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ABSTRACT 
 

Non-Hodgkin's lymphomas (NHL) are clonal lymphoproliferative diseases that originate 

from B lymphocytes. NHL also comprises the Chronic Lymphatic Leukemia (CLL), a type of 

blood cancer. Patients affected by these pathologies possess high amounts of differential 

antigens CD20. In this context, anti-CD20 monoclonal antibodies (mAbs) increase the influx 

of Ca2+ and lead to cell apoptosis after interacting with CD20. Anti-CD20 mAbs bind to CD20 

transmembrane antigen, they were found on pre-B lymphocytes and mature B lymphocytes.  The 

CD20 receptor is involved in the regulation of Ca2+ influx in B lymphocytes and the cells 

exposure to anti-CD20 antibodies causes a strong induction of cell death, suggesting a 

correlation between the and Ca2+ influx and the cytotoxic effect of the antibodies.  

Therefore, it is worth interesting to characterize small molecules able to keep the calcium 

channels in an open form and to develop new molecules that can enhance the influx of Ca2+, such 

as agonists of L-type calcium channels (LTCC). The main hypothesis addressed in this study is 

improve the actions of anti-CD20 monoclonal antibodies in inducing apoptosis by increasing 

the flow of calcium inside the cell. 

After studying the interactions of the dihydropyridine (DHP) agonist of the calcium channel 

BAY-K 8644, the aim of the thesis work is to find a drug with the same characteristics in terms 

of structure and binding sites involved in the protein-binding interactions. All compounds that 

will be inside the binding pocket of the reference agonist will be discriminated and those with 

greater interactions in terms of higher binding energy will be chosen. 

With these considerations, the present project will combine computer-aided-drug design 

(CADD), experimental results of previous studies obtained by the Anticancer Antibodies team 

on calcium channel blockers and the antitumor activity of anti-CD20 monoclonal antibodies and 

Molecular Dynamics (MD) simulations for the analysis and research of new compounds to 

support the action of anti-CD20 mAbs, selectively targeting the calcium ions channel and 

consequently increasing the calcium flow.  

The outcome of this work will show the conformational effects on the calcium channel after the 

agonist/antagonist binding and will perform an extensive virtual screening among a huge 

number of compounds, exploring the mode of binding of investigated chemicals and 

highlighting differences in terms of binding sites and main residues involved. 
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ESTRATTO 

 
I linfomi non Hodgkin (NHL) sono malattie linfoproliferative clonali che hanno origine dai 

linfociti B. La NHL comprende anche la leucemia linfatica cronica (CLL), un tipo di cancro del 

sangue. I pazienti affetti da queste patologie possiedono elevate quantità di antigeni 

differenziali CD20. In questo contesto, gli anticorpi monoclonali anti-CD20 (mAbs) aumentano 

l'afflusso di Ca2 + e portano all'apoptosi cellulare dopo aver interagito con CD20. Gli mAb 

anti-CD20 si legano all'antigene transmembrana CD20, sono stati trovati sui linfociti pre-B e 

sui linfociti B maturi. Il recettore CD20 è coinvolto nella regolazione dell'afflusso di Ca2 + nei 

linfociti B e l'esposizione delle cellule agli anticorpi anti-CD20 provoca una forte induzione 

della morte cellulare, suggerendo una correlazione tra l'afflusso di Ca2 + e l'effetto citotossico 

degli anticorpi. 

Pertanto, vale la pena caratterizzare piccole molecole in grado di mantenere i canali del calcio 

in forma aperta e sviluppare nuove molecole in grado di potenziare l'afflusso di Ca2 +, come 

gli agonisti dei canali del calcio di tipo L (LTCC). La principale ipotesi affrontata in questo 

studio è migliorare le azioni degli anticorpi monoclonali anti-CD20 nell'indurre l'apoptosi 

aumentando il flusso di calcio all'interno della cellula. 

Dopo aver studiato le interazioni dell'agonista dihidropiridinico (DHP) BAY-K8644 del canale 

del calcio, lo scopo del lavoro di tesi è quello di trovare un farmaco con le stesse caratteristiche 

in termini di struttura e siti di legame coinvolti nelle interazioni di legame proteico. Verranno 

discriminati tutti i composti che saranno all'interno della sacca di legame dell'agonista di 

riferimento e saranno scelti quelli con maggiori interazioni in termini di maggiore energia di 

legame. 

Con queste considerazioni, il presente progetto combinerà computer-aided-drug design 

(CADD), risultati sperimentali di studi precedenti ottenuti dal team di Anticancer Antibodies 

sui bloccanti dei canali del calcio e l'attività antitumorale degli anticorpi monoclonali anti-

CD20 e Molecular Dynamics (MD) simulazioni per l'analisi e la ricerca di nuovi composti a 

supporto dell'azione degli mAbs anti-CD20, mirando selettivamente al canale degli ioni calcio 

e aumentando di conseguenza il flusso del calcio. 

Il risultato di questo lavoro mostrerà gli effetti conformazionali sul canale del calcio dopo il 

legame con l’agonista e con l’antagonista ed eseguirà un ampio screening virtuale tra un enorme 

numero di composti, esplorando le modalità di legame delle sostanze chimiche studiate ed 

evidenziando le differenze in termini di siti di legame e principali residui coinvolti.  
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Il risultato di questo lavoro mostrerà le interazioni che i diversi composti hanno con il canale 

del calcio. In particolare, verrà utilizzata la struttura del canale del calcio legata ad un agonista 

e la stessa struttura legata ad un antagonista.  

Verranno identificate le differenze in termini di siti di legame e residui coinvolti nel legame e i 

risultati saranno confrontati con i risultati dei diversi composti analizzati.  
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CHAPTER I – Introduction 
 

In this chapter we will introduce the present master's thesis project, the starting hypothesis and 
the steps for its validations. At the end there is a summary about all the chapters treated in this 
composition. 

 
Cancer research has always been committed to the discovery of new therapies for the 

treatment of cancer. The deepening of the pathologies involved allows to produce new strategies 

to be implemented.  

Non-Hodgkin's lymphomas (NHL) affect the lymphatic system and it consists in transformation 

of lymphocytes creating neoplastic cells. The lymphatic system it is composed by lymphatic 

organs, such as the bone marrow, tonsils, thymus and spleen, and a series of lymph nodes and 

lymphatic vessels. The large structure of this system means that this type of lymphoma does 

not have well-defined areas in which it can develop and rarely affects a single organ. 

 

Chronic Lymphatic Leukemia (CLL) is a group of blood cancer and a subtype of NHL. CLL 

is the consequence of numerous biological and genetic events affecting mature B lymphocytes 

and is characterized by an initial proliferation of these cells in the bone marrow and peripheral 

blood, followed by the involvement of the lymphatic structures that increase in size. The main 

therapeutic agents in the treatment of patients with differential antigens CD20-positive NHL 

and CCL are monoclonal antibodies (mAbs) [8]. They work through by complement-mediated 

cytolysis that provides the desired anti-cancer effect or they release toxins and radiation to 

selectively target affected cells. The mAbs are used for the treatment of these diseases, since 

monoclonal antibodies, such as anti-CD20. Recent results obtained by the Anticancer Antibodies 

team[1] reported that inhibition of the calcium flux with Ca2+ channel blockers as used to treat 

hypertension or angina, but the patients receiving CCB and concomitant therapy anti-CD20 for 

diseases such as NHL or CLL have the worst survival. This show that CCBs negatively impact 

the outcomes of patients receiving anti-CD20 mAbs. 

Anti-CD20 monoclonal antibodies (mAbs) upregulates the expression of early growth 

response-1 (EGR-1), by increasing Ca2 + concentration inside the cells which trigger ERG-1 

expression. These data lead to hypothesize that calcium agonists can enhance and support the 

therapeutic effects of anti-CD20 antibodies. 

Regarding calcium channel antagonists, there is a lot of information regarding the binding 

sites[20-23]. The starting point for our project will be to identify the preferential state for the 

correct binding of the compounds.  
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The first class we will analyze will be that of dihydropyridines (DHPs) which have both an 

agonistic and antagonistic effect. In general, agonists are hypothesized to increase calcium flux 

within the channel because they prolong the opening time, a difference of antagonists who 

prefer the closed inactivated state. Some Cav agonists are known from literatures: FPL64176 [24], 

and CGP 485065, murrayafoline A [25] at low concentration. 

Computational approaches are used for the analysis of complex allowing to study in detail the 

molecular mechanisms, moreover the docking is a powerful means to study the position that a 

compound assumes in the binding with the protein and to evaluate its affinity in terms of binding 

energy. In this study, Molecular Dynamics (MD) simulation, Ensemble Docking and the 

calculation of binding free energy will be used to perform a skimming of the compounds chosen 

for the analysis and then guide the research towards a certain type of compound for the search of 

new medications. 

This manuscript is divided into 6 sections briefly described below. 

Chapter 1 is this introductory part. 

Chapter 2 describes the biological context of this work. In details, section 2.1 describes the 

two main diseases that are of interest to our project: Non-Hodgkin's Lymphoma and Chronic 

Lymphocytic Leukemia. In section 2.2, the agents used for the treatment of such diseases are 

introduced. Section 2.3 deals with the mechanisms of calcium channels with an overview on 

the structure and the different types of calcium channels. In this context, section 2.3.1 is a 

description of L-type calcium channel (LTCC) and in section 2.3.2 agonists and antagonists of 

this type of channel will be presented. 

Chapter 3 describes in a general way the materials and methods used in this work. In section 

3.1 a description of Computational Modeling of Biomolecular Systems is made. Molecular 

mechanics and molecular dynamics are described in sections 3.2 and 3.3 analyzing specifically 

the theoretical and physical aspects. Section 3.4 shows the analysis criteria followed by the 

description in section 3.4 of Molecular Docking and Virtual Screening, with a focus on search 

algorithms, calculation of free energy binding and scoring functions. The software used is also 

presented and described. 

Chapter 4 presents the body of the work with an introduction of the context in which the work 

takes place and the purpose of the project in chapter 4.1.  

Subsequently, in section 4.2 the materials and methods applied are described in detail, with a 

focus on channel preparation, ligand preparation, MD production and molecular docking.  
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Particular attention is paid in the description of the preparation of binding sites in the section 

4.2.4.1 and in the choice of compounds used subsequently for molecular docking in 4.2.4.2 

Section 4.3 shows the analysis of the results obtained in this work and the conclusions. 

Chapter 5 is devoted to discussions and future developments. 

Chapter 6 includes supporting information for a greater understanding of some aspects of the 

work and for further information. 
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CHAPTER II - Biological background 
 

This chapter provides the biological context in which the thesis work was developed. In details, 

section 2.1 describes the two main diseases that are of interest to our project: Non-Hodgkin’s 

Lymphoma and Chronic Lymphocytic Leukemia. In section 2.2, the agents used for the treatment 

of such diseases are introduced. Section 2.3 deals with the mechanisms of calcium channels with 

an overview on the structure and the different types of calcium channels. In this context, a L-type 

calcium channel (LTCC) will be investigated and agonists and antagonists of this type of channel 

will be presented. 

2.1 Non-Hodgkin’s lymphoma and Chronic lymphocytic leukemia. 
  

Non-Hodgkin's lymphoma (NHL) is a group of blood cancers characterized by clonal 

proliferation of B lymphocytes (80-85% of cases), T lymphocytes (15-20%), or natural 

killer, NK, cells (rare)[5]. NHL represents 4-5% of all cancers both in the male and in the 

female population and it is the ninth leading cause of cancer death in men and sixth in 

women. NHLs are classified based on the cell type (B, T or NK lymphocytes), on 

morphological, immunophenotypic, genetic and molecular criteria, to be integrated with 

the clinical presentation characteristics. First-line chemotherapy treatment in patients is 

based on the standard RCHOP schedule, i.e., rituximab, cyclophosphamide, doxorubicin 

50 mg/m2, vincristine, prednisone, combined with rituximab and, if is required, 

radiotherapy[6]. The number of cycles depends on the initial presentation and on the 

response to therapy. Second-line therapy can either consist in (1) high-dose chemotherapy 

(HDS) followed by stem cell autograft (ASCT) for young patients who have relapsed or 

are resistant to the first-line protocol or in (2) rituximab therapy combined with traditional 

chemotherapy regimens for elderly patients who have relapsed, are resistant to the first-

line treatment, or are not candidates for ASCT. Novel therapeutic agents like 

obinutuzumab, brentuximab vetodin, ibrutinib, polatuzumab, CAR-T, are being studied for 

the treatment of these patient categories. 

 

Chronic Lymphatic Leukemia (CLL) is a group of blood cancer and a subtype of NHL. 

CLL is the consequence of numerous biological and genetic events affecting mature B 

lymphocytes and is characterized by an initial proliferation of these cells in the bone 

marrow and peripheral blood, followed by the involvement of the lymphatic structures that 

increase in size.  
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Given the proliferation of neoplastic lymphocytes in the bone marrow, CLL is 

characterized by a reduced production of normal blood cells, with typical subsequent signs 

and symptoms: anemia, reduction of red blood cells (resulting in chronic fatigue and easy 

fatigue), platelet disorders, that is, reduction of platelets (with a consequent greater risk of 

bleeding) and neutropenia corresponding to a reduction in the population of cells 

responsible for defense against microorganisms and greater predisposition to develop 

infections. Autoimmune disorders can also be found. CLL is a disease with an extremely 

heterogeneous course and it remain stable for years and require only periodic checks, and 

aggressive forms that evolve rapidly. In most cases, however, it is a slowly progressing 

disease. In asymptomatic patients, the current strategy is not to treat the patient. In 

symptomatic ones, current therapies include both chemoimmunotherapy and target 

therapies and biologics[7]. 

