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Abstract 

Microtubules (MT) are nanoscale-sized filaments actively involved in the segregation of 

chromosomes, the movement of vesicles, and the maintenance of eukaryotic cell 

morphology. The α, β-tubulin heterodimer is the building block of MTs, and γ-tubulin is 

the critical protein of the ring complex for MTs nucleation through direct interactions with 

the α, β-tubulin heterodimers. Molecular Dynamics (MD) simulation of GDP and GTP 

bound γ-tubulin monomer and dimer have been carried out in the presence of NaCl, MgCl2, 

and ZnCl2 as electrolytes.  

In this study, the Mg+2, Zn+2, and Na+ effects on γ-tubulin conformation in GTP and GDP 

liganded and its unliganded monomer and dimer have been investigated. It has been found 

that both liganded and unliganded γ-tubulin monomer and dimer adapt curved and 

intermediate conformations relative to β-tubulin straight conformation.  

The lattice model, which describes the role of lateral interactions in inducing the α, β-

tubulin straightness, is an appropriate model for γ-tubulin dimers and monomers compared 

to the allosteric model.  

Functional motions were observed for secondary structural segments of H2-H3 helices, M, 

and T5 loops, as well as H6-H7 segment of the N-terminal and the intermediate domains 

of the γ-tubulin. Also, H11 and H12 helices belonging to the C-terminal domain of γ-

tubulin have been shown to contribute to the biological function. 

At the GTP binding site, the existing Mg+2 compared to the Zn+2 and Na+ contribute to 

stronger electrostatic and L-J interactions between residues of the binding site and 
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nucleotides, either GTP or GDP. Residues of the GTP binding site that are interacting with 

oxygen atoms of α-γ phosphate, including Gln12, Cys13, Gly144, Thr145, and Gly146, 

exhibit stronger affinities for GTP and GDP compared to other residues in simulations. 

This MD result is consistent with wet-lab experiments in other organisms, such as yeast γ-

tubulin.  

The exact molecular position of the high-affinity metal-binding site, which plays a role in 

the function and stability of tubulins, was shown to be the oxygen atoms of β-γ phosphate 

of the GTP and GDP β phosphate in the binding site.  

In conclusion: despite the same sequence and structural similarity, γ-tubulin adapts 

different conformations as compared to α or β tubulin. The lattice model appeared to better 

explain the straightness process compared to the allosteric model. The Mg+2 cations, due to 

their interactions, play a major role in γ-tubulin atomistic behavior compared to Na+ and 

Zn+2.   
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CHAPTER 1  

Introduction  

 1.1 Cancer   

Cancer, malignant tumors, or neoplasms are defined as a group of diseases that enable cells 

to gain the unlimited ability to proliferate, grow in size, and spread throughout the human 

body. According to the World Health Organization (WHO), cancers were the second 

leading cause of death in 2015, killing more than 8 million patients, and an estimated 9.6 

million deaths in 2018 worldwide.[1-3] 

The hallmarks of the majority of cancers include persistent proliferation, resisting  

anti-growth factors, evading programmed death, promoting angiogenesis, and 

metastasis.[4, 5] 

 

1.1.1 Origin and Initiation of Cancers  

Cancer initiates and develops from a single cell in the body; the transformation of a normal 

into a cancerous cell is a multistep process that requires the alterations of several genes and 

their products.[6] 

A somatic cell, through its genetic modifications, can be the origin of the malignancy.[7, 

8] Genetic instability and mutation of somatic genes play an essential role in 

tumorigenesis.[9-12]  
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In addition to the mutation of genes, epigenetics and stem cells play significant roles in the 

initiation of cancer.[13] Both genetics and epigenetics regulate gene expression. The term 

epigenetics describes as heritable modifications that regulate the expression of genes 

without affecting the DNA sequences.[14] 

Methylation of DNA, expression of non-coding regulatory RNA, and covalent 

modifications of histones are examples of the most well-understood epigenetic 

modifications. The main hallmarks of epigenetics include covalent modification of the 

cytosine base of DNA and deacetylation of the histones within nucleosomes, which 

downregulate gene expression.[15, 16] 

The methylation of cytosine occurs mainly in the promoters of genes that contain CpG 

islands. The CpG islands are regions in the genome with high densities of cytosine and 

guanosine. The methylation at CpG islands silences genes, and if a downregulated gene is 

an anti-cancer one, it facilitates the growth of cancer cells. The methyl group transfer to 

cytosine bases is achieved by the activity of the DNA methyltransferase (DNMT) 

enzymes.[17, 18]  

