 GEDF01017325.1 calcium release-activated calcium channel 1 isoform X3 

6 GEDF01023835.1 two pore calcium channel 1 isoform X1 

7 GEDF01023836.1 two pore calcium channel 1 

8 GEDF01023837.1 two pore calcium channel 1 

9 GEDF01036364.1 voltage-dependent calcium channel subunit alpha-2 delta-1-like 

isoform X3 

 Cancer borealis 

10 JN809809 L-type high-voltage-activated (HVA) calcium 

11 JN809808 P/Q-N high-voltage-activated (HVA) calcium  

12 JN809810 T-type low-voltage-activated (LVA) calcium  

 Homarus americanus 

13 KU702651 L-type high-voltage-activated (HVA) calcium 

14 KU702650 P/Q-N high-voltage-activated (HVA) calcium  

15 KU702652 T-type low-voltage-activated (LVA) calcium  

 In a previous study, transcriptome drafts for muscle and ganglia tissue were 

constructed. The consensus/reference sequence were aligned to each one of the 

transcripts in the transcriptome libraries. The maximum alignment score was with 

the contig #74313 in Muscle. This contig were examined in NCBI Blast platform and 

had good alignment with voltage-gated Calcium channel sequences of closely related 
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species. Aforementioned reference sequence was changed from consensus sequence 

to contig #74313. Primers given in Table 4.2 were designed on the reference 

sequence.  

Table 4.2. Primers used in the first successful PCR. 

Name of the Primer Sequence 5’→3’ 

CavLk1_R1’ TTCTTCGTGGTGCTGTTTACATGTG 

CavLk1_F1’ GGTTCGATGTGAAGGCCCTAAGAGC                    

 Primers were used in PCR experiments. PCR with muscle template was 

successful and produced approximately 600 bp band (Figure 4.1). The band was 

extracted from the gel and purified then sequenced by Sanger Sequencing method. 

Obtained sequence was 416 bp long and were aligned on NCBI Blast. The maximum 

alignment score was with “Homerus americanus voltage-dependent L-type Calcium 

channel alpha-1 subunit mRNA” and this result confirmed the partial Sanger 

Sequence that the fragment should belong to a voltage-gated calcium channel mRNA. 

 

Figure 4.1. Image of Gel electrophoresis: Lane 1: 100 bp Ladder. Lane2: CavLk1-
F1’/R1’ PCR product. (Template: Muscle). Lane 3: reference (Template: Muscle). Lane 
4: Empty Lane. Lane 5: CavLk1-F1’/R1’(Template Ganglion). Lane 6: reference 
(Template Ganglion). 

 RACE primers given in Table 4.3 were designed from the partial Sanger 

Sequence to reveal the 5’ and 3’ regions. Prior to the RACE PCR experiment, the 

primers were paired appropriately with each other and their efficiencies were tested. 
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TB8F’/TB5’R pairs was successful. The PCR product was Sanger sequenced. It was 

observed the sequence matched with the reference sequence.  

Table 4.3. Primers used in the first RACE_PCR Experiment. 

Name of the Primer Sequence 5’→3’ 

TB1R’ GCTTCCAAGGCTACTTTGTATCACTG 

TB1F’ CAGTGATACAAAGTAGCCTTGGAAGC 

TB2F’ GTGATACAAAGTAGCCTTGGAAGCCT 

TB3R’ CAGTTTAGGCTTCCAAGGCTACTTTG 

TB4R’ CTTGTCTTCCTAAACACCGCAGTCTT 

TB5R’ CTGGCTCATTATTGTCCTTGTCTTCC 

TB6F’ GGAAGACAAGGACAATAATGAGCCAG 

TB6R’ GGAGATGACAAGAAGGAAACAGATGC 

TB7F’ GCATCTGTTTCCTTCTTGTCATCTCC 

TB7R' GGAAGGAGATGACAAGAAGGAAACAG 

TB8F’ CTGTTTCCTTCTTGTCATCTCCTTCC 

TB8R’ GAGATGGAAGGAGATGACAAGAAGGA 

TB9R’ GAGGAGGATTTGAGAGGTTATCTGGA 

 The first part of 3’ RACE PCR experiment was held with TB4R’ on SMARTer 

Muscle template. In the second part of the 3’RACE PCR experiment (nested RACE 

PCR), the product of the first RACE PCR were diluted and used as template with TB5R’. 

The product of nested RACE PCR shown in Figure 4.2 was sequenced by Illumina 

Miseq Platform. 
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Figure 4.2.  Image of Gel electrophoresis: Lane 1: Product of the First RACE PCR with 
TB5R’. Lane 2: Product of nested RACE PCR with TB4R’. Lane 3: 1kbp Ladder. 

 The sequence obtained from the de novo assembly of 3’ RACE PCR product 

was named as Fragment-1 (Figure 4.8) and was aligned well with Homerus 

americanus’ L-type calcium channel sequence in the 5’ region. Therefore, primers 

given in Table 4.4 were designed from Fragment-1 and Homerus americanus calcium 

channel sequence. 

Table 4.4. Primers from Fragment-1. 

Name of the Primer Sequence 5’→3’ 

CaV22L1f GATTATTCTGGGTGCCTTCTTCGTC 

CaV22L2f GATTCTTGGTGTCCTCAGTGGAGAG 

CaV22L3f GAGGAGGATTTGAGAGGTTATCTGG 

CaVhaL1r ATGAACTGGACCAACATCTTCCGTG 

CaVhaL2r TCACAGTGTTGGCAGAGTCTTTGTC 

 The primers were paired with each other and PCR experiments were done. 

Successful PCR product was obtained with the pair of CaV22L3f and CaVhaL1r (Figure 

4.3).  
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Figure 4.3.  Image of Gel electrophoresis: Lane 1: 1 kbp Ladder. Lane 2: The product 
of PCR with CaV22L3f and CaVhaL1r. 