2.2 Anti-CD20 monoclonal antibodies   
 

 The main therapeutic agents in the treatment of patients with differential antigens 

CD20-positive NHL and CCL are monoclonal antibodies (mAbs) [8]. They work through 

by complement-mediated cytolysis that provides the desired anti-cancer effect or they 

release toxins and radiation to selectively target affected cells. MAbs used for cancer 

therapy are antibodies belonging to the Class G of immunoglobulins (IgG), and as the 

components of that class contain two light chains and two heavy chains. Based on the 

applications of these antibodies they can be divided in two groups. The type of mAbs 

interested in this study is belonging to the first group and antibodies are directed towards 

the antigens expressed by the normal cells, such as CD20 (differential antigens). For 

several years, chemotherapy alone was the only approach used in the treatment of CLL and 

NHL [9]. The introduction of monoclonal antibodies such as anti-CD20 (rituximab) into 

clinical practice has allowed evaluating the efficacy of the chemo-immunotherapy 

association in numerous clinical trials. Anti-CD20 mAbs bind to CD20 transmembrane 

antigen, a non-glycosylated phosphoprotein, which is found on pre-B lymphocytes and 

mature B lymphocytes. 

Exposure of B-lymphoma cell lines to anti-CD20 monoclonal antibodies (mAbs) 

upregulates the expression of early growth response-1 (EGR-1), by increasing Ca2 + 

concentration inside the cells which trigger ERG-1 expression.  

EGR-1 encodes a zinc finger transcription factor whose expression is highly regulated by 

various extracellular stimuli, including calcium influx.  



 

Pag. 12 

 
 

 

Moreover, recent results obtained by the Anticancer Antibodies team indicate the 

involvement of the CD20 receptor in the regulation of Ca2+ influx in B lymphocytes and 

that compounds that block calcium channels have been shown to impair the action of anti-

CD20 antibodies [10-11]. 

EGR-1 is a key protein in the modulation of apoptosis by CD20 signaling. After exposure 

to anti-CD20 antibodies, there is a strong overexpression of EGR-1 at the transcriptional 

and protein levels. At the same time, exposure to anti-CD20 antibodies causes a strong 

induction of cell death, suggesting a correlation between the induction of EGR-1 and the 

cytotoxic effect of the antibodies. 

With these data, the main hypothesis addressed in this study is improve the actions of anti-

CD20 monoclonal antibodies in inducing apoptosis, in particular, the goal is to find new 

compounds that have agonists activity to validate the hypothesis. 
 

2.3  Voltage-gated calcium channels 
 

Calcium ion channels are present in all cells and perform many fundamental functions 

for the body, widespread in all cell types and regulate many fundamental physiological 

functions [12]. 

Two main classes of channels mediate the regulation of Ca2 + homeostasis voltage-gated 

Ca2 + channels and voltage-free calcium channels. 

 

FIGURE 1| Schematic representation of the influence of the opening of calcium channels on different types of 
cells. Adapted from Encyclopedia of Neuroscience, volume 10, pp. 427-441. 

 

 

The Cav subunit structure is similar to voltage-
activated sodium channels, consisting of four homol-
ogous domains (I–IV) that form the main integral
membrane components of the channel (Figure 5).
The 10 Cav subunits share the most similarity in the
membrane-spanning portions of domains I–IV and
the least similari ty in the cytoplasmic linkers separat-
ing the domains and the cytoplasmic and amino
carboxyl tails. The highly divergent regions in the
Cav subunits are the target sites of subtype-specif ic
second messenger-dependent modulation and other
protein–protein interactions.

The permeation profile of the high-voltage-acti-
vated calcium channels for cations is Ca2þ > Ba2þ >
Liþ > Naþ > Kþ > Cs2þ . Although Ca2þ and Naþ
ions are of roughly similar diameter, the permeation
pathway of voltage-gated calcium channels isapproxi-
mately 1000-fold more selective for Ca2þ than for
Naþ ions. The carboxylate side chains of four con-
served p-loop glutamate residues within the lumen of
the pore form the selectivity filter with a single high-
affinity Ca2þ binding site. The four glutamate side
chains are not functionally equivalent and may flex to
enable a single Ca2þ ion to bind with high-affinity or
two Ca2þ ionswith lower affinity. Thisprocesswould
simultaneously contribute to both selectivity of Ca2þ

over Naþ and electrostatically to a high rate of ionic
flux. T-type calcium channels exhibit distinct perme-
ation characteristics, includingasmaller porediameter;
the ability to open with a half-size conductance level;
and roughly similar permeation for Ca2þ , Ba2þ , and
Sr2þ . The permeation differences between high-volt-
age-activated and T-type channels are in part due to
distinct amino acids flanking the p-loops as well as to
the domain III and IV p-loops of T-type channels pos-
sessing aspartates rather than glutamate residues in
their selectivity filters.

Both high- and low-voltage-activated calcium
channels intrinsically exhibit fast voltage-dependent
inactivation, a process that limits theamount of Ca2þ

entering cells during depolarization. Site-directed
mutagenesis and chimeric channel approaches have
identif ied variousspecific amino acidsand transmem-
brane segments of the Cav subunit as well as interac-
tions with b subunits as being critical components of
inactivation. Overall, the rapid voltage-dependent
inactivation of high-voltage-activated calcium chan-
nels is likely similar to that of both sodium and
potassium channels and involves regions of the intra-
cellular mouth of the pore (S6 segments) being
occluded by a movable intracellular segment in ‘ball-
and-chain’- or ‘hinged lid’-type mechanisms. T-type

Nerve and cardiac excitability, 
pacemaker activity Neurotransmitter release

Gene regulation

Enzyme and allosteric
protein modulation

Muscle contraction

Cell differentiation

Ca2+

Ca2+

Plasma
membrane

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

CREB

CaM

Figure 1 Voltage-gated calcium channels mediate numerous physiological functions. In response to depolarizing changes in mem-
brane potential, voltage-gated calcium channels rapidly open (within 1 ms), raising intracellular calcium to affect membrane electrical
properties such as bursting and firing patterns as well as to regulate calcium-sensitive processes including muscle contraction,
neurotransmitter release, cellular differentiation, and gene transcription.

428 Voltage-Gated Calcium Channels 

Encyclopedia of Neuroscience (2009), vol. 10, pp. 427-441 
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2.3.1  L-type voltage-gated Ca2+ channels   
 

Voltage-dependent channel is a membrane protein that regulates the transport of 

calcium ions across the membrane, the membrane potential controls the opening 

and closing of the channel [13]. 

The membrane in question has a resting potential of -75mV, once the stimulus is 

applied there is a depolarization (the membrane potential ranges from -80mV to + 

30mV). Subsequently, there is a repolarization where the membrane potential goes 

from + 30mV up to values more negative than those of the resting potential 

(hyperpolarization). 

The voltage-dependent channels have at least one "gate" for opening and closing. 

The voltage variation is able to determine a conformational variation of these 

channels. 

Voltage-gated Ca2 + (Cav) channels by membrane depolarization allow Ca2 + to 

enter excitable cells [14]. 

Calcium currents can be distinguished according to the membrane potential: the low 

voltage-activated calcium channels (type T) transiently open in response to small 

changes from resting potentials; high voltage-activated calcium which have a 

higher depolarization for activation.  

Previous studies of Doumondet [1] have shown that L-type calcium channel was 

involved in the action of anti-CD20 antibodies. 

Interestingly, Cav1.1 gene (CACNA1S) is the L-type Cav1.1 calcium channel gene 

and it exhibits overexpression in tumor cells compared to normal fabrics, in 

particular it is overexpressed in acute myeloid leukemia [15]. 

In human, Cav channels are proteins, composed of a pore-forming 1 subunit, a 

transmembrane complex of 2 and subunits, an intracellular regulatory subunit, and 

in some cases a transmembrane subunit. The Cav1.1, like other Cav channels, is 

composed by a main subunit 𝛼1 and other auxiliary subunits 𝛼2𝛿, 𝛽, 𝛾 (Figure 2).  

The α1 subunit of the calcium channel (170-240 kDa) is formed by 4 motif domains 

(I - IV), each consisting of 6 segments of membrane α-helices (S1 to S6) connected 

by P-loop between segments S5 and S6 (Figure 3). The extracellular domain 𝛼2 and 

membrane-anchored 𝛿 subunits derive from the proteolytic cleavage of a single 

gene produced and are structurally bound by a disulfide bond.  
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FIGURE 2| Molecular organization of the voltage gated Ca2+ channel subunits in the plasma membrane. 

[13] 

𝛽-subunits are cytoplasmic proteins capable of controlling the passage of calcium 

through the channels and are connected to the Cav subunits. 

The 𝛼2𝛿 subunit is present in the extracellular zone and binds to the membrane 

through the transmembrane segment formed by the d subunit. The co-expression of 

a2d subunits with the other calcium channel subunits affects current density, 

kinetics, and voltage-current relationships. 

The 𝛾 subunits headed four transmembrane propellers (TM1 to TM4) with 

terminals N and C on the cytosolic side[16-17]. 

However,  𝜶1 subunit represents the central part governing of the mechanism of the 

channel, it can also be considered as a separate entity from the rest, i.e., the other 

parts are not essential to make the channel functional. 

L-type calcium channels (LTCCs) can dwell in a resting state (bottom) and in an 

activated state (top), the pore can be in an open or closed state. 

The voltage domains (VDs) are at rest in a bottom position and are activated in 

response to a depolarization. (Figure 4). Under these conditions the pore opens, 

calcium enters through the channel and there is a hyperpolarization that closes the 

channel[18-19]. 

 

 

 

 

Cav–b subunit bindingoccursin 1:1 stoichiometry with
low nanomolar affinity to affect current amplitude,
kinetics, and the voltage dependences of activation
and inactivation. The basis for affecting the level of
calcium channel whole cell currents seems to be
through promoting translocation of the Cav subunit

protein from the endoplasmic reticulum to the plasma
membrane. On the a1 subunit, the Cav–b subunit
binding interaction occurs in a short cytoplasmic
consensus motif in the domain I–II linker found in all
high-voltage-activated Cav subunits (termed the a1-
interaction domain (AID)).

There are four different b subunit genes in mam-
mals (b1–b4), each of which is subject to alternative
splicing and each of which differentially affects the
kinetic and voltage-dependent properties of high-
voltage-activated Cav channels. The various b sub-
unit isoforms vary significantly in primary sequence
in their N- and C-termini and in the linker separat-
ing the SH3 and GK domains. The only available
high-resolution structural information concerning
voltage-gated calcium channel complexes is the
X-ray crystallographic definition of the interaction
between theCav domain I–II AID region and portions
of the b subunit. Theconsensus motif of the Cav AID
binds as an amphipathic helix to a deep groove of
the b subunit GK domain termed the AID-binding
pocket.

a2d Subunits

The disulfide-linked a2 and d subunit proteins are
heavily glycosylated, with the a2d subunit pre-
dominantly extracellular and anchored in the mem-
brane by a transmembrane segment formed by the

S-S

Ca2+

~25 kDa

~50–70 kDa ~200–250 kDa

~140 kDa

~ 30 kDa

dg

b

a2

a1

Figure 3 Subunit composition of high-voltage-activated L-type calcium channel complex. Schematic diagram of the high-voltage-
activated L-type calcium channel complex originally purified from skeletal muscle T-tubule membranes. The complex consists of five
subunits: a1, a2, d, b, and g. The a1 subunit forms the channel proper, comprising the voltage-sensing and-gating mechanisms, the
calcium-selective pore, and the target of most pharmacological agents. Functional T-type calcium channels consist of an a1 subunit
alone, and there is no biochemical evidence indicating that other proteins are associated with native T-type channels in a multisubunit
complex.

T

L

P/Q

Cav1.3
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Figure 4 Similarity tree of the metazoan calcium channel a1
(Cav) subunit family. The amino acid sequences of representa-
tives of the 10 metazoan calcium channel a1 subunits were
aligned using Clustalx and the overall similarities are represented
in the form of a similarity tree using HyperTree.
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FIGURE 3| Structure of calcium channels. (a) 3d illustration of the alpha1 subunit, viewed from above and from 

the side, respectively. the pore of the central channel is formed by a homo-tetrameric association. the 
voltage-sensitive domains surround the central pore. (b) bottom view of the channel (flat 3d 
representation) where the domains are highlighted (from vsdi to vsdiv). the helices are represented as 
cylinders. domains i to iv are colored green, yellow, blue and pink, respectively. d) view from the 
canal side. s1 to s3 (green) and s4 (blue) represent the voltage sensor domain. s4 is connected to the 
s5 via the s4 - s5 linker (red). the transmembrane regions are shown in beige, the loops in blue. (c) 
representation of the surface of the structure (b), the colors represent the heteroatoms (images rendered 
using qutemol and vmd, the analyzed structure file is 6jp8). 
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Specifically, the channel states are: R (closed at rest state) where the VDs block the 

pore which remains closed, A (closed activated state) where the VDs change their 

position passing to the Up state but the pore remains closed, O ( open state activated): 

the pore is open and the VS are in the up position, D (open state disabled) where the 

VDs have changed their conformation, but the pore is still open.  

 
FIGURE 4| Schematic of the 4 states of calcium channels. Channel activation is influenced by two functionally 

separate processes: a voltage detection mechanism (++++) and the conducting pore.[16] For more 
information see figure S1 in SI. 

 
2.3.2   Agonists and Antagonists of LTCC 
 
 

Calcium channel blockers (CCBs) are molecular compounds that act directly on 

calcium influx which is why they are commonly used for the treatment of 

cardiovascular disease.  

The use in patients with hypertension, cardiovascular decompensation, cardiac 

arrhythmias, patients with left ventricular diastolic dysfunction was effective.  

Although calcium blockers are available with different chemicals, they share the 

common function of blocking the transmembrane flow of calcium ions through L-

type and T-type channels. 

Based on the chemical structure, calcium channel antagonists can be classified into 

dihydropyridines (DHPs), phenylakilamines, benzothiazepines [20]. 