How methylation is chemically linked to gene silencing is related to the after-methylation 

process by which the methyl-CpG-binding domain recognizes and binds to the methylated 

DNA. The binding of the methyl-CpG-binding domain to DNA links methylated DNA to 

deacetylation of histones through the recruitment of the histone deacetylases.[19]        

Stem cells are embryo cells; they are also found in mature tissues, which upon accumulation 

and alteration of their genes can cause cancer.[22,23] 
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Some features of stem cells are their resiliency to programmed cell death, self-renewal, 

which enables them to remain undifferentiated after multiple divisions, and, importantly, 

their ability to differentiate to various cell types.[20, 21] 

 

1.1.2 Classification of Cancers 

The National Institute of Health (NIH) estimates that about 200 different types of cancer 

are diagnosed in humans. A classification method for cancer is based on the starting point 

or the tissue from which cancer originated.[22] There are 6 types of cancers, including 

carcinoma with the epithelial origin, sarcoma refers to supportive and connective tissue 

cancer, myeloma arising from plasma cells, leukemia is a bone marrow cancer, lymphoma 

which is cancer of the glands of the lymphatic system, and mixed type with mixed 

originating cells.[22] 

 

1.1.3 Apoptosis and Angiogenesis of Cancer Cells 

Apoptosis refers to programmed or regulated cell death, which contributes to cell 

development as well. Apoptosis is not just a cell death; instead, it involves recruiting 

macrophages to remove or eat the apoptotic cells.[23] 

Apoptosis or programmed cell death is a normal process during development because most 

overproduced cells or end-of-life cells have to be removed from the body. In addition, 

genetically damaged cells or older cells are a target of apoptosis as well.[24] Apoptosis of 

damaged cells, e.g., those with DNA damage, is triggered through P53 activity or by tumor 



4 
 

necrosis factor (TNF) or death receptors expression.[25] However, cancer cells avoid 

apoptosis when the mutated P53 is unable to induce it, or the overexpression of the BCL-2 

(Anti-apoptotic BCL-2) can help cancer cells to fight apoptosis.[26]  

 

1.1.4 Cell Cycle  

The cell cycle controls the proliferation of normal and cancerous cells; divides into 

interphase and meiosis/mitosis. During interphase, cell growth and DNA replication are 

major events, and while mitosis, the duplicated genome is isolated and directed toward two 

opposite cell poles. Genome isolation requires the assistance of proteins, which 

microtubules are the major ones. Mitosis is divided into four closely related stages of 

prophase, metaphase, anaphase, and telophases. (Figure 1.1) 

During the prophase, the replicated chromosomes of the S phase are condensed. The 

chromosomes at this stage are composed of two genetically identical sister chromatids 

connected by their centromere. The condensation process is developed by aiding cohesin 

and condensing multiprotein complexes. In prophase, two centrosomes move toward 

opposite poles of the cell, generating the mitotic spindles to nucleate microtubules 

(MTs).[27] In metaphase, the nucleus membrane gradually disappears and causes the MTs 

to connect to the duplicated chromosomes directly. The process of nuclear membrane 

fragmentation is achieved through the phosphorylation of lamin proteins of the lamina. 

Lamina is a network of intermediate filaments that generate the structural scaffolding for 

the nucleus membrane. The main proteins of the nuclear lamina are lamin and prelamin.[28] 

(Figure 1.1) 
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The mitotic spindles are composed of three groups, astral, interpolar, and kinetochore 

microtubules (MTs). The astral MTs advance their plus end toward the cortex, interpolar 

MTs originate from one pole and end with the opposite pole, and kinetochore MTs are 

attached to chromosomes via kinetochore sites.  

During anaphase, kinetochore MTs segregate the sister chromatids by pulling 

chromosomes against the microtubule organization center (MOTC). The highly dynamic 

MTs translate their growth and shrinking to the pulling forces to separate the chromosomes 

at their chromatids and move them toward the two opposite poles of the dividing cells. [29] 

(Figure 1.1) 

The biological activity of MTs within cells depends on the regulatory proteins that interact 

and bind with them. Kinesin and dynein are examples of motor proteins that mediate the 

transport of vesicles alongside MTs. Other proteins, such as; adenomatous polyposis coli 

(APC), Microtubule actin cross-linking factor (MACF), and metazoan proteins, cross-link 

the MTs to the kinetochore.[30-32] After chromosome segregation, the last step of mitosis 

is the telophase. The isolated chromosomes decondense again, and the cytoplasm separates 

between two emerging cells while the cells undergo cytokinesis.[30] (Figure 1.1) 
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Figure 1.1: The schematic representation of the cell cycle. Four phases of mitosis are 

shown [33]. The figure is adapted with permission. Walczak et al., Nat Rev Mol Cell Biol 

2010. 