 The product was sequenced by Illumina Miseq platform and the resulted 

sequence of de novo assembly in DNASTAR was approximately 2 kbp and was named 

as Fragment-2 (Figure 4.8). Fragment-2 had overlapping region with Fragment-1 and 

extended the Fragment-1 to the 3’ end. This extension of sequence was approved by 

aligning with Homerus americanus L-type calcium channel sequence. Primers given 

in Table 4.5 were designed from the sequence of Fragment-2.  

Table 4.5. Primers from Fragment-2. 

Name of the Primer Sequence 5’→3’ 

CaVm31L1f ATGGATGATGGTGACGATGGACAG 

CaVm31L2f ATTATGGTGATGATGACCTCGGTG 

CaVm31L1r ATGAAGCCATATGACACAACTTTCAGG 

CaVm31L2r TGACATTACTGAAGAGACTGTGGTTGC 

 Although pairs of the primers in Table 4.5 were successful in PCR 

experiments, they failed to produce any products in RACE PCR experiments. In order 

to solve this problem, a different approach was used. The amino acid sequence of 

Fragment-2 was obtained in MATLAB platform and used in BLAST for Proteins in NCBI. 

The alignment with maximum score was with amino acid sequence of Scylla 

paramamosain’s L-type voltage-gated calcium channel.  
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 In the result of the literature search, four repeat of amino acid motifs given 

in Table 4.6 related to ion selectivity were found (41). While 1st and 2nd repeat motifs 

were detected on Fragment-2, 3rd and 4th repeat motifs were found on the sequence 

of Scylla paramamosain’s L-type voltage-gated calcium channel and from that 

sequence’s repeat motif regions, degenerate primers given in Table 4.7 were 

designed. 

Table 4.6. Repeat motifs related to ion selectivity. 

1st Repeat Motif  QCITMEGWTDMMY 

2nd Repeat Motif QILTGEDWNVVMY 

3rd Repeat Motif TVSTFEGWPGLLY 

4th Repeat Motif RSATGEAWQEIML 

Table 4.7. Degenerate primers from 3rd and 4th repeat motifs of Scylla 
paramamosain’s L-type CaV. 

Name of the Primers Sequence 5’→3’ 

CaVaaR3f1 WSIACNTTYGARGGNTGGGG 

CaVaaR3r1 CCCCANCCYGCRAANGTISW 

CaVaaR4f1 GCNACNGGNGARGCNTGGCA 

CaVaaR4r1 TGCCANGCYTCNCCNGTNGC 

 The primers were paired with each other for PCR experiments. Successful 

product from the PCR with the pairs of CaVm31L1f and CaVaaR4r1 was extracted 

from the gel and sequenced by Illumina Miseq Platform. The obtained sequence after 

de novo assembly in DNASTAR was approximately 1,5 kbp and named as Fragment-3 

(Figure 4.8) Fragment-3 had overlapping region with Fragment-2 and extended the 

Fragment-2 to the 3’ end. Fragment-3 was controlled by doing PC experiment with 

primers CaVm31L1r and CaVMMTf1 (a primer designed from Fragment-3). The result 

of the control PCR was successful. 

 In order to reveal further parts of 3’ end of the sequence, primers given in 

Table 4.8 were designed from Fragment-3. Although CaVm31L1f/CaVm31fR4r2, 
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CaVm31R4f1/CaVm31R4r2 and CaVm31R4f2/CaVm31fR4r3 pairs were successful in 

PCR experiments, they failed to produce any products in RACE PCR experiments. 

Table 4.8. Primers from Fragment-3. 

Name of the Primers Sequence 5’→3' 

CaVm31fR4f1 AGCAATTTCGGTGGTGAAGATCCTC 

CaVm31fR4f2 GGCCTTCAGATTCAAGTATTACTTTGG 

CaVm31fR4r1 AAGCACACGGAGGATCTTCACCAC 

CaVm31fR4r2 TTCAGCATGATGAGGACAAAGATGG 

CaVm31fR4r3 GAACAAACGGAAGAAGTTGATGGAG 

 In order to improve specificity of the primers we focused onto the voltage 

sensor sequences, common in most calcium channel sequences (79). These repeat 

sequences were given in Table 4.9. In addition to voltage sensor sequences GPHH and 

IQ conserved domains were used for primer design (80).  

Table 4.9. Repeat sequences related voltage sensor. 

1st Repeat Motif  KALRAFRVLR 

2nd Repeat Motif RLLRVFKVTK 

3rd Repeat Motif VKILRVLR 

4th Repeat Motif FFRLFRVMRLVKLLS 

 Primers given in Table 4.10 were designed from the repeat sequences and 

two conserves domain regions’ sequence.  The pairs of CaVm31R4f4 and 

CaVm31R4f5 with CaVspR4r1 were successful in control PCR experiments, 

CaVm31R4f4 and CaVm31R4f5 were used in nested RACE PCR experiments which had 

a weak band (Figure 4.4).  

Table 4.10. Primers from voltage sensor’s repeat motifs and conserved domains. 

Name of the Primers Sequence 5’→3' 

CaVmotf2 CTTCTTCCGTCTGTTTCGTGTGATG 

CaVm31fR4f3 CTCCATCAACTTCTTCCGTTTGTTC 

CaVm31R4f4 GGGCTCTAACCTCTTCTCCATCAAC 
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CaVm31R4f5 ACCTCTTCTCCATCAACTTCTTCCG 

CaVspR4r1 CATGATCTCCTGCCACGCCTCAC  

CaVgphhf1 AAGCACCTTGATGTGGTCACTCTTC 

CaVgphhr1 GAGAAGAGTGACCACATCAAGGTGC 

CaViqr1 CTGGATGAGGAAGGTTGCGTAGAAC 

CaViqr2 GATGTTCTAACCAACGCAAAGAGCG 

 

Figure 4.4.  Image of Gel electrophoresis: Lane 1: 1 kbp Ladder. Lane 2: The product 
of RACE PCR with CaVm31R4f4. Lane 3: The product of nested RACE PCR with 
CaVm31R4f5. 