The drug class of dihydropyridines (DHP) are L-type calcium channel ligands and they 

are potent and selective blockers for Cav1.2 and Cav1.1 [21-23]. 
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DHPs can operate as agonists or antagonists based on the chemical structure. Indeed, 

these compounds can change their function and go from agonist to antagonist (or vice 

versa) on a site-specific mutation of the calcium channel or due to a change in 

experimental conditions (Figure 5). 

The non-dihydropyridine class includes phenylalkylamines and benzothiazepines 

which have a purely antagonistic function. 

Recent results obtained by the Anticancer Antibodies team reported that inhibition of 

the calcium flux with Ca2+ channel blockers as used to treat hypertension or angina, 

but the patients receiving CCB and concomitant therapy anti-CD20 for diseases such 

as NHL or CLL have the worst survival. This show that CCBs negatively impact the 

outcomes of patients receiving anti-CD20 mAbs. 

There is some information of pore-binding Cav channel agonists compared with 

antagonists. This will be our starting point. Some Cav agonists are known from 

literatures: FPL64176 [24], and CGP 485065, murrayafoline A [25] at low concentration, 

and dihydropyridines (DHP) like (S)-BayK 8644 that can have a blocker or activator 

activity depending on the enantiomer3. Both the close or open state of the channel were 

used in previous in-silico studies. 

However, it seems that LTCC ligands bind preferentially to the open inactivated state 

present at depolarized membrane potentials. 

DHPs can have both an agonist and an antagonist function for this reason the 

chemical structure of these compounds has been investigated to understand which 

groups are discriminating to assume one function rather than the other.  

In figure 6 all groups of the DHP chemical structure are presented. Structures of 1,4-

DHPs were introduced in [26] as flatten-boat structures with the dihydropyridine 

group as the stern, an aromatic moiety at the bowsprit and various substituents at the 

port and starboard sides.  
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FIGURE 5| Structural formulae chemical structure of three major classes of antagonists and agonists: blue 
benzothiazepine, green dihydropyridines antagonist (Nifedipine) and agonist (Bay-k8644), 
yellow phenylalkylamine, red non-dihydropyridines agonist. 

The activity of the compound is due to the port-side group and the agonist or 

antagonist function depends on the fact that by binding to the target they can exhibit 

allosteric properties. The main feature of DHP is presented by the bowsprit group 

and the presence of the nitroxide functional group. 

Experimental data reveal that the agonistic or antagonistic action is mainly 

determined by the nature of the port group in the ortho position of the DHP ring 

with respect to the bowsprit. In compounds with antagonist function there are two 

COOMe hydrophobic groups while the agonist structure has a hydrophilic 

substitute group, in the case analyzed the Trifluoromethyl group.   

 
 
FIGURE 6 | 3D representation of a calcium antagonist (beige) and an agonist (gray). the discriminating 

functional groups are boxed according to the legend of the central 2D chemical structure. 

 

 

AgonistAntagonist
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The binding sites of the agonist and antagonist compounds appear to be the same 

and therefore poker binding cannot be used to determine the function of the 

compounds.  

In this context, the present project will combine computer-aided design CADD, 

molecular modeling techniques capable of representing molecular mechanisms 

with atomistic resolution, experimental results to explore the druggability of L-type 

calcium channels in B-cell lymphoma. 
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CHAPTER III – Materials and methods 
 

This chapter provides a general description of the materials and methods used for the 

master's thesis work. In detail, a brief introduction to Computational Modeling of 

Biomolecular Systems will be made (section 3.1), Molecular mechanics and molecular 

dynamics are described in sections 3.2 and 3.3 analyzing specifically the theoretical and 

physical aspects. Section 3.4 shows the analysis criteria followed by the description in 

section 3.4 of Molecular Docking and Virtual Screening, with a focus on search algorithms, 

calculation of free energy binding and scoring functions.  

 

3.1 Computational Modeling of Biomolecular Systems 

... An intelligence which could, at any moment, comprehend all the forces by which 
nature is animated and respective positions of the beings of which it is composed, and 
moreover, if this intelligence were far-reaching enough to subject these data to analysis, 
it would encompass in that formula both the movements of the largest bodies in the 
universe and those of the lightest atom: to it nothing would be uncertain, and the future, 
as well as the past would be present to its eyes. The human mind offers us, faint sketch 
of this intelligence [27]. 
 

Computer simulation used in different fields of application turns out to be a very 

powerful tool as it is possible to study specific aspects in detail acting as a bridge between 

the microscopic and macroscopic world of the laboratory. At the molecular level, 

Molecular Mechanics (MM) allows to use microscopic inputs in terms of masses of atoms 

making up a system and the same interactions between the various atoms. 

The purpose of molecular dynamics (MD) is therefore to analyze and understand the 

macroscopic properties of even very complex systems because they generally consist of 

a large number of molecules [28-29]. To do this, the type of approach used is to solve 

classical and quantum physics equations. In particular, the forces on each atom can be 

calculated for each step and updated from time to time to analyze the velocity and position 

of these atoms. The trajectories of the simulation allow to obtain the atomic configuration 

of the system in a defined time range. 

It is possible to investigate many properties in terms of protein folding and unfolding, the 

attachment of compounds to proteins and any conformation changes as this type of 

biochemical mechanisms occur on nanosecond or microsecond time scales. 

MM and MD will be discussed in detail in the next sections. 
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3.2  Molecular Mechanics 
 
Molecular mechanics uses Newton's equations for the modeling of complex systems such 

as proteins, macromolecules, nucleic acids. Atoms are considered as spherical particles 

with radius and charge. Bonds between atoms, on the other hand, are treated as springs 

and the stiffness value (k) clearly depends on the type of bonding atoms. This modeling 

allows to identify the stretching, torsional modification and bending of the bonds. 

With molecular mechanics the energy associated with different molecular conformations 

can be measured, the estimate of this energy as a function of the atoms including the 

structure, is given by the set of equations that make up the molecular force field (FF). 

 

3.2.1 Potential energy function 

 

To estimate the molecular energy in its state of rest, the nuclear coordinates must 

be known. The energetic surface or surface tension thus defined is given by the 

variation of any variable of the system. For a molecular system composed of N 

atoms, the surface energy is given by two components, that is component of the 

bound and unbound terms. 

 
EQUATION 1 | Potential energy function. 

 
These components are in turn composed in this way: 

 

 
EQUATION 2 | Equation of potential energy function's components. 

 
According to the characteristics of the system and the simulations to be carried out, 

the components can be modeled in different ways. 
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3.2.2 Treatment of bond and non-bond interactions 

 

First, it is important to define the potential energy function as:  

 

 
EQUATION 3 | Explanation of the components of the term bond of potential energy. 

This is composed of bond components, angles, dihedral and non-bond positions. 

The first component concerning the bonded components is modeled as a harmonic 

potential and therefore increases as the bond length increases. The stiffness k is none 

other than the stiffness of the bond between the atoms under consideration. 

The second component instead describes the angles that are created by the rotation 

between the atoms that have a covalent bond. The third component concerns the 

interactions of the dihedral bond and includes, unlike the first bond where a stiffness 

value k was present, a torsional potential for the description of the rotation. 

In this case kφ is defined as the energy barrier of deformation of the angle, δ is the 

phase, n is the multiplicity. The last component is precisely the one concerning non-

bond interactions. 

The latter component is modeled with Van der Waals forces and electrostatic 

interactions. 

The Van der Waals potential is the sum of the attractive and repulsive forces 

within a molecule and between two entities with neutral charge. These forces are 

generated by the phenomena described by the Pauli exclusion principle and by the 

phenomena defined as London dispersion. Clearly Van der Waals forces have a 

weaker bond strength than covalently bonded atoms, yet they are fundamental to 

the description of molecular properties. in particular, these describe the solubility of 

the compounds within polar and non-polar solutions, stericity and molecular 

conformation. 
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For the definition of this potential, the Lennard-Jones equation is used, which 

describes the Van Der Waal forces of repulsion and attraction based on the distance 

between atoms: 

 

 
EQUATION 4 | Lennard-Jones equation. 

The repulsion forces are described by the first component while the attractive ones 

by the second. σ_ (i, j) describes the distance limit after which the Van der Waals 

interactions are zero, ε_ (i, j) describes the depth, i.e. the energy minimum. 

instead, for the description of the electrostatic interactions, Coulomb's law is used: 

 
EQUATION 5 | Coulomb's law for electrostatic interactions. 

 

In this equation ε_0 is the permittivity in the vacuum while ε_r is the permittivity 

in the medium.  

This type of voltage contribution is inversely proportional to the distance between 

the atoms involved and is therefore defined as long range. To reduce 

computational costs, the energy term can be calculated only if the distance 

between them reaches a certain value called the cut-off radius. Another method is 

the Ewald sum where from real space we pass to Fourier space. 

 

3.2.3 Periodic Boundary Condition 

 

Setting boundary effects within the simulations is very important because they 

have the ability to influence the behaviour of the entire system under analysis.  

These conditions (PBC) can be applied to a system of infinite dimensions allowing 

to reduce the edge effects.  

To remove these on-board effects, the system being analysed is usually placed in 

a box containing solvents (water or other types) and the atoms are surrounded by 

a copy of them.  
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Clearly these conditions alter the result of the simulations, but these errors are in 

any case negligible if compared to the errors deriving from the presence of an 

artificial boundary in contact with the vacuum. 

The main problem is that the particles inside the box, if periodic boundary 

conditions are present, then they interact with each other and with the box adjacent 

to infinity. To avoid this, various methods can be applied such as the Lennard-

Jones distance limit, Particle Mesh Ewalds[32], Multipole Cells[33] and Reaction 

Fields[34]. 

 

 
FIGURE 7 | Periodic boundary conditions. An example of a box with a system of particles inside that is 

replicated identical to itself. 

 

3.5.6 Potential Energy Minimization   
 

The potential energy function is defined on the basis of the dimensional 

characteristics of the system, in fact for a system composed of a number N of 

atoms it is necessary to define 3N Cartesian coordinates and 3N-6 are the internal 

coordinates involved in the system, in particular bonds, angles and dihedrals .  

When a system is in the state of equilibrium, we speak of stability and the potential 

energy function reaches a minimum defined Potential Energy Surface (PES), any 

alteration of the system will lead to a greater value of energy. The minima can be 

local (there can be many) and global (for each system there is only one global 

minimum).  

When we talk about energy minimization, we mean to find the minimum energy 

point. 
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There are several methods for energy minimization, which can be divided into two 

macro classes: derivative and non-derivative. The derivative methods are divided 

into first and second order. In the first order through the direction of the gradient 

it is possible to identify the position of the minimum, an example is Steepest 

Descent [35], Conjugate Gradient [36]. For second order methods, based on the 

coordinates it is possible to understand where the energy changes direction. To do 

this, it is necessary to calculate the inverse Hessian matrix of each second 

derivative, which is why these methods are considered to be of high computational 

cost, examples are Newton-Raphson [37], L-BFGS [38]. 

 

 
FIGURE 8 | Potential Energy Surface (PES). In the graph there are a lot of local minimum points and a global 

minimum point. 

3.3  Molecular Dynamics 
 

For the analysis of the dynamics of complex systems such as proteins, nucleic acids etc., 

Molecular Dynamics (MD) is used. This technique, by solving the Newtonian equation, 

allows to analyse average properties of the system under analysis. 

Remembering the dynamic equation: 

 

EQUATION 6 | Dynamic Newtonian equation. 

 
in which m_i is the total mass of the system, r the position and F_i the sum of the forces 

applied to the system.  
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The force acting can also be expressed using the potential energy as follows: 

 

 

EQUATION 7 | Equation of Force expressed with potential energy. 
 
 

3.3.1 Statistical Ensemble 

A chemical system can be investigated by means of static balance properties and 

non-equilibrium properties. The phase space is the representation of all the states 

that the system can assume in terms of position and momentum. This implies that 

for the definition of a point in the space of states, the 3 coordinates which represent 

the position and the three coordinates which represent the momentum are 

necessary. A point in the state space is defined as the point that represents the 

current state in which the system is present, all other points are the possible states 

that the system could assume over time. Ensembles containing points can be 

defined on the basis of thermodynamic characteristics. Ensembles can be defined 

as follows: 

• The Micro-Canonical Ensemble (NVE): constant number of particles of the 

system (N), volume (V) and energy (E). It can be defined as an isolated system. 

• The Canonical Ensemble (NVT): system particle number (N), volume (V) and 

constant temperature (T). It can be defined as a closed system. 

• The Grand Canonical Ensemble (μVT): constant chemical potential (μ), 

volume (V) and temperature (T). It can be called an open system as there is an 

exchange of matter. 

• The isobaric-isothermal set (NPT): number of particles in the system (N), 

constant pressure (P) and temperature (T). 

With molecular dynamics it is possible to sample the entire phase space and 

calculate the aggregate averages of the various properties of the overall system. 
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Mediating the properties means representing them as A function of position and 

moments: 

 

EQUATION 8 | Function A expressed by moments and position. 

In the equation r is the position of the various atoms in the system, p is the 

momentum and ρ (p ^ N, r ^ N) is the probability density function. If we wanted 

to represent the probability density within the ensemble (NVT), this can be 

expressed with the Boltzmann distribution: 

 
EQUATION 9 | Probability density expressed by Boltzmann distribution. 

where k_b is the Boltzmann factor, H the Hamiltonian and T the temperature. 

Regarding the term Q, this is defined as the partition function, it can also be written 

as a function of the Hamiltonian H as follows: 

 
EQUATION 10 | Partition function expressed by Hamiltonian H. 