During the cell cycle, several checkpoints are available to prevent cell proliferation with 

abnormal size, broken genome, or in the presence of growth-restricting factors.[34] 

However, during malignancy, cancer cells pass all restriction points of the cell cycle and 

undergo uncontrolled reproduction. 

1.2 Cytoskeleton  

The cytoskeleton is essential for cell survival; it prevents cells from deforming their 

morphology, maintains vesicle transport inside the cytosol, and contributes to cell 

movement.[35] The cytoskeleton physically and physiologically connects cells' cytoplasm 



7 
 

to the extracellular matrix; it also organizes organelles within the cytoplasm. The three 

major proteins of the cytoskeleton are actin, intermediate filament (IF), and MTs.[36] 

Actin, IF, and MTs, generate a strong network of proteins that are controlled by related 

regulatory proteins. These regulatory proteins include; nucleation-promoting that initiates 

generation of filaments, depolymerizing factors, capping proteins to terminate filament 

formation, as well as crosslinkers, and stabilizing proteins. The cytoskeleton constitutes  

~ 25% of cytosol weight and around 35% of total cell proteins.[29, 36, 37] Actin, MTs, and 

IF filaments are distinguishable from each other, as they have different diameters, and their 

building blocks are not the same. The actin or microfilament is twisted two-strands with 8 

nm to 9 nm in diameter. The actin subunits and α, β-tubulin heterodimer are building blocks 

of microfilaments and MTs. The IF differs from MTs and microfilaments in that it has no 

repetitive monomers in its structure. An example of IF is lamina; it generates the network 

around the genetic material on the nucleus membrane.[29, 37]  

1.2.1 Microtubule and Its Functions 

MTs are biopolymers that play an essential role in supporting cell structure and 

morphology.[38] MTs are ~ 13 protofilaments hollow tubes with 25 nm in diameter. Their 

function is important for the survival of the organisms and the maintenance of their 

biological shape.[39] MTs play a role in binding to chromosomes during metaphase and 

anaphase of mitosis and miosis, and in moving genetic material between dividing cells.[40, 

41]  

MTs originate from the centrosome or MTOC during interphase; in eukaryotic cells, there 

is only one MTOC. However, epithelial and plant cells contain several MTOCs. The 
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MOTC consists of the perpendicular arrangement of two centrioles. In addition to being 

highly dynamics MTs in replicating cells, MTs are also active in cilia and flagella, which 

are involved in cell motility. The two ends of the MT are called the plus and minus ends, 

which are in opposite directions to each other.[42] The plus and minus ends are associated 

with different regulatory proteins. MT is a polarized molecule as the α, β-tubulin 

heterodimer is polarized, its β-subunit is exposed at the plus end and the α subunit at the 

minus end.[43] The Biological function and dynamic behavior of MTs are related to the 

associated proteins that interact and bind to them.[29] MAP or MT associated proteins 

maintain their stabilization or destabilization. For instance, proteins such as adenomatous 

polyposis coli (APC), cytoplasmic linker associated proteins (CLASP), MAP1, MAP2, and 

Tau stabilize MTs. On the other hand, the katanin and kinesins gene family (KIF) induce 

depolymerization of MTs.[30, 44] 

MAP is found at the wall and mostly at the plus end of the MTs; the plus end is more 

dynamic because it is exposed to interactions with MAP or kinetochore. However, the 

minus end is capped inside the MTOC, and it is in interaction with γ-tubulin, which is the 

main nucleator of MTs.[29] 

The nanometer to micrometer movement of vesicles, organelles, and proteins inside the 

cytosol requires the MTs and their associated motor proteins such as kinesin and 

dynein.[45] Kinesin is a tetrameric protein with a molecular weight of 380000 composed 

of two heavy chains that bind ATP and MTs and two light chains attached to the membrane 

of the vesicle in which both heavy and light chains are connected through the coiled-coil 

helix.[46, 47] Binding of the light chain to the cytosolic cargo needs the mediating receptor, 
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and movement of the particles needs the attachment of heavy chains of the kinesin to the 

wall of MTs and ATP hydrolysis, which power movement from the minus end toward the 

plus end.[45, 48, 49]  