 The DNA product in that weak band was extracted from agarose gel and 

sequenced by Illumina Miseq Platform. The obtained sequence after de novo 

assembly in DNASTAR was approximately 1 kbp and named as Fragment-4 (Figure 

4.8). Fragment-4 had overlapping region with Fragment-3 and extended the 

Fragment-3 to the 3’ end. Primers given in Table 4.11 were designed from Fragment-

4.  
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Table 4.11. Primers from Fragment-4. 

Name of the Primers Sequence 5’→3' 

CaVMCf1 TAGATCAGCAACAGGTGAGGCATGG 

CaVMCf2 TGGACAACTTTGACTACCTGACACG 

CaVMCf3 GCCAGTTGGAGTTGAAGATGATGTC 

CaVMCr1 AATGTCATCATCACGCATTTCATCC 

 The primers were paired appropriately with each other and their 

efficiencies were tested. After the test, in nested RACE PCR experiment with CaVMCf1 

and CaVMCf2, a successful band was obtained (Figure 4.5).  

 

Figure 4.5.  Image of Gel electrophoresis: Lane 1: The product of nested RACE PCR 
with CaVmCf2. Lane 2: The product of nested RACE PCR with CaVmCf3. Lane 3: 1 kbp 
Ladder. The image in Right: The extraction of the band from the gel. 

 The product of the band was extracted and sequenced by Illumina Miseq 

Platform. The obtained sequence after de novo assembly in DNASTAR was 

approximately 2 kbp and named as Fragment-5 (Figure 4.8). Fragment-5 had 

overlapping region with Fragment-4 and extended the Fragment-4 to the 3’ end.  

 After obtaining Fragment-5, ORF sequence of the voltage-gated Calcium 

channel’s gene was completed in 3’end. This information was confirmed by an 

analysis in NCBI Blast and Conserved Domains Database. In order to reveal 5’end to 

complete the full mRNA sequence, primers given in Table 4.12 were designed for final 

RACE PCR experiments. 
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Table 4.12. Primers for final RACE PCR experiments. 

Name of the Primers Sequence 5’→3' 

CaV5raceR2 TGCCTTCCTCCTCCTCAGCATCTCCAAG 

Cav3raceF AGAGAGTCACGGGACCCATCCAGACAAC 

 RACE PCR reactions for revealing 5’ end was performed with CaV5raceR2 

and had a successful band in electrophoresis gel image (Figure 4.6). This band was 

extracted from the gel and sequenced by Illumina Miseq platform. 

 

Figure 4.6.  Image of Gel electrophoresis: Lane 1: 1 kbp Ladder. Lane 2: The product 
of RACE PCR with CaV5raceR2. The image in Right: The extraction of the band from 
the gel. 

 The obtained transcript from de novo assembly, extended the ORF sequence 

with a “ATG=Methionine” start codon (Figure 4.7). This extension of the ORF was 

controlled with results of PCR experiments and Sanger Sequencing. 

 RACE PCR experiment in 3’end was done with CaV3raceF (Figure 4.7). The 

band of interest was extracted and sequenced by Illumina Miseq Sequence platform. 
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Figure 4.7.  Image of Gel electrophoresis: Lane 1: 1 kbp Ladder. Lane 2: The product 
of RACE PCR with CaV3raceF. The image in Right: The extraction of the band from the 
gel. 

 Obtained sequence from RACE PCR experiment for 3’ end didn’t extend the 

ORF sequence further, but extended the UTR (UnTranslated Region) sequence in 3’ 

end (Figure 4.8).  

 

Figure 4.8. Map of the complete sequence (black) with ORF (orange). Alignment of 
the fragments (grey). 

The complete sequence of Astacus Leptodactylus’ L-type voltage-gated 

Calcium channel, given in Figure 4.9 the ORF of this gene was shown in bold 

characters. 