This partition function acts as a bridge between microstate and macrostate, in fact 

it can be defined as the sum of the Boltzmann factor on all the microstates of the 

system under analysis. Clearly, from the point of view of the solution to this 

equation, it is impossible to calculate why an ergotic hypothesis has been 

introduced. This hypothesis is based on the concept that the temporal average for 

each property can be replaced with the average of the set of the same property over 

a fairly long period of time. The formula for calculating this average is as follows: 

 

EQUATION 11 | Average function of Equation 8 
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where t represents the length of the simulation in terms of time, M is the number 

of steps of the simulation and A (p ̂  N, r ̂  N) is the instantaneous value of property 

A. 

3.3.2 Molecular Dynamics implementation scheme 

The main concept on which molecular dynamics is based is that of solving 
Newton's equations for the analysis of a complex system. Newton's law is reported 
for the description of acceleration: 

 
EQUATION 12 | Acceleration equation expressed by Newton's law. 

 
For functions for which there is no analytical solution, numerical integration is 

used by means of some methods: the Verlet [39] algorithm, the Leap-Frog [40] 

algorithm, Velocity Verlet [41] and many others. The state space must be sampled, 

it is important to choose a correct time step (usually fs).  

The flowchart (Figure 9) describes the steps to follow in molecular dynamics: 

• The initial structure is provided as input and the initial positions are also 

given by notes according to the PDB structure used (an example is to 

download the structure from the Protein Data Bank). 

• The velocity values, on the other hand, are assigned arbitrarily by a 

Maxwell-Boltzmann distribution at a given temperature. With these inputs 

the first calculation made is the potential energy. 

• The potential energy is then derived to calculate the forces acting on the 

system. At each step a new set of coordinates and speed is generated.  

• Finally, the simulation output trajectory is extracted from which the other 

properties of the analysed system can be calculated. 

 Using the MD exit trajectory, macroscopic thermodynamic properties (e.g., 

energy, temperature, pressure) can be calculated as time averages. 

3.3.3 Software package 

For molecular dynamics, different AMBER [42], CHARMM [43], GROMACS [44], 

etc. are available. For this master's thesis the only software used was AMBER.  
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The acronym AMBER stands for Assisted Model Building and Energy 

Refinement and is software for MD simulations on complex systems.  

• Leap: defines the coordinates, the different parameters and topology of the 

system used at the start of the simulation for setting the parameters. 

• Anteroom: Used to automate Amber Force Field compatible parameterization. 

• Sander: is the core of the development of simulations. 

• Pbsa and mmpbsa: calculate energy. 

 

 

FIGURE 9 | Flowchart of Molecular Dynamic (MD) steps for the correct simulation setup. 

3.4 Methods of analysis 

 

After the molecular dynamic simulations, numerous analyses are carried out.  

In this work AMBER was used and different analyses were carried out by means of the 

final trajectory of the simulations. 

 

3.4.1 Cluster analysis 

 

The molecular dynamics exit trajectory contains a large number of frames which 

are used for the analysis of the system properties.  

Grouping methods are used and in particular it was used the kmeans clustering 

algorithm that minimizes the variances within the cluster (Euclidean distances 

squared).  
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This method divides, according to the characteristics set, the data or conformations 

into different macro-groups by extracting the reference centroid for each group 

(cluster). 

Each point within the group is similar to the other points contained in the same 

cluster and has differences compared to the other points belonging to different 

clusters. The software used in this work is Amber and CPPTRAJ was used as a 

tool. 

 

3.4.2 Distance analyses 

 

Distance analyzes are performed to calculate differences between atoms or 

molecules. In this context, this analysis was used to evaluate the conformational 

differences that the protein presented after the simulation of molecular dynamics. 

For these analyzes groups or single atoms are chosen and the distance between 

them is calculated from the remaining. Amber CPPTRAJ tool was used.  

 

3.5  Molecular Docking and Virtual Screening 

Molecular Docking is a computational method used for the discovery of new drugs and 

to model the interaction between proteins and new compounds analyzed.  

This is allowed thanks to the prediction of the binding site of the ligand to the protein and 

also to the prediction of the conformation that the ligand assumes.  

Thus, docking allows not only to evaluate the poses of the various compounds with the 

protein but also to estimate a binding affinity by calculating the receptor-binding binding 

energy.  

Virtual screening instead has the purpose of skimming the analyzed molecules by 

classifying them as active and inactive. 

 

3.5.1 Ligand and receptor 

 

For Docking analysis, the main structures are ligands and receptors. The receptors 

are in most cases proteins, or 3D structures with atomistic resolution. 

There is a database containing many ready-made crystallographic structures that 

can be downloaded for free (Protein Data Bank [45]). Clearly better is the resolution, 
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better will be the results, usually less than 2.5 angstrom. Not all structures are 

present within the databank, the structure is very often present, but the organism of 

interest is different. Bacteria and non-human calcium channels may be present. For 

this reason, homology modeling is very often used, that is the modeling of 

homology [46], this allows to obtain a new model starting from a structure already 

present and already validated but going to compare the amino acid sequences. 

Before docking, the structure is usually prepared by not only balancing it but also 

by carrying out molecular dynamics to evaluate the flexibility of the chains and the 

binding site. The most difficult step from the point of view of the investigation is to 

understand which is the binding site between the ligand and the receptor called 

binding pocket. As for the ligands, they too are already present in various databanks, 

in particular PubChem[47]. Clearly, before docking the structure must be optimized, 

if the information is in 2D the 3D structure must be created, controlling the atoms, 

the charge and the protonation. Not necessarily all the structures are present in the 

databank, they can be designed using software such as MOE [48]
 or Avogadro[49], 

clearly going to optimize after the structure. 

 

 

 

3.5.2 MaxMinPicker algorithm 

 

The MaxMinPicker algorithm is an algorithm that allows you to skim the data and 

divide it into large groups. this allows you to work even with large data sets. 

The steps of the algorithm are as follows: 

1. For each molecule belonging to the dataset to be analyzed, whether they are 

seed or not, create a descriptor. 

2. If there are no starting molecules (seeds), it randomly chooses molecules to be 

analyzed. 

3. Of the molecules identified for the analysis, look for the molecule that has the 

maximum value for its minimum distance from the molecules of the analysis 

set. 

4. It records all the distances between the molecules and when it finds the largest 

distance, it transfers the molecule to the collection set. 
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The figure 10 schematically describes the steps of the algorithm. The table should 

be read from left to right and for each column. You take the first column and read 

all the way to the bottom. From the analysis of the first column, the first maximum 

value is obtained. 

For each other column proceed in the same way but comparing the maximum value 

found with the previous one. 

If the new value is in the range of the previous one, this indicates that the processed 

molecule is similar to that of the previous column. This is done for each column. 

Clearly, if at the end of a column the minimum value is greater than the minimum 

value of the following columns, then the molecule representing that column 

automatically becomes the reference molecule as it has a greater distance from the 

origin. it should be noted that each distance is calculated once and recorded, there 

are no repetitions. 

 

 
FIGURE 10 | Scheme for understanding how the min-max picker algorithm works. 

 

3.5.3 Search Algorithms 

 

During molecular docking the aim is to find the best pose, this implies that many 

conformations of the system must be explored. the best pose is the pose that shows 

the highest possible bond energy in absolute value.  

There are two possible ways from: the first is to carry out a local search, the is the 

exploration of a global minimum and therefore the space is explored more widely. 

Depending on the type of program used to perform the Docking analysis, it is 

possible to implement different methods that use matching algorithms, systematic 

search or stochastic methods.  
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The first methods combine the structure of the compound to be analysed and the 

chemical complementarity of the site in which the bond is expected. 

The compounds used in this type of docking must be known and the coordinates 

that identify the location of the ligand can be calculated with can be determined with 

mean square deviation (RMSD) by taking the lowest compared to the centers of the 

characteristics. 

Systematic search methods, on the other hand, create a sampling of the 

conformation space in well-established intervals. this allows to investigate all 

possible degrees of freedom. These methods can be classified into exhaustive 

research and fragmentation algorithms. The exhaustive research aims to investigate 

all the possible conformations that the system can assume by creating rotations 

between the bonds.  

 

The number of conformations is calculated according to the following equation: 

 
EQUATION 13 | Number of conformations in a system. 

where N is the number of bonds that allow rotation and θ_ij is the amplitude of the 

incremental rotation angle j for the bond i. 

The last method, namely that of fragmentation, involves the fragmentation of the 

ligand and the sampling of the conformational space by increasing one fragment at 

a time within the binding site. the fragments are covalently connected which allows 

to decrease the conformation energy. 

The advantage of stochastic methods is certainly the rapid achievement of an almost 

optimal solution by randomly varying the degrees of freedom of the analysed 

compound. Clearly, they are not always suitable in fact they are mostly used for 

large molecules where the degrees of freedom are high in number.  

Examples of algorithms that used these methods are genetic algorithms (GA) [50], 

simulated annealing (SA) [51] and Monte Carlo [52] (MC). This type of algorithms 

are genetic algorithms and reproduce the process of evolution. In this process, 

functions called fitness are used which decide which configuration, defined as the 

representation of the individual, is able to survive and therefore automatically 

generate the next configuration. The surviving generation will then be used later for 

the iteration optimization steps. 
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The idea is to use these algorithms for docking analysis, to do this you need to make 

assumptions that are: 

1. Each ligand configuration representing the individual has a chromosome 

and its associated genes. these identify the state variables. 

2. The fitness function no longer represents the surviving individuals but the 

best configuration in terms of state space. 

3. The condition that allows the conclusion of the research can be to reach 

convergence or the achievement of a maximum term of iterations, or the 

achievement of a chosen fitness value. 

The Monte Carlo method performs random changes in the configuration of the 

compound involved in docking. The interesting thing is that the method takes into 

account the already sampled states and this allows for no repetitions. 

Usually this is used simultaneously with simulated annealing methods: these also 

allow you to create random changes, but they are reviewed and based on a criterion 

defined Metropolis Criterion, it is decided whether these changes are accepted or 

not. 

The criterion is structured as follows: 

1. It starts from a configuration with a starting energy E1. 

2. A rendering change is generated and is accepted only if, with this change, 

the new energy is less than the starting one or with a probability equal to P 

= exp {- [(E2-E1) / k_b T]} where in the present equation T is the 

temperature and k_b is the Boltzmann constant.  

The temperature does not remain constant on the ground for the duration of the 

simulation but is reduced in such a way as to be able to lower the probability and 

therefore accept conformations even at high energy. 

The use of this criterion is functional to overcome the problem of accepting the local 

minimum, and therefore the acceptance of a conformation with higher and therefore 

worse binding energy. 

 

3.4.3 Binding Energy 

 

The main analysis carried out in molecular docking and virtual screening is certainly 

the analysis of the binding energy value and the conformation (poses) that the ligand 

has assumed.  
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The equation describing the binding energy is as follows: 

 
EQUATION 14 | Binding energy equation. 

 
The energy is evaluated under standard conditions, this is indicated by the presence 

of the zero coefficient, furthermore there is the enthalpy H, entropy S and the 

temperature T, as well as the constant of the gases R. Clearly, the presence of S and 

h indicates that a correct evaluation of the binding energy is due to the evaluation 

of both entropy and enthalpy. 

The enthalpy term represents the electrostatic forces, of Van der Walls (VdW), the 

hydrogen bonds, polar [53].  

The entropic term instead represents the flexibility of the compound. Molecular 

Mechanics Generalized Born / (Poisson Boltzmann) Surface Area model (MMGB 

/ (PB) SA) [54] are models used to evaluate the energy score due to dicking by finding 

a compromise between accuracy and analysis time.  

This method evaluates the differences between two states of the same molecule in 

the bound and unbound state which is why it can only be used for a post-processing 

of some algorithms such as molecular dynamics. All the frames that have been 

generated by the dynamics are in fact used for the calculation of the energy between 

the two states (bound and unbound). during the simulations we will also have 

solvent-solvent interactions that will certainly show very slight fluctuations.  

This may mask the binding energy by thinking that no engagement has occurred. to 

avoid this, the energy calculation is done according to a thermodynamic cycle.  

According to this cycle, the binding energy can be evaluated using the following 

equations: 

 

 
EQUATION 15 | Equation of binding Energy. 
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FIGURE 11 | Thermodynamic cycle for the calculation of the binding energy used in the MMGB / PBSA 

method. 

Through this thermodynamic cycle, the final result of the binding energy is the 

composition of two terms: a contribution of solvation and a contribution in the gas 

phase. Free energy can be expressed according to this equation: 

 
EQUATION 16 | Free Energy equation. 

where E_MM represents molecular mechanics and takes into account the Van der 

Waals components, the electrostatic energy and bond, the angular, torsional 

component. The second is an entropic term and therefore represents the internal 

entropy of the system. Usually this second term, having a high computational 

weight, is neglected[55] or is calculated with low quality approximations. The free 

energy of solvation includes two terms that describe: the first the electrostatic / polar 

interactions, the second the non-polar ones. Polar interactions can be described by 

the solution of the Poisson-Boltzmann equation (PB) or also by the generalized 

Born equation (GB).  

Using the latter to represent the electrostatic contribution, the following equation 

can be used: 

 
EQUATION 17 | Polar contribution of free Energy expressed by electrostatic contribution. 
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 In the equation ε[56] is the dielectric constant in the solvent while the function f 

depends on two factors, namely interparticle distances and Born radii. 

As regards the non-polar contribution, this is described by the following equation, 

which indicates that this contribution is proportional to the area accessible to the 

solvent: 

 

EQUATION 18 | Non Polar contribution of free Energy expressed by SASA. 

 
3.4.4 Software package 

 

There are numerous software that can be used for molecular docking. The most used 

are AutoDock [57], AutoDock Vina [58], DOCK [59], LigandScout [60]. In this master's 

thesis, the Vina software was used for the first round and then AutoDock. The 

choice was dictated by the fact that Vina is much faster than Autodock and this 

initially allowed for a faster analysis. 
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CHAPTER IV – Computer-aided drug design of Ca2+ agonists to 
enhance the effect of anti-CD20 monoclonal 
antibodies for CD20-positive non-Hodgkin’s 

lymphoma and chronic lymphocytic leukemia. 
 