MT is polymerized by the tail to the head binding of the globular α, β-tubulin heterodimer 

with a molecular weight of ~ 55000, in which α-tubulin and β-tubulins are held together by 

non-covalent interactions. This tail to the head or longitudinal interactions generates 

protofilament if repeated for hundreds or thousands. Around 13 protofilaments are oriented 

laterally, side by side, to generate functionally active MTs tube.[50] MTs in neurons or 

nematodes have between 11 to 15 protofilaments instead of 13, doublet MTs in cilia and 

flagella, and triplet MTs in the basal body are discovered as well. The α, β-tubulin 

heterodimers have several isomers in different organisms and humans; they have around 

45% sequence similarity.[51]  

GTP binds α, β-tubulin heterodimer at its binding sites in both α-tubulin and β-tubulin. The 

GTP binding site can either be exchangeable or non-exchangeable for its bounded GTP; 

for instance, β-tubulin has an exchangeable site because its bounded GTP is hydrolyzed to 

GDP and Pi, while MT is polymerized.[52] However, the GTP binding site of α-subunit is 

non-exchangeable, as GTP remains intact without converting to GDP. The GTP-binding 

site of α-tubulin is located at the interface of α and β-tubulin.[53, 54]  

1.2.2 Dynamic Instability of Microtubules  

MTs are not static polymer inside the cytosol of eukaryotic cells. They are found with a 

high rate of changing from polymerization state or growth to depolymerization or 

catastrophe/shrinking.[55] This feature of MTs is defined as dynamic instability in which, 
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after binding the GTP-bound α, β-tubulin to plus end, the polymerization continues until 

the catastrophe phase, through which the depolymerization rate is greater than the 

polymerization. After the catastrophe, the rescue phase will start when the rate of 

polymerization proceeds to disassembly.  

The concentration of the GTP-bound α, β-tubulin heterodimer, and temperature contribute 

to the assembly and disassembly of the MTs as decreasing the temperature to 4° C induces 

depolymerization.[55, 56]  

All MTs are not highly dynamic as the MTs of cilia and flagella are stable and not involved 

in cell proliferation. Availability of free GTP-bound α, β-tubulin heterodimers drives the 

formation of MTs at the plus end. Instantly after adding the  

GTP-tubulin to the plus end of the MTs, the hydrolysis of GTP to GDP starts. The dynamics 

of MTs changes from growth to catastrophe by releasing the GDP-dimers from the plus 

end of the MTs.[57] (Figure 1.2) 
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Figure 1.2: Dynamic instability of MTs. The hydrolysis of GTP to GDP at the plus end of 

MTs initiates the shrinking and release of the GDP-tubulin. The polymerization happened 

when the GTP-tubulin adds to the plus end of the MTs.[58] This figure is adapted with 

permission.  
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The conformation of α, β-tubulin heterodimer adapts a curved and straight state. The 

straight conformation is observed in MT lattice. The α, β-tubulin heterodimer crystal 

structure at 3.5 Å resolution with a GDP at β-tubulin, GTP at α-tubulin, and taxol have 

shown a straight conformation.[59, 60] Conde et al., Nature Reviews Neuroscience 2009. 

 

The monomer of α or β-tubulin generates from the contribution of three domains of the N-

terminal binding domain (NBD) (1-242), intermediate domain (ID) (243-381), and the C-

terminal domain (382-445). The NBD is composed of six helices (H1-H6), six parallel beta-

strands (S1-S6), and six loops, which are recognized as T1 -T6 loop. H8 to H10 helices, S7 

to S10 strands form the ID, which is connected to NBD through the H7 helix. The C-

terminal domain has two large helices of H11 and H12 that cross over both NBD and 

ID.[61] Considering three domains of α, β-tubulin heterodimer, it has been discovered that 

the intermediate domain heavily rearranges during straight to curved conversion. There is 

a controversy about the role of nucleotide (GTP) in the straightness or curvature of α, β-

tubulin heterodimer. Two models discuss the GTP role and the protofilament lateral 

interactions as the main driving forces behind the transition from curved to straight 

conformations.[62]. (Figure 1.3 & 1.4) 

According to the lattice model[63], the main driving force behind the straightness of α, β-

tubulin is the lateral interactions of α-α and β-β tubulins within the protofilaments. Based 

on the lattice model, the free α, β-tubulin heterodimer adapts a curved conformation that is 

incompatible with the lattice of the MT, and a curved to straight rearrangement occurs upon 

its binding to the wall of the MT.[64] In contrast, the allosteric model[43] focuses on the 
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impact of the GTP to induce straightness upon its binding to the binding site of α, β-tubulin 

heterodimers.[65] However, the research is lacking about γ-tubulin and whether the 

electrolytes impact its conformational changes or not.  