GGGGGTAGTCGTCGTCAGGCGAGTGTGGCTGGCCGGCGAGGCTGAGCTGTCTCCAGCCGCCCGAGGGAAGG
AACGGAGAGGGTGGCGGTGGAGAAAGGGTCTGTTGCCGGGTTTTACAGTGAGGTGTGAGCTCAAGGGACGC
GAGTGGTGTCCAACCCGCTCTCAAGGGGCACCCAGGCCTCTAGTTCTGGCCCGCGCGCTTGTGATAGGGGAA
TTGGAATCCTTTTGACACCCCTCAATCGCATATCTTAAGGTACAGTGAATCGGTGAATGGAAAGATATAAAGTT
TGTAGAGTGTTATGATCCGTGGAGAGAAATATCAGTGAAGCTCATGATAGAGGGATTATTGTGTCCCTGTGAA
TACATTTTGTAAGAAGAAATTCGAGGCGCCGACGCCCAAGACGTACAACACCGGTGACCAAGGAGACGACGC
CGACGCCCAAGACGTACAACACCGGTGACCGAGGAGACGACGCCGACGCCCCTAAGACGACCCGGGAGCTTT
AATTCGTCACCAAGATGCCTGCGCAAAAATTCCGGGCTCGGATAAAAGGAGCAAAGTATAACCCGGAAACA
GACCCAGCAATGAAGGACGAATTCGGCGAATACTTCACGAAAGCCGCATCGGAGGAGGAAGAGACCCAAG
TTCAAGACGCGATTAACTATGGGGCGTTCTCAATAGCCCAAGGTCTTTGTGAAGGTGGAGAGGTCGGGGCG
TCGCTGGGGTCAGCCTCAGGGGGAGGAGAGAAGCCCTTGTCGTCGGCGTGGCAGGCAGCACTGAGTGGGG
CCACCTCCATGTCGCAGGGCCAGGTACCCAACAACGCTACGGACGCTCCCGCGCACGAGCGGAAGCGGCCG
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CCCCCCCGCCGGCCCGTGGGCAAGCCTCCAGAGAACCGGCCAGCTCGTGCACTCTTCTGCCTGGGCCTCAAG
AACCCGCTCAGGAAGGTCTGCATAGACGTGGTAGAATGGAAACCGTTCGAGTGGTTTATCTTATTTACCATC
TTCGCCAACTGCGTGGCGTTGGCCGTCTACACGCCCTACCCAAACTCAGACTCCAACGCCACAAATGCACAAT
TAGAACAAATTGAGATCATCTTCATGGTGATCTTCACTCTTGAGTGCTTTATGAAGATCATAGCATACGGGTT
TGTCCTCCATCCAGGAGCTTATATAAGAAGTGTATGGAATACTTTAGATTTCCTCATTGTTGTCATAGGGTTG
GTGAGCGGGGCATTGGACTTCTTAATGCAAGGGGAGGGAGGGGAGGCAGGGTTCGATGTGAAGGCCCTA
AGAGCCTTCAGAGTCCTGCGTCCCCTCAGACTTGTCTCTGGTGTTCCAAGTCTCCAGGTGGTTTTGAACTCTAT
TCTGAAGGCTATGGTCCCACTGCTCAACATTGCTCTTCTTGTTATGTTTGTCATCATCATCTATGCCATCATTG
GTCTGGAGCTTTTCTCCGGTGCACTTCATTTCACATGCTATAATAATGAAACAGGGAATCGAATGGAGTCGC
CTCATCCATGTGACAATGGTACAGCAGGTTTTAACTGCTCGGAACTCAACAAAGAAGGTCAATTTTGGGTGT
GCCGAGATGGCTGGGAAGGACCCAATTATGGCATTACAAACTTTGATAATTTTGGCCTCGCAATGCTTACAG
TTTTCCAGTGCATCACCATGGAAGGCTGGACAGATATGATGTATTATATTGCAGATGCCATGGGCAACAGTT
GGCAATGGATCTTCTTTGTTTCTATGATTATTCTGGGTGCCTTCTTCGTCATGAATCTGATTCTTGGTGTCCTC
AGTGGAGAGTTCTCCAAAGAGAGAGAAAAGGCACAGGCACGAGGAGACTTCATGAAATTGAGGAAAAAA
CAGCAAATTGAGGAGGATTTGAGAGGTTATCTGGAATGGATAACAGCAGCTGAAGATATTGAGATGGAAG
GAGATGACAAGAAGGAAACAGATGACGGGCGCCGTTTAGTACTGCCGGGAACAAGCAACCGTGGAGCCAT
GTCGGTGGCCTCCCCAACTTCCCTTCTGCTCTTCTTGCCCCTCTTCTCTATGCGTAACTCTAAAGCTGTAGAGAT
TGATGCTGATAAAGGTGATGACAATGATGATGCACAACAGCCGTCATGGTGGCAGAGAAAGAAAAAAGGA
TTTGACCGAATTAATCGGAGAGCGAGGCGGGCGTGTCGCAAGGCGGTTAAATCTCAAGCTTTTTACTGGCTC
ATTATTGTCCTTGTCTTCCTAAACACCGCAGTCTTGGCCAGTGAGCACTACCGCCAGCCTGACTGGCTCAGTC
AGTTCCAAGATTATACAAATCTTTTCTTCGTGGTGCTGTTTACATGTGAAATGTTGTTAAAAATGTACAGTTT
AGGCTTCCAAGGCTACTTTGTATCACTGTTCAACCGTTTTGATTGCTTTGTGGTTATCAGTAGTATCACTGAG
GTGGTACTCACCTCTACCGAAATAATGCCGCCCCTTGGAGTCTCTGTGCTCCGTTGTGTCAGGCTTCTCAGAG
TCTTCAAAGTTACAAAATACTGGCGGTCGCTCTCCAACCTGGTTGCTTCCCTCCTCAACTCCATCCAGTCGATC
GCCTCTTTGCTGCTCCTGCTCTTCCTCTTTATTATTATCTTTGCTCTCCTGGGCATGCAAGTCTTCGGTGGCCGC
TTTAATTTTAATCCGACTGAAGATAAACCACGTCATAACTTTGACAACTTCGTTCAGGCCATGTTGACAGTGT
TCCAGATCTTGACGGGTGAGGACTGGAACGTTGTGATGTATGATGGAATTCGTGCCTATGGTGGAGTAGCA
ACTCCTGGCATCATTGCCTGTGTCTACTTCATCATTCTTTTCATCTGTGGTAACTATATCTTGCTCAATGTCTTC
TTGGCCATTGCTGTGGATAACCTGGCTGATGCAGATGCACTTGGAGATGCTGAGGAGGAGGAAGGCAAAG
AAGGGGAAGAGGGTAGAGAAGGAGATGGGGGTGAAGGAGAGAGAGAGAAAATTAAAATGGAAGGGGA
AGATGGCTTAGAAGCAGAGGAAAAGACTGCATTGAATCATATAGCTTTAAGAGACGGAGAGACAGCAAGT
CATACCAAAGTACATCTAGGGATGGATGATGGTGACGATGGACAGAAATATGATGATGATGATTATGGTG
ATGATGACCTCGGTGAAGAAGAAGAGGATGATGGTGATGGAGAGGAGCGCCCACAAGGAATGCGGCCAC
GCCGTGCCTCGCAACTTAGTACTGCCAACAAAGTCAAGCCTTTGCCCCCGTACTCCAGCTTTTTTATTTTCTCC
CACACAAACAGGTTCCGTGTTTTCTGCCATACTGTGTGCAACCACAGTCTCTTCAGTAATGTCATTCTTGTCTG
CATTCTCATCTCATCTGGCATGTTGGCTGCTGAGGATCCTCTTCGCTCTGACTCTCAACGCAATACTATCTTGA
ACTACTTTGACATCTTCTTCACATCAGTGTTTACAGTTGAAATCTTCCTGAAAGTTGTGTCATATGGCTTCATC
TTGCATAAAGGCGCCTTCCTTCGTTCTGCCTTCAACGGCTTAGATCTGTTGGTTGTGGCCGTTTCTCTCATCTC
ATTTTCTTTCAAGGATGGAGCAATTTCGGTGGTGAAGATCCTCCGTGTGCTTCGTGTCCTCAGGCCTCTCCGT
GCAATCAACAGGGCAAAGGGCCTCAAGCATGTAGTTCAGTGCGTCATAGTGGCTATCAAGACCATCGGCAA
CATCATGCTGGTTACCTGCCTTCTTGAGTTCATGTTTGCAGTAATCGGAGTTCAGTTGTTCAAGGGCAAGTTC
TTCCGCTGTAACGACAGGTCCAAAATCTTGGAGTCAGATTGTAGGGGTCAATTTATTGTCTACCATGATGGA