In this chapter the study of molecular dynamics and molecular docking on calcium channel 
agonists will be described. In particular, it will be researched new compounds with similar 
characteristics in terms of binding energies, binding sites and drug specificity.  
 

Abstract 

Non-Hodgkin's lymphomas (NHL) are clonal lymphoproliferative diseases that originate from 

B lymphocytes. NHL also comprises the Chronic Lymphatic Leukemia (CLL), a type of blood 

cancer. Patients affected by these pathologies possess high amounts of differential antigens 

CD20. In this context, anti-CD20 monoclonal antibodies (mAbs) increase the influx of Ca2+ 

and lead to cell apoptosis after interacting with CD20. Anti-CD20 mAbs bind to CD20 

transmembrane antigen, they were found on pre-B lymphocytes and mature B lymphocytes.  The 

CD20 receptor is involved in the regulation of Ca2+ influx in B lymphocytes and the cells 

exposure to anti-CD20 antibodies causes a strong induction of cell death, suggesting a 

correlation between the and Ca2+ influx and the cytotoxic effect of the antibodies.  

Therefore, it is worth interesting to characterize small molecules able to keep the calcium 

channels in an open form and to develop new molecules that can enhance the influx of Ca2+, such 

as agonists of L-type calcium channels (LTCC). The main hypothesis addressed in this study is 

improve the actions of anti-CD20 monoclonal antibodies in inducing apoptosis by increasing 

the flow of calcium inside the cell. 

After studying the interactions of the dihydropyridine (DHP) agonist of the calcium channel 

BAYK 8644, the aim of the thesis work is to find a drug with the same characteristics in terms 

of structure and binding sites involved in the protein-binding interactions. All compounds that 

will be inside the binding pocket of the reference agonist will be discriminated and those with 

greater interactions in terms of higher binding energy will be chosen. 

With these considerations, the present project will combine computer-aided-drug design 

(CADD), experimental results of previous studies obtained by the Anticancer Antibodies team 

on calcium channel blockers and the antitumor activity of anti-CD20 monoclonal antibodies and 

Molecular Dynamics (MD) simulations for the analysis and research of new compounds to 
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support the action of anti-CD20 mAbs, selectively targeting the calcium ions channel and 

consequently increasing the calcium flow.  

The outcome of this work will show the conformational effects on the calcium channel after the 

agonist/antagonist binding and will perform an extensive virtual screening among a huge 

number of compounds, exploring the mode of binding of investigated chemicals and 

highlighting differences in terms of binding sites and main residues involved. 

 

 4.1 Introduction 

Cancer research has always been committed to the discovery of new therapies for the 

treatment of cancer. The deepening of the pathologies involved allows to produce new 

strategies to be implemented.  

Non-Hodgkin's lymphomas (NHL) affect the lymphatic system and it consists in 

transformation of lymphocytes creating neoplastic cells. The lymphatic system it is 

composed by lymphatic organs, such as the bone marrow, tonsils, thymus and spleen, and 

a series of lymph nodes and lymphatic vessels. The large structure of this system means 

that this type of lymphoma does not have well-defined areas in which it can develop and 

rarely affects a single organ. 

Chronic Lymphatic Leukemia (CLL) is a group of blood cancer and a subtype of NHL. 

CLL is the consequence of numerous biological and genetic events affecting mature B 

lymphocytes and is characterized by an initial proliferation of these cells in the bone 

marrow and peripheral blood, followed by the involvement of the lymphatic structures that 

increase in size. The main therapeutic agents in the treatment of patients with differential 

antigens CD20-positive NHL and CCL are monoclonal antibodies (mAbs) [8]. They work 

through by complement-mediated cytolysis that provides the desired anti-cancer effect or 

they release toxins and radiation to selectively target affected cells. The mAbs are used for 

the treatment of these diseases, since monoclonal antibodies, such as anti-CD20.  

Anti-CD20 mAbs bind to CD20 transmembrane antigen, a non-glycosylated phosphoprotein, 

which is found on pre-B lymphocytes and mature B lymphocytes.  

Exposure of B-lymphoma cell lines to anti-CD20 monoclonal antibodies (mAbs) upregulates 

the expression of early growth response-1 (EGR-1), by increasing Ca2+ concentration inside 

the cells which trigger ERG-1 expression. EGR-1 encodes a zinc finger transcription factor 

whose expression is highly regulated by various extracellular stimuli, including calcium 

influx.  
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Moreover, recent results[1] indicate the involvement of the CD20 receptor in the regulation 

of Ca2+ influx in B lymphocytes and that compounds that block calcium channels have been 

shown to impair the action of anti-CD20 antibodies [10-11]. Exposure to anti-CD20 antibodies 

causes a strong induction of cell death, suggesting a correlation between the induction of 

EGR-1 and the cytotoxic effect of the antibodies. Recent results obtained by the Anticancer 

Antibodies team[1] reported that inhibition of the calcium flux with Ca2+ channel blockers 

as used to treat hypertension or angina, but the patients receiving CCB and concomitant 

therapy anti-CD20 for diseases such as NHL or CLL have the worst survival. This show that 

CCBs negatively impact the outcomes of patients receiving anti-CD20 mAbs. 

 These data lead to hypothesize that calcium agonists can enhance and support the 

therapeutic effects of anti-CD20 antibodies. 

Regarding calcium channel antagonists, there is a lot of information regarding the binding 

sites[20-23]. The starting point for our project will be to identify the preferential state 

for the correct binding of the compounds. The first class we will analyze will be that of 

dihydropyridines (DHPs) which have both an agonistic and antagonistic effect. In general, 

agonists are hypothesized to increase calcium flux within the channel because they prolong 

the opening time, a difference of antagonists who prefer the closed inactivated state. Some 

Cav agonists are known from literatures: FPL64176 [24], and CGP 485065, murrayafoline A 
[25] at low concentration. 

Computational approaches are used for the analysis of complex allowing to study in detail 

the molecular mechanisms, moreover the docking is a powerful means to study the position 

that a compound assumes in the binding with the protein and to evaluate its affinity in terms 

of binding energy. In this study, Molecular Dynamics (MD) simulation, Ensemble Docking 

and the calculation of binding free energy will be used to perform a skimming of the 

compounds chosen for the analysis and then guide the research towards a certain type of 

compound for the search of new medications. 

 

4.2 Materials and Methods 
 
4.2.1 Structure preparation of calcium channel embedded in the lipid bilayer 

 
The most recent structures of the calcium channel have been downloaded from the 

RCSB database: 6JP8 Rabbit Cav1.1-Bay K8644 Complex (2.70 Å), 6JP5 Rabbit 

Cav1.1- Nifedipine Complex (2.90 Å), 6JPA Rabbit Cav1.1-Verapamil Complex 

(2.60 Å), 6JPB Rabbit Cav1.1-Diltiazem Complex (2.90 Å)[13]. The initial crystal 
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structures contained 𝛾-1, 𝛽-1, 𝛼-1S, 𝛼 -2 / 𝛿-1 subunits and agonist and antagonist 

ligands. Considering that our interest is focused on the center of the channel and 

therefore on the 𝛼-1 subunit, the other subunits were not considering in the final 

model (Figure 12). 

Structures were prepared by aligning the calcium channel to its corresponding 

Orientation of Protein in Membranes (OPM) structure[62] in order to have the pore 

oriented along the z-axis and the center of mass of the protein at the center of the 

structures. The channel was embedded into a DOPE (1,2-Dioleoyl-sn-glycero-3-

phosphoethanolamine) lipid bilayer using the membrane generator CHARMM-GUI 

webserver11. A pore was generated using a cylindrical radius of 12 Å to allow the 

insertion of water inside the pore. 

 

4.2.2  Structure preparation of ligands 
 

Ligands for the initial study of the binding sites (Nifedipine, Verapamil, Bay 

K8644, Diltiazem) were extracted from the respective crystal structures (PDB ID: 

6JP5,6JPA, 6JP8,6JPB). By means of the MOE 2018 software all the extracted 

ligands were protonated with a Ph 7.40, using the PropKa algorithm.  

 

 

4.2.3 MD simulation protocol 
 

All MD simulations were performed using the Amber16 package[64]. The 

AMBER-ff99SB-ILDN force-field to define protein topology, while ligands (Bay-

K8644) and Nifedipine) were defined using Antechamber program of the AMBER16 

package, with general amber force field. 

Using Amber’s Leap module, an octahedral box was used to place the system inside 

and filled with TIP3P waters requiring a distance of at least 15 Å between any peptide 

atom and the edges of the box. 
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FIGURE 12| Initial Crystal structure (RCSB ID 6JP5) with all calcium channel subunits used for the creation of 

the model. 
 

To neutralize the system while maintaining a concentration of 0.01 M, NA+ and Cl- 

ions were added in a manner consistent with the experimental conditions used for a 

measurements of NMR chemical shifts[65].  

After solvation of the structure, equilibrium was performed with Amber’s pmemd tool, 

first minimizing the system (peptide and solvent) during 5000 steps using the steepest 

descent method followed by 5000 steps of conjugate gradient. 

 Next, simulations were performed for each structure in NVT (Canonical ensemble) 

simulations for 500 ps using a speed rescaling thermostat with the tau constant at 2 ps 

and a reference temperature at 298 K and restraining heavy atoms of the peptide. NPT 

(Isothermal-Isobaric) simulations was done at 𝑃 = 1 bar and 𝑇 = 298K for a total time 

of 500 ps and was used the Berendesen barostat to maintain the pressure constant. 

These latest NPT simulations were run without restraints in order to support the 

equilibration process.  

� � �

�

� �

�
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Finally, a MD simulation was done for 50 ns without any restrain with a time step of 2 

fs and coordinates saved at every 2 ps. 

The software MOE 2018 and Chimera[66] were used for the visualization of the 

systems, while for the quantitative analyzes, i.e. Root-Mean-Square Deviation 

(RMSD) Root-Mean-Square Fluctuation (RMSF) and Cluster, CPPTRAJ was used. 

 

4.2.4 Virtual Screening 
 

4.2.4.1 ZINC-ID compounds 
 

Compounds to perform the virtual screening were chosen and 

downloaded from the ZINC15 database[67]. The most physiological 3D 

structures were selected, choosing a lead-like predefined subset with a 

lipophilicity (LogP) in the range -1-3.5 and a molecular weight in the range 

300-350 Dalton. 2.8 M of compounds were selected. Next, to further 

reduce the number of compounds, the min-max picker algorithm was 

applied.  

The MinMaxPicker algorithm is an algorithm that allows you to skim the 

data and divide them into groups. This allows you to work even with large 

data sets. 

The steps of the algorithm are as follows: 

5. For each molecule belonging to the dataset to be analyzed create a 

structural interatomic distance-based descriptor. 

6. The algorithm randomly chooses one molecule to be analyzed. 

7. The chosen molecule is compared to all the other molecules in the dataset 

by a structural similarity measure, the similarity index, based on 

descriptors defined in step 1. 

8. Minimum similarity indices between the chosen molecule and all the 

other chemicals are computed, and the compound characterized by the 

maximum value is selected for the subsequent step.  

9. The process restarts from step 3 until all the chemicals are analyzed.  

10. Wh

en the algorithm stops, ligands are divided into separate groups based on 

their similarity index.  



 

Pag. 44 

 
 

 

Applying the MinMaxPicker algorithm, the most similar group to BAY-

K8644 is selected for further analysis, leading to a total of 96.912 

compounds. 

 
4.2.4.2 Molecular docking setup 

 

Docking was performed on only two structures: 6JP8 (agonist-bound calcium 

channel) and 6JP5 (antagonist-bound calcium channel).  

A cluster analysis was conducted from the final trajectory of the MD 

simulations, keeping the centroid of each obtaining cluster and resulting in 10 

representative structures as starting target for the molecular docking. Two 

rounds of docking were performed for the two structures, the first using 

VINA, the second using AUTODOCK. Using the AUTODOCK software[68], 

the box containing only the domains interested in binding was built to detect 

the correct coordinates of center of mass (Figure 13). The size of the cubic 

search box for the docking was set to 25.0x 25.0x25.0 nm. Particular attention 

was paid to excluding the pore of the channel since was not of interest. 

Among the ten ligand poses, only the best one in terms of binding energy was 

selected. To verify if the ligands were more specific for agonist or antagonist 

binding sites, a specificity coefficient was calculated. This calculation was 

done by evaluating the VINA scores obtained at the end of the docking 

simulations. These values represented affinity of the ligand in term of binding 

energies. 

 

 
FIGURE 13 | Graphical representation of the box construction for docking analysis. 
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For each ligand the coefficient was evaluated as follows: 

𝑆𝑃𝐸𝐶𝐼𝐹𝐼𝐶𝐼𝑇𝑌 =
𝑣𝑖𝑛𝑎𝑠𝑐𝑜𝑟𝑒𝐴𝑔𝑜𝑛𝑖𝑠𝑡

𝑣𝑖𝑛𝑎𝑠𝑐𝑜𝑟𝑒𝐴𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡
 

 

From this equation the ligands that had a value less than or equal to 1 are less 

specific for calcium channel bound to agonist (6JP8), whereas values greater 

than 1 indicate compounds with higher specificity. The ligands with a 

specificity value higher than 1.2 and a binding energy value (vina score) 

greater than or equal to -9.3 Kcal/mol were chosen. 

 

4.3 Results  

4.3.1 Analysis of ligand interaction  

 

 The positions of the three groups of calcium channel antagonists and the agonist 

were visually analyzed after downloading the crystal structures from the Protein Data 

Bank-PDB (RCSB) and superimposed on the 6JPA structure downloaded from the 

Orientation of Protein in Membranes (OPM) database.  

Bay K8644 (DHP agonist) and nifedipine (DHP antagonist) were found to be 

located in the same site and not in the pore, whereas Diltiazem (benzothiazepine) 

and Verapamil (phenylalkylamine) occupy the part of the pore (Figure 14). 