GATATTACCAAGCCTATGGTGGAGAAGAGAGTCTGGGAGAAAAATGCCTTTCACTTCGACAATGTAGCCAA
AGCTATGTTGACGCTCTTCACAGTGTCTACATTTGAGGGCTGGCCTGGGTTGTTATATGTGTCCATCGACTCC
AACACTGAAGATGTTGGTCCTGTGCACAACTACCGCCCTATGGTAGCCGTCTACTACATCATTTACATCATCA
TCATTGCCTTCTTCATGGTTAACATCTTCGTTGGTTTTGTTATCGTCACATTCCAGAGCGAGGGTGAACAAGA
GTACAAGAATTGTTGCCTGGATAAAAATCAGAGAAACTGCATAGAATTTGCTCTGAAAGCCAAACCGGTTA
GACGCTATATTCCCAAAAACCGGTTTCAATACAAAATATGGTGGTTTGTTACCTCACAACCATTTGAATACGC
CATCTTTGTCCTCATCATGCTGAACACTGTCTCTTTGGCAATGAAGTTTCGAGGAGAACCAGAGATATACACT
CATGCCCTTGACATTCTCAACCTCATCTTCACGGCTGTCTTTGCTCTTGAATTTGTTCTCAAGATAATGGCCTTC
AGATTCAAGTATTACTTTGGCGATGCCTGGAATGTGTTTGATTTCGTCATTGTCCTTGGCAGCTTCATTGATA
TCGTCTATTCAGAAGTCAATCCGGGCTCTAACCTCTTCTCCATCAACTTCTTCCGTTTGTTCCGTGTGATGCGTT
TGGTGAAGCTTCTCTCCAAAGGTGAAGGTATCCGGACGCTACTGTGGACGTTCATCAAGAGTTTCCAGGCTC
TGCCCTACGTTGCTCTTCTCATCCTCCTCCTCTTCTTCATCTACGGCGTCGTTGGCATGCAGGTTTTTGGCAAGA
TTGCATTTGACTACACAACACAGATTCATCGTCATAACAATTTTCAGACCTTCTTCCAAGCAGTAATGGTTCTC
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TTTAGATCAGCAACAGGTGAGGCATGGCAAGAAATCATGTTGTCGTGTTTACCACCGGATGCTGGCTGTGAT
CCCCAGTCTGAAGACTACCCCAATGCTCGCACCTGTGGCTCAATGGTTGCATATCCTTACTTCATATCCTTCTA
CACCCTATGTTCATTCTTGATCATCAACTTGTTTGTTGCTGTCATCATGGACAACTTTGACTACCTGACACGGG
ATTGGTCTATCCTTGGCCCACATCATCTGGATGAGTTCATCACACTGTGGTCAGAGTATGACCCTGATGCTAA
GGGCAGAATTAAACATTTAGATGTGGTTACTCTTCTCAGGAAAATATCTCCCCCATTGGGATTTGGAAAATT
GTGCCCATATCGTGTAGCGTGTAAACGTTTAGTGGCAATGAATATGCCTTTAAATACAGATGGAACAGTGAT
GTTCAATGCAACACTTTTTGCCTTAGTTAGAACATCCTTAAGAATAAAAACAGAGGGCAACATTGATGATGC
CAATGAAGAGTTGAGAGCTGTCATTAAGAAGATCTGGAAGCGTACAAATCCTAAACTTCTGGATCAAGTTG
TTCCGCCAGTTGGAGTTGAAGATGATGTCACTGTGGGCAAGTTTTATGCCACTTTTCTAATCCAAGATTACTT
CAGAAGATTTAAAAAGAAGAAGCAAGAAATTAAAGAACAAATTGATAAAGACTCTGCTAACACAGTCACA
CTGCAGGCTGGTTTGAGAACTTTGCATGAAGCAGGCCCCGAGCTGAAGCGCGCCATCTCGGGCAATCTGGA
TGAAATGCGTGATGATGACATTCCCACGCATAGGATGGGTAATATCTTGCATCCTGTTATTCTCAAGGTCAA
CAACCAGATTATGAATATGATATCTCCTACAAACTCACTCTCCTACTCTCCTGCACATTCTAATGAGAAGACT
GCACTTAATCACACAGCACATCGGCCTCCTACTCCTCTTGAAAGCTCTCAATCTCTGGGTGAGGACGATGAA
GGGATCCCAATGCGCCCACTTAGGATAATGAACGGGGATCCTGAAAGAAGATCTAATCTAGTAATAAAAGA
CAAACAAATGCAGTATTTGACGCCAGATTATCATGCGACCTCTCTCAGTGAGAGTAATGGAAGCCTTCCAGG
GGACCGCCACTCCCAAAGTGTCCCCAGCAGTCCCAGAAGTGTGTCCAGACCTTATTCTGAGGTTGTGGGCTC
CGCCGAGAGTTTGGTCGGCAGGGTGTTGGCTGATCAGGGTTTGGGGAAATACTGTGATCCTGAATTTGTAC
GTACAACTTCAAGGGAAATTGCAGAGGCCTTGGAAATGACCACAGAGGAAATGGACCGAGCTGCTCACAA
TATTCTCTCTGCTTCCCAACAAGAACTAGCCCCTGAGGATGTCTCTCTTGAGCATTCCCAACGACAAAGAGAG
TCACGGGACCCATCCAGACAACAAAAACAAGATTCATCATATTATGATCACCAATCACCCTTATAGAAATAC
GTAAATTAGAAACCTTCTAATTCTGTTATATGGTGGATCATCAATGTGTCCATTCATCCTCTTCCAACCTCATGA
TTCGTCATGTGTCATTGGAGGCTTTGTGAAGAGGCCTTCTTGAAGATGCTCGTACAAGGGTTATTAAGTGCTCT
GGAAAGAGAACCCCACTTTGGTCCTATGGTCCTGCCCCTCAAGCTGCCTCTGCTCTGTGGATGTTCTTCTATGG
GAGACAGAGAGGGATAACAAAAATAAGATTTTCTAGGGCATCTGTTGAAGGTGGAAGGACAGGATGAGGTA
GTGCTATTCTCCCAAACTTGTGAATAATTTTATACTTGTGAGTATAGTCACGTTCTCATCTTGGAAGGGAATCAC
AAGAGTTTGAACCCTACACTATTCCTATAATGCTGATGAAACTGCATCAGGAAGTATGGCAAAGCCTATTTTTC
ACATACAGCTGTTCATGTGGTAGGGTGAACGAGTCATATTTGTTAGGATCTCGTTGTTTGGTTTGTGTACAAGC
AATTGTTGGTTCACCCAGTGTGGTGAAGTACCCACAGAAGGCTTGATCCCTTGTGTGTGGGTTCTCCTTAACAA
AGGGATTGAGGTATGTGAAATGATGAGCAGATTCTAGTTTCCGAGATGCTTTCAGTAAGATTATTTTTGTAAAT
GTAAAATGAAATCTTACAGGAAGTCTGCTCCAGTTATTAGACAGCATATCTTTCATATATCTTTATCTTTGAGCT
CGCACTTGGAAGTTATCATATCCCTGAATTTTCTGGGGATATTAAAGCAAATGTTATGTCAATTCTCTAAGGTT
AGGTAATTACCTAAGTGTAATTACCTAAGTGTAATTACCTAATTAATTATCTAAGGTGTAAGACAAGTATTGTA
TTCCCTGAATGAGGGTCAAGGCAGATTGTCTACCGTATTCCTTACCAGTAATGGGACGTAGCACTATGCGCAG
ATCATATCTCCCATTATCCTCAGGCTATGAGAACCAGCAAGTGAAATCAATGCTGTATAACCTCTACACATTTG
AGTAGGGGTTAACTTATTTAACCCAAAGTGCCTCTCTCAATTGTGATAATCTGTTGTTATTTCCTCTCAAACAAG
TTTCATTGAAAGGTACTGAAATCACCTCATGTCATCCATAATTTCTTGCAGTTTCTGTCTCTTAGGAATTTGCTTG
TTTTCCTTCAGAGTTCAATTTGATGGTCATTATCATTATTATTAAATATTCTATTGTTTTTATTAATATTTTTATTTT
TGCTTGACCAGAAAAGCTGGCAGGCGGCTCACACTTTTTTTTTTTTTTTTTTTTTTTTTTGGGGGGGGGGGGGG
GGGTGGGGGGGTTTTTTTTTTTTTTGGGAGGGGAGGCAGAATACCCACGTTTTTTAATAAACATTTCGGGCCC
AAAGAAACGGGAGCAAATACCGATTG 

Figure 4.9. The complete sequence of L-type voltage-gated Calcium Channel. 

 GPHH and IQ domains, the segments of ion selectivity, domains of voltage 

sensor and the DHP binding sites were marked on the complete sequence of cloned 

mRNA (Figure 4.10).  
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Figure 4.10. Map Image of complete sequence and fragments of voltage sensor, ion 
selectivity filter, DHP binding sites, IQ and GPHH domain. 

 The complete mRNA sequence was translated to the amino acid sequence. 

The calculated protein sequence was submitted to NCBI Blast platform. It was 

observed that the sequence had high percentage coverage and high score alignments 

with the sequence of voltage-gated calcium channels in closely related species 

(Figure 4.11). 

 

Figure 4.11. The results of the analysis done in NCBI Blast with the gene’s protein 
sequence. 

 When the amino acid sequence was examined on NCBI Conserved Domain 

Database, all the domains for ion transport, GPHH, IQ and C-terminal were observed 

in the sequence (Figure 4.12).  
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Figure 4.12. The results from NCBI Conserved Domain Database Analysis with the 
gene’s amino acid sequence. 

 In order the produce the complete sequence of the gene, primers given in 

the Table 4.13 were designed in MATLAB platform. In result of the PCR experiments 

with the pair of primers, a successful single band was obtained Figure 4.13. The PCR 

product was purified and sequenced by Illumina Miseq platform.  

Table 4.13. Primers for obtaining complete sequence of the gene. 

Name of the Primers Sequence 5’→3' 

cavFk1 TACAGTGAATCGGTGAATGGAAAG 

cavRk1  TTTGGGAGAATAGCACTACCTCAT 
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Figure 4.13. Image of Gel electrophoresis: Lane 1: 1 kbp Ladder. Lane 2: The product 
of PCR with cavFk1 and cavRk1. 

 To control the relevancy of the cloned mRNA short reads were aligned onto 

reference sequence at a 93 % similarity constrain. Homogeneous and continuous 

alignment of the short reads on reference sequence indicated a successful cloning of 

the target mRNA (Figure 4.14). The complete sequence was submitted to NCBI 

nucleotide database and accepted with accession code ON661560.1. 

 

Figure 4.14. Successful alignments of short reads with sequence of the gene. 

Our model animal is in invertebrate’s division with related species. 

Phylogenetic tree analysis was done in MATLAB (Figure 4.15). The phylogenetic tree 

shows that similarity of the cloned sequence was highest in neighboring species. As 

you can see the first diversion is between vertebrates and invertebrates. After that 

vertebrates divided into mammalians and other.  
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Figure 4.15. The phylogenetic tree analysis for cloned channel. 