 

 
FIGURE 14| Calcium channel structure containing all ligands, obtained by superimposing all structures after 

MD (Red Diltiazem, yellow nifedipine, verapamil green, Bay blue K8644). 

DH P
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We focused on the binding sites of DHP, characterizing the binding features. It is 

worth mentioning that residues involved in binding-protein interaction are mainly 

present on domains III and IV and the segments involved are S5III, P1III, S6III and 

S6IV. This is consistent with the data from previous work[16].  

The different interactions in terms of electrostatic and hydrophobic interactions were 

analyzed. DHP antagonists showed hydrogen bonds between polar residues on S5III 

and P1III and the amine N1 and the C3 ester of the phenyl ring.  

In particular, the amine N1 is bound in a hydrophilic way and therefore with a 

hydrogen bond to the residues S804 while C3 is bound to the residues Thr728 and 

Gln732 on S5III forming hydrogen bond with O2 groups (Figure 15). Hydrophobic 

interactions were also studied, finding that the nitrophenyl ring has interactions with 

the Val725 residue on S5III and Met850 and Phe853, on S6III.  

The dihydropyridine ring creates bonds with Phe801, on P1III, and Tyr1102 and 

Met1101, on S6IV with methyl groups. While presenting the same residue pocket as 

the antagonists, a targeted analysis of the ligand interactions in terms of electrostatic 

and hydrophobic interactions was also carried out for the antagonists. The structures 

were also superimposed to analyze the conformational differences of the residues 

involved in the interactions.  

 
 

FIGURE 15| Specific calcium channel interactions and Nifedipine. a) the refilled calcium channel with its surface 
and a set view is done on the ligand present inside. b) EM map for the nifedipine made with MOE 
where the surface was made with a pink mash. c) set view of the ligand and the binding residues. 

 

a) b)

c)
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The substantial difference lies in the dihydropyridine ring which creates bonds with 

Phe801, on P1III, and Tyr1101 and Met1101, on S6IV with methyl groups. The 

dihydropyridine ring of nifedipine and Bay K 8644 are completely superimposed 

while the phenyl ring is rotated towards the hydrophobic residues on S6IV (Figure 

16a).  

In particular, Phe1370 it appears to exist in two conformers in both structures. As 

regards the conformation change of the domains, it can be noted that the residue 

Phe1105 in the calcium channel linked with nifedipine antagonist is in the "up" 

position, while as regards the calcium channel linked to the agonist (Bay K8644) the 

same residue is in "down" position.  

An analysis of the electrostatic and hydrophobic interactions of the ligands (agonist 

and antagonist) with the calcium channel was performed (Figure 17). For more 

information see the supporting information chapter. 

 

 
FIGURE 16 | Representations of the binding differences between calcium channel- Bay K8644 and calcium 

channel- Nifedipine. a) superposition of Bay K8644 red and gray Nifedipine ligands. b) analysis 
of the residues involved in the interactions with the ligands, overlap of the structures (white 
calcium channel- Bay K8644, blue calcium channel and Nifedipine). 

a) b)
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FIGURE 17 |Analysis of residues involved in the binding interaction: a) Electrostatic interaction, b) 
Hydrophobic interaction. Residues with higher binding energy are circled in yellow. 

 
4.3.2 Analysis of conformational changes 

 

The structures with agonists and antagonists were compared after the MD 

simulations to evaluate the conformational differences due to the interactions with 

the ligands.  

The starting systems were represented in figure 18. 

 
FIGURE 18 | Structure of calcium channel inserted in the membrane. Right a view of the calcium channel 

with the addition of water above and below the channel and inside the pore.  
 

Human calcium channel structures are not present in the RCSB Protein Data Bank-

PDB.  

ANTAGONIST AGONIST
PHE1105
ALA1104 ALA1104
VAL725 VAL725
MET1101 MET1101
PHE853 PHE853
GLN732 GLN732
THR728 THR728
THR805 THR805
SER804 SER804
MET850 MET850
TYR1100 TYR1101
TYR841 TYR841
ILE845 ILE845
THR729 THR729
PHE801 PHE801
MET849 MET849

ILE724

ANTAGONIST ENERGY AGONIST ENERGY
PHE1105 0.079
ALA1104 0.527 ALA1104 -0.003
VAL725 -0.452 VAL725 -0.664
MET1101 -1.477 MET1101 0.232
PHE853 -3.173 PHE853 -3.418
GLN732 1.950 GLN732 3.887
THR728 -1.362 THR728 -1.135
THR805 -0.907 THR805 -0.954
SER804 -1.299 SER804 1.724
MET850 -0.590 MET850 -3.407
TYR1100 0.432 TYR1100 0.564
TYR841 0.227 TYR841 0.253
ILE845 -1.345 ILE845 -1.262
THR729 1.707 THR729 1.513
PHE801 -4.882 PHE801 -3.293
MET849 0.237 MET849 -0.530

ILE724 -0.373

a)

b)
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With the swiss-model software[69], the similarity of the sequences of human voltage-

dependent L-type calcium channel alpha-1S subunits were analyzed with the crystal 

structures already present, using the human FASTA sequences from the UNIPROT 

database[61] Q13698 (CAC1S_HUMAN). 92.6% similarity was found with rabbit 

sequences, so there is a high sequence conservation with the human being and the 

hypothesis is that the channel mechanism is the same (Figure S1). For this reason in 

this project we used rabbit structures. 

Structural displacements of the S4 and S5 segment domains and of the “Hinge” Loop 

were visualized (Figure 19). The S6I segment, instead of being in a more closed 

position in the presence of the antagonist, opens in the presence of the calcium 

channel agonist. Particular attention is paid to the S6I and S6IV segments. It can be 

seen that in the presence of the agonist these segments approach each other thus 

decreasing their distance. Details on distance measurements can be found in the 

supporting information chapter.  

 
fFIGURE 19| Analysis of the conformation changes of the calcium channel structure with ligand interaction. a) 

superimposition of the calcium channel structure with bay k 8644 (pink) and the calcium channel 
with nifedipine (blue) after md simulation. b) focus on s6i and s6vi segment and distance 
measurement between segments.  

 
A measurement of the distance between the aforementioned segments was carried out 

and evaluated over time. There is a clear decrease of the inter-domain distance in the 

presence of the agonist with respect to the calcium channel with the antagonist (figure 

20). 

a) b)
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FIGURE 20 | Graph of the trend of the distance between segments s6I and s6IV as a function of the frames. 
 

An analysis of the fluctuations of the atoms of the structure over time was also 

conducted and no remarkable differences were highlighted, suggesting a similar 

flexibility of the structures after the ligand binding (see supporting information).  

Secondary structures were then investigated. In particular, only the secondary 

structures of the segments that are part of the ligand-receptor interaction were 

evaluated. In figure 21, the binding sites of the agonists and antagonists were 

analyzed to evaluate a rearrangement of the structures.  

This was done to understand how the protein is structured in the presence of the 

agonist and antagonist. In the analysis it can be seen how some residues seem to 

destabilize in the presence of the antagonist. 
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FIGURE 21 | Comparison of the secondary structures of the segments involved in the ligand-receptor binding. a-

c) Comparison of the indicated residues, d) highlighting of residues that show changes in secondary 

structures. 

 

4.3.3 Virtual Screening 

 

All 96,912 compounds were evaluated to analyze the binding affinity with the 

imposed docking site. Affinities were assessed for the 6jp5 and 6jp8 objectives in 

terms of energy. Specifically, from the molecular docking simulations, values (vina 

scores) were obtained that refer to the binding energies.  

The range of values is included from -11 to -4.2 kcal * mol -1. Clearly, the ligands 

that had very low values were discarded, and it was decided to continue the analyzes 

only with the 10,000 compounds that had a better binding-target coupling in terms 

of binding energy.  
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The first 45 compounds with the highest vina scores have been shown in the figure 

22 for both 6jp5 and 6jp8 targets. The control value has also been included in the 

graphs, that is the highest energy value obtained from docking the BAY K8644 

agonist. 

 

 

 
FIGURE 22 | Graph of the first 45 ligands with higher Vina scores: a) ligands that have docked with 6jp8 b) 

ligands that have docked with 6jp5 structure. Ligands with the same vina score are represented 
with the same color. 
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To understand how the compounds behaved in the different cases, the specificity 

value was calculated for each compound dividing the binding energy value of the 

agonist by the binding energy value of the antagonist.  

A specificity index was therefore evaluated as follows: 

 

𝑆𝑃𝐸𝐶𝐼𝐹𝐼𝐶𝐼𝑇𝑌 =
𝑣𝑖𝑛𝑎𝑠𝑐𝑜𝑟𝑒𝐴𝑔𝑜𝑛𝑖𝑠𝑡

𝑣𝑖𝑛𝑎𝑠𝑐𝑜𝑟𝑒𝐴𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡
 

 

All values less than or equal to unit were discarded as they presented low specificity 

for agonist targets. It is clearly possible that ligands with a high specificity index do 

not have a high binding energy. 

For this reason, two thresholds have been imposed. 

In particular:  

• for the specificity index was chosen as the threshold value 1.2 since, 

evaluating all the values, there seems to be a high value. Specificity > 1.2 

• for the binding energy the value of -9.3 kcal / mol was imposed, which 

represents the binding energy value obtained at the end of the docking 

simulations for the starting antagonist. Energy < - 9.3 kJ/mol 

Figure 23 represents a scatter plot where the energy of the ligands and the specificity 

were driven. On the basis of the applied thresholds, the ligands represented with a 

purple circle were chosen for the subsequent analysis. For more information on 

ligand specificity see the supporting information chapter. 

Selected compounds were superimposed on the starting agonist to the analysis of 

the poses, evaluating no longer the energy but the structural affinity of the 

compounds and the residues involved in the ligand-channel interaction of calcium. 

The electrostatic interactions of the compounds with calcium channels were 

analyzed. The residues involved in the binding were compared those involved for 

the starting agonist.  

The data have been reported in Table 1 for easier viewing. It can be seen that the 

residues that had a higher energy in absolute value PHE853, MET850, PHE801 are 

always present. It is possible to think that these bonds may confer specificity to the 

compounds with respect to the binding site.  
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In reality, the residual TRH 728, VAL725, MET1101, THR729 are also always 

present but a previous analysis has highlighted that the energy of this residue is low 

due to the binding of the agonist to the antagonist. This led us to focus on the residues 

circled in yellow. 

 

 
FIGURE 23| Scatter plot of ligand energy as a function of specificity. the purple dots are the ligands chosen for 

further analysis. 
 

 

 
TABLE 1 | Comparison between the binding residues of the starting agonist and of the compounds analyzed. 

The colors are representative of the legend on the right of the table. 
 

AGONIST

ALA1104
VAL725
MET1101
PHE853
GLN732
THR728
THR805
SER804
MET850
TYR1100
TYR841
ILE845
THR729
PHE801
MET849
ILE724

C92
MET797
ALA1104
VAL725
MET1101
PHE853
GLN732
THR728

SER804
MET850
TYR1101
TYR841
ILE845
THR729
PHE801
MET849
ILE724
LEU800
PHE1105

C93
MET797

VAL725
MET1101
PHE853
GLN732
THR728

SER804
MET850

TYR841
ILE845
THR729 
PHE801
MET849

C94

VAL725
MET1101
PHE853
GLN732
THR728

SER804
MET850

THR729
PHE801

C95
MET797

VAL725
MET1101
PHE853
GLN732
THR728

MET850

THR729
PHE801

MET798

C96

ALA1104
VAL725
MET1101
PHE853
GLN732
THR728
THR805
SER804
MET850
TYR1100

THR729
PHE801

ILE724

C97

VAL725
MET1101
PHE853
GLN732
THR728

MET850

THR729
PHE801
MET849
ILE724

PHE1105

ILE718

C98

ALA1104
VAL725
MET1101
PHE853
GLN732
THR728

SER804
MET850
TYR1100
TYR841
ILE845
THR729
PHE801
MET849
ILE724

PHE1105
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Compared to Bay-K8644, these drugs, despite being in the same region, have 

different structures and the aromatic rings are oriented differently. Compounds 

were superimposed with the starting ligand, representing the starting agonist ligand 

in red (Figure 24). Clear structural analogies with the starting group Dihydropyridine 

were presented by these ligands. It is possible to see how all present the characteristic 

aromatic ring of the dihydropyridine class.  

 

 

a) b) c)
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C93C92 Bay K8644L egend C94

d)
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e)
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FIGURE 24 | Comparison of a pose for the chosen ligands, superimposed on the pose of the starting 

agonist. 
 
 
 

This ring in some compounds such as C92, C93, C96, C98 is almost completely 

superimposed on that of BAY-K8644. In addition, the first compound analyzed C92 

also has the same starboard group that characterizes BAY-K8644. 

 

 

4.4 Discussion 

 

Calcium channels are attractive targets for many drugs as they are involved in many 

functions for the cell. In the present study the interest lies in increasing the calcium flux 

within the cell, so the new compounds will have to be ungrateful to interact with the 

channel as activators. The influx of calcium could favor the therapeutic effect of some 

drugs, so these new compounds will be used to support therapy, especially for the treatment 

of chronic lymphocytic leukemia.  

First, we have focused our attention on the binding site of the calcium channel agonists and 

the different residues involved in the binding of the same class of compounds, the 

Dihydropyridines. The residues that had a higher binding energy with respect to the 

antagonist were identified and they are PHE 853, MET 850, PHE801. Furthermore, it was 

noted the presence of ILE724 which was not present in the residues involved in the binding 

with the antagonist. 