 3D Structure models of the L-type voltage-gated calcium channel was 

made in Swiss-Model Online platform (82) with the amino acid sequence from 

translation of complete ORF sequence. Human L-type voltage-gated calcium channel 

CaV1.3 (7uhg:  Electron Microscopy) was chosen as a reference template which 

generated the best fit and the most accurate three-dimensional structure of the 

cloned protein (Figure 4.16). The similarity between the amino acid sequence and 

reference template was 64,76 %.  
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Figure 4.16. 3D Structures of the cloned channel by Swiss-Model. A: 3D structure of 
channel in VMD’S cartoon mode (83).  B: 3D structure of the protein in membrane by 
MEMEMBED Prediciton, PSIPRED, UCL (84). 

Segments for voltage sensor, ion selectivity filter and DHP binding sites were 

marked on three-dimensional structure by using VMD (83) and shown in Figure 4.17. 

It was observed that the selectivity filter consisted of 4 symmetrical domains in the 

narrowing region of the channel's hole, while the segments of the voltage sensor 

were close to the outer surface of the channel. It was observed that DHP binding sites 

had a separate position other than the selectivity filter.  

 

Figure 4.17. Voltage sensor (purple), selectivity filter (green) and DHP receptor (red) 
regions are shown in A, B and C, respectively. 

In order to analyze the interactions between ligand and the channel, docking 

experiments were performed with blockers diltiazem, nifedipine and verapamil. The 

results of these docking experiments are shown in Figure 4.18. Diltiazem and 

verapamil bound to the selectivity filter, but nifedipine, which is DHP, bound to the 

DHP binding sites. 
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Figure 4.18. Docking of diltiazem, nifedipine and verapamil molecules (yellow) to the 
cloned channel protein, A, B and C respectively. Green and red segments are the 
selectivity filters and DHP binding sites, respectively. 

 In order to assess the functional properties of the calcium channel coded by 

the mRNA a reference plasmid (a1Ic-HE3-pcDNA3) was used. Plasmids were amplified 

in E. coli clones. Amplified plasmids were filtered by using the HiSpeed Plasmid Maxi 

Kit. Linearized plasmid was used for cRNA synthesis. Two or three days following the 

injection of cRNA, oocytes were examined by double electrode voltage clamping. As 

shown in Figure 4.19, a distinct inwardly directed current component was observed 

in the transfected oocytes. The current component was voltage dependent and 

activated at a faster rate as the cell depolarized. Loading of EGTA into the oocytes 

induced a shift in the current voltage relationship where current equals zero (i.e. Eca 

becomes more positive).  
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Figure 4.19. Calcium currents from calcium channel plasmid (a1Ic-HE3-pcDNA3) 
injected oocytes. A: voltage clamp steps. B: Evoked current responses. C: current-
voltage relationship. 
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5. DISCUSSION 

Several conserved and functional domains were identified when the ORF 

region of the cloned mRNA was translated into amino acid sequence (Figure 5.1).  

MPAQKFRARIKGAKYNPETDPAMKDEFGEYFTKAASEEEETQVQDAINYGAFSIAQGLCEGGEVGASLGSASGGG

EKPLSSAWQAALSGATSMSQGQVPNNATDAPAHERKRPPPRRPVGKPPENRPARALFCLGLKNPLRKVCIDVVE

WKPFEWFILFTIFANCVALAVYTPYPNSDSNATNAQLEQIEIIFMVIFTLECFMKIIAYGFVLHPGAYIRSVWNTLDFLI

VVIGLVSGALDFLMQGEGGEAGFDVKALRAFRVLRPLRLVSGVPSLQVVLNSILKAMVPLLNIALLVMFVIIIYAIIGLE

LFSGALHFTCYNNETGNRMESPHPCDNGTAGFNCSELNKEGQFWVCRDGWEGPNYGITNFDNFGLAMLTVFQC

ITMEGWTDMMYYIADAMGNSWQWIFFVSMIILGAFFVMNLILGVLSGEFSKEREKAQARGDFMKLRKKQQIEED

LRGYLEWITAAEDIEMEGDDKKETDDGRRLVLPGTSNRGAMSVASPTSLLLFLPLFSMRNSKAVEIDADKGDDNDD

AQQPSWWQRKKKGFDRINRRARRACRKAVKSQAFYWLIIVLVFLNTAVLASEHYRQPDWLSQFQDYTNLFFVVLF

TCEMLLKMYSLGFQGYFVSLFNRFDCFVVISSITEVVLTSTEIMPPLGVSVLRCVRLLRVFKVTKYWRSLSNLVASLLN

SIQSIASLLLLLFLFIIIFALLGMQVFGGRFNFNPTEDKPRHNFDNFVQAMLTVFQILTGEDWNVVMYDGIRAYGGV

ATPGIIACVYFIILFICGNYILLNVFLAIAVDNLADADALGDAEEEEGKEGEEGREGDGGEGEREKIKMEGEDGLEAEE

KTALNHIALRDGETASHTKVHLGMDDGDDGQKYDDDDYGDDDLGEEEEDDGDGEERPQGMRPRRASQLSTAN

KVKPLPPYSSFFIFSHTNRFRVFCHTVCNHSLFSNVILVCILISSGMLAAEDPLRSDSQRNTILNYFDIFFTSVFTVEIFLK

VVSYGFILHKGAFLRSAFNGLDLLVVAVSLISFSFKDGAISVVKILRVLRVLRPLRAINRAKGLKHVVQCVIVAIKTIGNI

MLVTCLLEFMFAVIGVQLFKGKFFRCNDRSKILESDCRGQFIVYHDGDITKPMVEKRVWEKNAFHFDNVAKAMLTL

FTVSTFEGWPGLLYVSIDSNTEDVGPVHNYRPMVAVYYIIYIIIIAFFMVNIFVGFVIVTFQSEGEQEYKNCCLDKNQR

NCIEFALKAKPVRRYIPKNRFQYKIWWFVTSQPFEYAIFVLIMLNTVSLAMKFRGEPEIYTHALDILNLIFTAVFALEFV

LKIMAFRFKYYFGDAWNVFDFVIVLGSFIDIVYSEVNPGSNLFSINFFRLFRVMRLVKLLSKGEGIRTLLWTFIKSFQAL

PYVALLILLLFFIYGVVGMQVFGKIAFDYTTQIHRHNNFQTFFQAVMVLFRSATGEAWQEIMLSCLPPDAGCDPQS

EDYPNARTCGSMVAYPYFISFYTLCSFLIINLFVAVIMDNFDYLTRDWSILGPHHLDEFITLWSEYDPDAKGRIKHLDV

VTLLRKISPPLGFGKLCPYRVACKRLVAMNMPLNTDGTVMFNATLFALVRTSLRIKTEGNIDDANEELRAVIKKIWK

RTNPKLLDQVVPPVGVEDDVTVGKFYATFLIQDYFRRFKKKKQEIKEQIDKDSANTVTLQAGLRTLHEAGPELKRAIS

GNLDEMRDDDIPTHRMGNILHPVILKVNNQIMNMISPTNSLSYSPAHSNEKTALNHTAHRPPTPLESSQSLGEDDE

GIPMRPLRIMNGDPERRSNLVIKDKQMQYLTPDYHATSLSESNGSLPGDRHSQSVPSSPRSVSRPYSEVVGSAESLV

GRVLADQGLGKYCDPEFVRTTSREIAEALEMTTEEMDRAAHNILSASQQELAPEDVSLEHSQRQRESRDPSRQQK

QDSSYYDHQSPL 

Figure 5.1. The Amino Acid Sequence of cloned voltage-gated Calcium Channel. 
Voltage sensors highlighted in purple, selectivity filter in green, IQ and GPHH domains 
in blue and DHP receptor sites colored in red. 

In human and rabbit L-type voltage-gated calcium channel sequences, ion 

selectivity domain motifs were found in P-loopI, P-loopII, P-loopIII, and P-loopIV [40, 



44 
 

44, 85] (Table 5.1). After the alignment analysis, the ion selectivity motifs in Astacus 

Leptodactylus were identified as shown in Table 5.1. It is important to emphasis that 

four glutamate residues, essential for calcium selective filter, are present in the 

cloned sequence (Table 5.1).  

Table 5.1. Ion selectivity domain motifs. 

Ion selectivity domain motifs in L-type 
Cav of human and rabbit  

Ion selectivity domain motifs in Astacus 
Leptodactylus’ L-type Cav 

P-loopI: QCITMEGWTDVLW QCITMEGWTDMMY 

P-loopII: QVLTGEDWNSVMY QILTGEDWNVVMY 

P-loopIII: TVSTFEGWPQLLY TVSTFEGWPGLLY 

P-loopIV: RCATTGEAWQEILL RSATGEAWQEIML 

In human and rabbit L-type voltage-gated calcium channel sequences, were 

defined domains of voltage sensor motifs in S4I, S4II, S4III and S4IV [40, 48, 85] (Table 

5.2). When the alignment analysis was done with these motifs, the ion selectivity 

motifs in Astacus Leptodactylus were identified as shown in Table 5.2. The polar 

amino acid residues are necessary for voltage sensing. Thus, the cloned putative 

calcium channel protein possesses four segments, as one in each domain, rich in 

Lysine (K) and Arginine (R) residues (Table 5.2).  

Table 5.2. Voltage sensor domain motifs. 

Voltage Sensor domain motifs in L-type 
Cav of human and rabbit  

Voltage Sensor domain motifs in 
Astacus Leptodactylus’ L-type Cav 

S4I: KALRAFRVLRPLR KALRAFRVLRPLR 

S4II: RCIRLLRLFKITK RCVRLLRVFKVTK 

S4III: VKILRVLRVLRPLRAINR VKILRVLRVLRPLRAINR 

S4IV: FFRLFRVMRLIKLLSR FFRLFRVMRLVKLLSK 

In human and rabbit L-type voltage-gated calcium channel sequences, DHP 

binding sites sequences were found in S5III, P1III, S6III and S6IV [64, 85] (Table 5.3). 

Alignment analysis with these sites indicated that similar binding sites are present in 

the cloned sequence (Table 5.3). As compared to the other binding sites identified 
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for diltiazem and verapamil DHP binding sites are not homogenously distributed 

between the domains of the cloned calcium channel. 

Table 5.3. DHP binding sites. 

DHP Binding sites in L-type Cav of 
human and rabbit  

DHP Binding sites in Astacus 
Leptodactylus’ L-type Cav 

S5III: IGNIVLVTTLLQFM IGNIMLVTCLLEFM 

P1III: VLSAMMLFTVST VAKAMLTLFTVST 

S6III: IIYIILIAFFMMNIFVGFV IIYIIIIAFFMVNIFVGFV 

S6IV: YFISFYMLLCAFLIINL YFISFYTLCSFLIINL 

 

The relevancy of the identified binding sites has been confirmed by the 

docking experiments. As shown in Figure 4.17_B the docking experiments identified 

a binding site for the dihydropyridine similar to that estimated in the alignment 

experiments [64] (Figure 5.1). The binding site for DHP was clearly different than the 

selectivity filter of the channel. However, both verapamil and diltiazem docked 

directly onto the selectivity filter which is in an agreement with the former reports 

[64]. Structural calculations indicated a successful fit to the reference structure. Four 

domains and the individual transmembrane segments could distinctly be identified.  

The functional experiments indicated that an inwardly carried calcium 

component was restored in the plasmid injected oocytes. However, a1Ic-HE3-

pcDNA3 is a human calcium channel plasmid. Thus, it has to be considered on for 

comparison purposes. Our efforts to synthesis a functional plasmid for the cloned 

channel failed due to unknown problems.   
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6. CONCLUSION 

In the present thesis work a novel mRNA was de novo cloned in the crayfish. 

Considering the similarity assay in the NCBI platform, the three-dimensional 

structural calculations and the docking experiments it was concluded that the mRNA 

codes an alpha peptide for a putative voltage-gated calcium channel protein in the 

crayfish.  
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