The conformation changes of the structure linked to the agonist and antagonist were 

evaluated. It has been seen how the structure with the agonist presents an approach of the 

g)

ANALYSIS OF THE RESULTS3
P o s e s

Bay K8644L egend C98C97

f)
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residues S6I and S6IV, assuming there is an opening of the pore of the channel. Figures 19 

and 20 show a change in the protein when bound to ligands, in particular the distance 

between the S6I and S6IV residues (segment forming the pore) decreases over time during 

the simulation with the agonist. In addition, the secondary structures of the segments 

involved in the ligand binding of the calcium channel were investigated. Figure 21 shows 

the secondary structures of the residues involved in binding with the ligands: they were 

graphed in percentage and slight differences between residues of calcium channel with 

agonist and antagonist are noted. In particular the residues 862-864. Residues 719-724 

show an increase in the secondary bend structure and residue 1116 of alpha.  

This shows that the channel with agonist is better structured while in the presence of the 

antagonist there is a destabilization of these secondary structures. 

Subsequently, new compounds were analyzed and the binding residues were compared 

with those of the agonist. We started from a dataset of 96,912 compounds.  

After the molecular docking, the binding energies of the compounds were analyzed and it 

was decided to proceed with further analyzes only with 10,000 compounds. Figure 22 

shows the first 45 compounds that had binding energies, both with docking with the targets 

extracted from the 6jp8 structure (calcium channel complex and agonist) and for the targets 

extracted from the 6jp5 structure (calcium channel complex and antagonist).  

An analysis was carried out on the specificity of the compounds where we tried to 

understand which is more specific for the calcium channel linked to the agonist or the 

calcium channel linked to the antagonist. 

The specificity indices were calculated and all compounds with values less than or equal 

to unity were eliminated as they were evaluated as non-specific. 

In addition, a specificity threshold was defined based on the values obtained and it was 

decided to take only compounds with an index greater than 1.2. Moreover, a second 

threshold was set on the binding energy, all the compounds with a similarity index more 

than or equal 1.2 but with energies greater than -9.3 were taken. This value was chosen 

after a docking with the calcium channel with the starting agonist. In the scatter plot in 

figure 23 they are highlighted the compounds chosen according to the thresholds imposed 

for evaluating the poses. The selected compounds C92, C93, C94, C95, c96, c97, c98 were 

superimposed on the agonist and the residues involved in the bond were evaluated. The 

presence of all the residues leads us to think that that compound may have the same 

characteristics as the agonist and the same effects. Other residues in the presence of the 
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binding with the agonist had lower energy values than the same residues in the presence of 

the antagonist, this leads us to think that they are discriminating for agonist compounds.  

The differences between the pose of the compound under analysis and the starting agonist 

are shown in figure 24, where it is possible to notice that almost all the compounds have a 

strong similarity from the structural point of view with the agonist. This is an interesting 

result since the structural affinity is not found instead in compounds with a low energy such 

as the ligand analyzed in figure S13. On the other hand, by analyzing the residues involved 

in the binding with the new compounds, it can be seen that not all the residues that bind the 

agonist with the calcium channel are present. However, the three residues that have been 

identified are always present because they had a higher binding energy than the others and 

they are C92,C93,C94,C8. 

  The compounds that have a higher energy are also the most affinities from the point of 

view of structural similarity with the starting agonist. The aromatic rings are found with 

the same orientation and are almost superimposable with the Bay-K8644. In addition, C92 

also has the same starboard group that characterizes BAY-K8644.  

This result is important because we know that starboard group of DHP is discriminating for 

a compound with already agonistic activities and we hope that the new compound therefore 

has not only the same structure but also the same functions. 

The aim of this master's thesis was to find a drug with the same characteristics as calcium 

channel agonists, such as Bay K8644. The four compounds identified seem interesting: 

they have the highest energies on the calcium channel and a high specificity compared to 

the other compounds.  

It would be interesting to perform more analyzes on these compounds. 
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CHAPTER V – Conclusions and future perspective 
 

In this master's thesis work, two disease were considered: Non-Hodgkin's lymphomas (NHL) 

and Chronic Lymphatic Leukemia (CLL). Patients affected by these pathologies possess high 

amounts of differential antigen CD20 differential antigens. In this context, anti-CD20 

monoclonal antibodies (mAbs) attacking CD20 increase the influx of Ca2 + and lead to cell 

apoptosis.  

The main hypothesis addressed was improve the actions of anti-CD20 monoclonal 

antibodies in inducing apoptosis by increasing the flow of calcium inside the cell. 

After studying the interactions of the dihydropyridine (DHP) agonist of the calcium channel 

BAY-K 8644, the aim of the thesis work was to find a drug with the same characteristics in 

terms of structure and binding sites involved in the protein-binding interactions. All 

compounds that were inside the binding pocket of the reference agonist were discriminated 

and those with greater interactions in terms of higher binding energy will be chosen. 

With these considerations, the present project combined computer-aided-drug design 

(CADD), experimental results of previous studies obtained by the Anticancer Antibodies 

team on calcium channel blockers and the antitumor activity of anti-CD20 monoclonal 

antibodies and Molecular Dynamics (MD) simulations for the analysis and research of new 

compounds to support the action of anti-CD20 mAbs, selectively targeting the calcium ions 

channel and consequently increasing the calcium flow. 

The first analysis performed was to identify the binding sites of the dihydropyridine agonists 

and antagonists within the calcium channel. After this, we moved on to the study of the 

interactions of the ligands involved in the calcium-binding channel link. The differences 

between agonists and antagonists in terms of residues forming the binding pocket and related 

binding energies were evaluated. The conformation differences of the calcium channel bound 

to the agonist ligand and the antagonist were analyzed and particular attention was paid to the 

secondary structures of the segments involved in the biding pocket. Once these data were 

obtained, we moved on to the molecular docking analysis where 96.912 compounds with 

physiological properties were extracted from a ZINC15 database and subsequently added to 

the channel for the Docking analysis. 

The compounds were analyzed in terms of binding energy and the energy values was 

compared with starting agonist energy. Two filters have been inserted in order to choose the 

best compounds. 
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In particular, the specificity indices of compounds were calculated in term of difference 

between binding energies obtained by the docking with the calcium channel bound to the 

agonist and binding energies obtained by the docking with the calcium channel bound to the 

agonist. This specificity analysis was performed to understand which compound was more 

specific for the channel linked to the agonist or antagonist. 8 compounds were then selected 

for structural analysis by superimposing the compounds with the starting agonist and by 

evaluating the orientation of the functional groups. The residues involved in binding to the 

calcium channel were also analyzed. 

These 8 compounds have the structural similarities with the starting.  

Future studies could test the effectiveness of the compound in increasing the calcium flux 

inside the cell by carrying out a molecular dynamic and subsequently analyzing different 

characteristics of the protein. From the analysis of fluctuations conducted on the atoms no 

major differences were noted in this study when the calcium channel was bound to the agonist 

and when it was bound to the antagonist. The dynamics of the channels could be analyzed in 

more detail with the new identified compounds, it could be evaluated how the pore behaves 

in the presence of these, if important fluctuations are present.  

Furthermore, one could study the conformation change of the channel with the new bound 

compound and in vivo study could be conducted.  

The existing LTCC calcium channels are of 4 types Cav1.1, Cav1.2, Cav1.3 and 1.4 and each 

channel is involved in different functions in different excitable cells. Transcripts for all L-

type channel isoforms were detected in lymphocytes. CaV1.1 is co-expressed in neurons that 

produce gamma-aminobutyric acid (GABA), CaV1.2 and CaV1.3 exhibit a highly 

overlapping expression pattern in many tissues and particularly in cardiac and neuronal cells 
[70]. CaV1.2 and CaV1.3 are found in neurons and in the sinoatrial node acting as a pacemaker 

as they are involved in excitation-contraction coupling. CaV1.3 are mainly present in 

pancreatic cells and kidneys while Cav1.4 in cells of the retina. It would be interesting to use 

the compounds found to evaluate the different expressions of calcium channels. The 

interactions of the compounds found with the other calcium channels could be studied. 

Moreover, the same project could be carried out using a non-dihydropyridine, such as 

FPL64176, CGP 48506 and murrayafoline A.  

A further future development could be to create a homology model of the human calcium 

channel for analysis. 
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A biological evaluation of the calcium channel linked to the compounds found and in 

combination with direct anti-CD20 antibodies could be performed both in vitro and in vivo. 

Preliminary toxicity experiments will address questions relating to the therapeutic index. 
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CHAPTER VI – Supporting information 
 

This chapter contains supporting information for a better understanding some topics covered 

within the thesis work and further analysis. There is a table at the end of the chapter that contains 

all the software used for image processing and analysis. 

 

For a better understanding of the similarity of rabbit to human structures, the alignment of the 

alpha 1 subunits of the human and rabbit calcium channel is reported. a model was also built 

which highlights the different residues. 

 

 
 

 
SUPPORTING FIGURE 1 | The figure represents a model of the rabbit alpha1 subunit calcium channel. The white 

portions within the model represent residues that are different in the human calcium 
channel sequence. On the right in the figure is the graph of the similarity between the 
structures of the calcium channel of the rabbit and the calcium channel of the human. 
The sequences were downloaded from the UNIPROT database and then compared 
with the MOE software. The Uniprot IDs for sequences are: rCav1.1: P07293; 
hCav1.1: Q13698. 

ANALYSIS OF THE RESULTS3
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Different
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                                                            HUMAN/ 1- 1874 
HUMAN/1-1874      1 MEPSSPQDEGLRKKQPKKP PE LPRPPRALFCLTL NPLRKACISIVEWKPFETIILLT                      I             E                                          V                                        

RABBIT/1-1874     1 MEPSSPQDEGLRKKQPKKP PE LPRPPRALFCLTL NPLRKACISIVEWKPFETIILLT                      V             Q                                          L                                        
          acc

                TT                                           HUMAN/ 1- 1874 
HUMAN/1-1874     61 IFANCVALAVYLPMPEDDNNSLNLGLEKLEYFFL VFSIEAAMKIIAYGFLFHQDAYLRS                                  I                         
RABBIT/1-1874    61 IFANCVALAVYLPMPEDDNNSLNLGLEKLEYFFL VFSIEAAMKIIAYGFLFHQDAYLRS                                  T                         
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874    121 GWNVLDF IVFLGVFT ILEQVNVIQS TAPMSSKGAGLDVKALRAFRVLRPLRLVSGVP       T        V          H                                
RABBIT/1-1874   121 GWNVLDF IVFLGVFT ILEQVNVIQS TAPMSSKGAGLDVKALRAFRVLRPLRLVSGVP       I        A          N                                

          acc
                                                 TT          HUMAN/ 1- 1874 

HUMAN/1-1874    181 SLQVVLNSIFKAMLPLFHIALLVLFMVIIYAIIGLELFKGKMHKTCY IGTDIVATVENE                                               F            
RABBIT/1-1874   181 SLQVVLNSIFKAMLPLFHIALLVLFMVIIYAIIGLELFKGKMHKTCY IGTDIVATVENE                                               Y            
          acc

                                             1                                                              HUMAN/ 1- 1874 
HUMAN/1-1874    241  PSPCARTGSGR CTINGSECRGGWPGPNHGITHFDNFGFSMLTVYQCITMEGWTDVLYWE           R                                               
RABBIT/1-1874   241  PSPCARTGSGR CTINGSECRGGWPGPNHGITHFDNFGFSMLTVYQCITMEGWTDVLYWK           P                                               

          acc
    2         1       2                                                              HUMAN/ 1- 1874 

HUMAN/1-1874    301 VNDAIGNEWPWIYFVTLILLGSFFILNLVLGVLSGEFTKEREKAKSRGTFQKLREKQQL                                                            D
RABBIT/1-1874   301 VNDAIGNEWPWIYFVTLILLGSFFILNLVLGVLSGEFTKEREKAKSRGTFQKLREKQQL                                                            E
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874    361 EDLRGYMSWITQGEVMDVED REGKLSL EGGSDTESLYEI GLNKIIQFIRHWRQWNR                             D                              I                    F                    A                  

RABBIT/1-1874   361 EDLRGYMSWITQGEVMDVED REGKLSL EGGSDTESLYEI GLNKIIQFIRHWRQWNR                             E                              V                    L                    E                  
          acc

                                  TT                         HUMAN/ 1- 1874 
HUMAN/1-1874    421 FRWKCHD VKS VFYWLVILIVALNTLSIASEHHNQPLWLT LQDIANRVLLSLFT EML       I   K                             R              T   

RABBIT/1-1874   421 FRWKCHD VKS VFYWLVILIVALNTLSIASEHHNQPLWLT LQDIANRVLLSLFT EML       L   R                             H              I   
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874    481  KMYGLGLRQYFMSIFNRFDCFVVCSGILE LLVESGAMTPLGISVLRCIRLLR FKITKM                                                                                         I                       I     
RABBIT/1-1874   481  KMYGLGLRQYFMSIFNRFDCFVVCSGILE LLVESGAMTPLGISVLRCIRLLR FKITKL                                                                                         L                       L     

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874    541 YWTSLSNLVASLLNSIRSIASLLLLLFLFI IFALLGMQLFGGRYDFEDTEVRRSNFDNF                              V                             
RABBIT/1-1874   541 YWTSLSNLVASLLNSIRSIASLLLLLFLFI IFALLGMQLFGGRYDFEDTEVRRSNFDNF                              I                             
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874    601 PQALISVFQVLTGEDW S MYNGIMAYGGPSYPG LVCIYFIILFVCGNYILLNVFLAIA                T M               M                         
RABBIT/1-1874   601 PQALISVFQVLTGEDW S MYNGIMAYGGPSYPG LVCIYFIILFVCGNYILLNVFLAIA                N V               V                         
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874    661 VDNLAEAESLTSAQKAKAEE KRRKMS GLPDK EEEKS MAKKLEQKPKGEGIPTTAKL                    K      K     S     T                    
RABBIT/1-1874   661 VDNLAEAESLTSAQKAKAEE KRRKMS GLPDK EEEKS MAKKLEQKPKGEGIPTTAKL                    R      R     T     V                    

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874    721 K DEFESNVNEVKDPYPSADFPGDDEEDEPEIP SPRPRPLAELQLKEKAVPIPEASSFF I                                                                                           L                          

RABBIT/1-1874   721 K DEFESNVNEVKDPYPSADFPGDDEEDEPEIP SPRPRPLAELQLKEKAVPIPEASSFF V                                                                                           V                          

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874    781 IFSPTNK RVLCHRIVNATWFTNFILLFILLSSAALAAEDPIRA S RNQIL  FDI FT       I                                    D                                                             M     KH   G  
RABBIT/1-1874   781 IFSPTNK RVLCHRIVNATWFTNFILLFILLSSAALAAEDPIRA S RNQIL  FDI FT       V                                    E                                                             V     GY   A  

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874    841 SVFTVEIVLKMTTYGAFLHKGSFCRNYFN LDLLVVAVSLISMGLESS ISVVKILRVLR                             M                  A           
RABBIT/1-1874   841 SVFTVEIVLKMTTYGAFLHKGSFCRNYFN LDLLVVAVSLISMGLESS ISVVKILRVLR                             I                  T           

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874    901 VLRPLRAINRAKGLKHVVQC FVAI TIGNIVLVTTLLQFMFACIGVQLFKGKFF C DL                    M    S                             R T  

RABBIT/1-1874   901 VLRPLRAINRAKGLKHVVQC FVAI TIGNIVLVTTLLQFMFACIGVQLFKGKFF C DL                    V    R                             S N  
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874    961 SKMTEEECRGYYYVYKDGDP Q ELR R W H DFHFDNVLSAMMSLFTVSTFEGWPQLL                            E V                                                 M I   H     S                           

RABBIT/1-1874   961 SKMTEEECRGYYYVYKDGDP Q ELR R W H DFHFDNVLSAMMSLFTVSTFEGWPQLL                            Q I                                                 T M   P     N                           
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1021 Y AIDSN ED GP YNNRVEMAIFFIIYIILIAFFMMNIFVGFVIVTFQEQGETEYKNCE             I                                               K     A  V                                                 

RABBIT/1-1874  1021 Y AIDSN ED GP YNNRVEMAIFFIIYIILIAFFMMNIFVGFVIVTFQEQGETEYKNCE             V                                               R     E  M                                                 

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874   1081 LDKNQRQCVQYALKARPLRCYIPKNPYQYQVWY VTSSYFEYLMFALIMLNTICLGMQHY                                 I                          
RABBIT/1-1874  1081 LDKNQRQCVQYALKARPLRCYIPKNPYQYQVWY VTSSYFEYLMFALIMLNTICLGMQHY                                 V                          
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1141  QSE MNHISDILNVAFTIIFTLEMILKL AFKARGYFGDPWNVFDFLIVIGSIIDVILS    Q                        M                              N                                                           
RABBIT/1-1874  1141  QSE MNHISDILNVAFTIIFTLEMILKL AFKARGYFGDPWNVFDFLIVIGSIIDVILS    E                        L                              H                                                           
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1201 EIDTFLASSGGLYCLGGGCGNVDPDESARISSAFFRLFRVMRLIKLLSRAEGVRTLLWTF
RABBIT/1-1874  1201 EIDTFLASSGGLYCLGGGCGNVDPDESARISSAFFRLFRVMRLIKLLSRAEGVRTLLWTF
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1261 IKSFQALPYVALLIVMLFFIYAVIGMQMFGKIALVDGTQINRNNNFQTFPQAVLLLFRCA
RABBIT/1-1874  1261 IKSFQALPYVALLIVMLFFIYAVIGMQMFGKIALVDGTQINRNNNFQTFPQAVLLLFRCA
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1321 TGEAWQEILLACSYGKLCDPESDYAPGEEYTCGTNFAYYYFISFYMLCAFL INLFVAVI                                                   V        
RABBIT/1-1874  1321 TGEAWQEILLACSYGKLCDPESDYAPGEEYTCGTNFAYYYFISFYMLCAFL INLFVAVI                                                   I        
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1381 MDNFDYLTRDWSILGPHHLDEFKAIWAEYDPEAKGRIKHLDVVTLLRRIQPPLGFGKFCP
RABBIT/1-1874  1381 MDNFDYLTRDWSILGPHHLDEFKAIWAEYDPEAKGRIKHLDVVTLLRRIQPPLGFGKFCP
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1441 HRVACKRLVGMNMPLNSDGTVTFNATLFALVRTALKIKTEGNFEQANEELRAIIKKIWKR
RABBIT/1-1874  1441 HRVACKRLVGMNMPLNSDGTVTFNATLFALVRTALKIKTEGNFEQANEELRAIIKKIWKR
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1501 TSMKLLDQVIPPIGDDEVTVGKFYATFLIQEHFRKFMKRQEEYYGYRPKKD VQIQAGLR                                                   I        

RABBIT/1-1874  1501 TSMKLLDQVIPPIGDDEVTVGKFYATFLIQEHFRKFMKRQEEYYGYRPKKD VQIQAGLR                                                   T        
          acc

 

h1 

a1 a2 a3 a4 

a5 h2 

h3 a6 a7 b1 

b2 a8 a9 

a10 a11 a12 

a13 h4 a14 a15 

a16 a17 a18 h5 

a19 a20 

a21 a22 h6 a23 

a24 a25 a26 
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SUPPORTING FIGURE 2 | Sequence alignment of the α1 subunit between rabbit Cav1.1 and human Cav channels. Secondary 

structural elements of the rabbit Cav1.1 are indicated above the sequence alignment 
and color-coded for the four repeats. Each residue has been highlighted with different 
colors and where no matches have been found, the residue is white. Furthermore, 
secondary structures were also reported on the sequences. The Uniprot IDs for 
alignment of sequences are: rCav1.1: P07293; hCav1.1: Q13698. 
The sequence alignments were performed using Clustal Omega web server and 
figures were generated by ESPript 3.0 [71] 

 

 

The analysis of the binding sites of the agonist bayk8466 and antagonist Nifedipine ligands, leads 

to evaluate a different orientation of some residues. As regards the conformation change of the 

domains, it can be noted that the residue Phe1105 in the calcium channel linked with nifedipine 

antagonist is in the "up" position, while as regards the calcium channel linked to the agonist (Bay 

K8644) the same residue is in "down" position. 

 

SUPPORTING FIGURE 3| Overlap of the 6jp8 (calcium channel complex with agonist) and 6jp5 (calcium channel complex with 
antagonist) structures. Figure a) is a superposition of the two ligands (agonist red BAYK8466, 
antagonist gray NIFEDIPINE). In figure b) a superimposition of the channels (blue structure with 
agonist, blue structure with antagonist) was made after the simulation of molecular dynamics and 
the differences in orientation of some residues were highlighted: MET1101, TYR 1100, Phe 1105.  

                                                            HUMAN/ 1- 1874 
HUMAN/1-1874   1561 TIEEEAAPEI RT SGDL AEEELERAMVEAAMEE IFRRTGGLFGQVD FLERTNSLPP             V                                                        C       A                G             N          
RABBIT/1-1874  1561 TIEEEAAPEI RT SGDL AEEELERAMVEAAMEE IFRRTGGLFGQVD FLERTNSLPP             I                                                        R       T                R             T          

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874   1621 VMANQRPLQFAEIEMEE ESPVFLEDFPQD RTNPLARANTNNANANVAYGNSNHSN                    M                                                                        P                          SHV

RABBIT/1-1874  1621 VMANQRPLQFAEIEMEE ESPVFLEDFPQD RTNPLARANTNNANANVAYGNSNHSN                    L                                                                        A                          NQM
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1681 FSSVH EREFP E ETPA    AL    R LGPHSKPC   L G L Q  MP  QAPPAP     Y     E T    TRGR  GQPC V        VEM K L T RA  RG      
RABBIT/1-1874  1681 FSSVH EREFP E ETPA    AL    R LGPHSKPC   L G L Q  MP  QAPPAP     C     G A    AGRG  SHSH A        AGK N Q V PG  IN      
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1741 CQ P         R  S  GSL  E P  RS    T R  APATALLIQ ALVRGGL TL      E     D          E                                      C RV SSMPE  KS TP   H  T HS  TREN S CS         K       G  
RABBIT/1-1874  1741 CQ P         R  S  GSL  E P  RS    T R  APATALLIQ ALVRGGL TL      D     Q          D                                      Q ST PPERG  RT LT   Q  A QR  SEGS P RP         E       D  

          acc
                                                             HUMAN/ 1- 1874 

HUMAN/1-1874   1801 AADA F  AT QALADACQMEPEEVE  ATELLK RE   GMAS  G L   SSLGSLDQ      I                   I            E                        N  M  G                M      G  AP     SL C NLG        

RABBIT/1-1874  1801 AADA F  AT QALADACQMEPEEVE  ATELLK RE   GMAS  G L   SSLGSLDQ      V                   V            Q                        G  T  S                A      A  SV     VP S SRR        
          acc

                                                             HUMAN/ 1- 1874 
HUMAN/1-1874   1861  QGSQETLIPPR                                                H           L                                               
RABBIT/1-1874  1861  QGSQETLIPPR                                                V           P                                               
          acc

 

 

a) b)
1 ANALYSIS OF THE RESULTS

Met1101
Tyr1100

Phe1105
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SUPPORTING FIGURE 4 | Analysis of the fluctuations of the calcium channel. The analysis was carried out on the 

backbond and in particular on the alpha carbons of the calcium channel and agonist 
structures (pink), calcium channel and antagonist (yellow). The graphs were plotted with 
Amber’s tool gnuplot. 

 
From the simulation of molecular dynamic MD the trajectory was used to conduct an analysis on 

the clusters. In this way 10 clusters were extracted and for each of these the centroid was 

extracted. From the following image it is possible to see how the first 5 clusters are the most 

populated and therefore the most representative ones. 

 

SUPPORTING FIGURE 5 |Cluster analysis obtained from the MD restaurant for the calcium channel structure linked to 
the antagonist (yellow) and linked to the agonist (blue). the graph shows that the first 5 
clusters are the most representative. the histogram was plotted with excel starting from the 
data format files obtained with Amber’s tool cpptraj. 
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SUPPORTING FIGURE 6 | Analysis of the electrostatic interactions of the residues involved in binding with the ligand. 
The structure in the red box is the agonist BAYK 8466 while the antagonist NIFEDIPINE is 
present in the gray box. The circled residues are those that change orientation in the presence 
of the ligands (see figure S3). 

 
 
For the molecular docking analysis, a docking was first carried out on the starting ligand BAYK 

8466 in order to have the binding energy with the calcium channel to make comparisons with the 

new compounds. 

 

 

SUPPORTING FIGURE 7 |Histogram of the binding energies of the BAYK8466 agonist with the ten targets extracted from 
the cluster analysis from the 6jp8 structure after the MD simulation. It can be seen that the 
highest energy value turns out to be -9.3 kcal / mol.  
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SUPPORTING FIGURE 8 | Histogram for the first 50 compounds with the highest specificity. Ligands with the same 
specificity value are indicated with the same colors. The plot is made by excel. 

 
The chosen ligands were then superimposing with the starting one for a structural affinity 

analysis. Figure S9 shows the superposition of all the ligands to be analyzed to indicate the 

binding pocket in which they are inserted. The following images will be a comparison of the 

residues involved in the binding with the compounds that have a high specificity but a lower 

binding energy than the starting agonist. The binding residues are then compared with the starting 

agonist.  

 
SUPPORTING FIGURE 9 |Representation of the calcium channel with the ligands chosen for the structural affinity analysis 

with BAY-K8466, the focus is on the identified binding pocket. 
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SUPPORTING FIGURE 10 | Comparison of the orientation and of the residues involved in the bond between the starting 
agonist in red and the ligand47367 (fuchsia), ligand09011 (blue) and ligand90551 (pink). The 
closer the bond energy is to that of the agonist (-9.3) the more the structure has structural 
similarity. 

 

 
 

SUPPORTING FIGURE 11 | Main structural groups present within the molecules belonging to the dihydropyridine (DHPs) 
group are highlighted in the central part of the figure. The compounds analyzed are shown on the 
right and left of the figure and also in this case the presence of the aromatic rings, also present in 
the DHPs, has been highlighted. 

 

 

a) b)

ANALYSIS OF THE RESULTS3
P o s e s

Lig09011 (-8.2/ -6.5)Lig47367 (-9/ -7.3) Bay K8644
L egend

c)

Lig90551 (-7.2/ -5.8)

ANALYSIS OF THE RESULTS3
Poses/ interaction
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SUPPORTING FIGURE 12 | Comparison of the orientation and of the residues involved in the bond between the starting 

agonist in red and the ligand0018 that presented a binging energy value of -2.1. On the right of 
the figure is present a table with the residues involved in the bond for the Ligand 0018 and the 
Agonist. The low value of binding energy affects not only the structure, which is completely 
different, there is no presence of aromatic rings, but also the residues involved in the 
electrostatic interactions. 

 

ANALYSIS OF THE RESULTS3
Poses/ interaction

Lig0018

LIGAND AGONIST
ALA1104
VAL725
MET1101

PHE853 PHE853
GLN732 GLN732
THR728 THR728
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MET850 MET850
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ILE845
THR729
PHE801
MET849
ILE724

Lig30550 (-11.1/ -9) Bay K8644

L e g e n d
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SUPPORTING FIGURE 13 | Analysis of the electrostatic interactions of the residues involved in binding with the ligand. The 
structure in the red box is the agonist BAYK 8466 while Ligand90551 (pink), Ligand53224 
(blue), Ligand 24186 (purple), Ligand 30550 (green). The circled residues in yellow are those 
that change orientation in the presence of the ligands (see figure S3)  

ANALYSIS OF THE RESULTS3
Poses/ interaction
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L e g e n d

Lig24186 (-11/ -8.6)
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