The α, β tubulin heterodimer was the main target of studies about the curvature-straightness 

of MTs, γ-tubulin function, and its crystal conformations were gradually revealed 

afterward.[66] The majority of all studies about γ-tubulin are wet-lab experiments 

investigating various γ-tubulin aspects such as its nucleation ability, γ-complexes, its 

interactions with other proteins inside the MTOC or ring complex, its expression, and so 

on. MTs nucleation role of γ-tubulin contributes to a considerable number of studies about 

this protein. [67-74] The straightness or curvature of γ-tubulin crystal in the presence of the 

GTP analog was evaluated by Aldaz et al. through RMSD and alignment approaches. 

Dominant conformation was considered as curved by its crystal superimposition on curved 

and straight β-tubulins. [62] At their study, the 1SA0 was set as referenced curved, and for 

referenced straight, the 1JFF was used.  

Chain A of 3CB2 has all critical residues that play a role in curved - straight conformational 

changes, and its missing residues are belonging to its loops. [63] Also, as in the dimer 

section, the dimer of γ-tubulin has to be studied; therefore, one reference γ-tubulin crystal, 

‘3CB2’, which also is a dimer, was selected. [63] Two other crystal conformations for γ-

tubulin are monomers, and 1Z5V is crystallized in association with GTPgammaS with 

several missing atoms and residues.[62] There are two conformations for the complete 

yeast small complex, among which 5FLZ was defined as an active state. In 5FLZ, two 

complete γ-monomers are in lateral interactions, and also it contains full longitudinal 
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interactions with SPC97/98 that make this complex a suitable model. Another model 

(5FM1) is a low activity state. [73, 75]   

The lattice and allosteric postulations on α, β tubulin conformations are subjects of several 

studies. In 2008 Rice et al. employed different approaches such as allocolchicine binding 

or SAXS analysis to evaluate the allosteric role of the GTP in inducing straight 

conformation, and in all examinations, the GTP was not an effective mediator causes 

straightness. They were mainly in favor of the lattice model. [63]        

In another study by Peng et al., the free energy of the unassembled GDP-bounded α, β 

tubulin was -1 kJ/mol in favor of the curved conformation. Its binding to MT protofilament 

was in favor of straight conformation, consistent with the lattice model's prediction.[60]  

However, in another study by Wang et al., the GTP interactions trigger the conformational 

rearrangements that cause adapting the straight conformation. In this study, instead of the 

GTP, non-hydrolyzable analog, GMPCPP was used. [65] 

The reasons for using 1SA0 and 1JFF for reference conformations of curved and straight 

tubulins are as follows: apart from their 3.5 Å resolution, both proteins are almost complete, 

especially their segments that contribute to conversion from the straight to curved. [61]   

The straight conformation has one molecule of taxol, which restricts destabilization of MTs 

and hence adaptation of the curved state. GTP and GDP are bounded to non-exchangeable 

and exchangeable binding sites in the α and β subunits. The curved conformation is co-

crystallized with colchicine, which destabilizes the MTs, and therefore adapting the curved 

conformation is most probable. There are also two GTPs in the chain A and C, two GDPs 

in the chain B and D were bound to the tetramer and made it a unique conformation.[76] 
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There are numerous tubulin structures deposited in the Protein Data Bank; however, not all 

of them are as 1SA0, and 1JFF perfectly adapted the curved and straight conformations. 

These two curved and straight conformations are also referenced of curved and straight 

conformations for several other studies.[60, 63, 77-79]  

The source of domain classification came from the very pioneer work that crystalized the 

structure of the α, β-tubulin.[61]  

 

Figure 1.3: α, β tubulin heterodimer (1JFF) with highlighted N-terminal and intermediate 

domains. N-terminal nucleotide-binding domain in chain A is depicted in brown. The 

intermediate domain of chain B is colored in blue. The whole α, β tubulin heterodimer is 

in light cyan surface representation. 
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Figure 1.4: The structure of microtubule (6O2T) with the highlighted intermediate 

domain of α, β tubulin heterodimer. (A) the horizontal view of MT in which the 

intermediate domains of one protofilament is colored in green. (B) The vertical view of 

MT and the intermediate domain in green.    

1.3 Computational Simulation  

1.3.1 Molecular Dynamics Simulation 

Molecular Dynamics (MD) simulation is a computational method to study the biological 

and non-biological properties of desired systems contain several thousand atoms. 

Biological systems could be various types of molecules such as water, protein, DNA, RNA, 

or ATP, and GTP. The properties of interest are diversely related to the MD systems, such 

as temperature or pressure. In biological systems, the study of conformational changes or 

the interactions between sets of molecules, e.g., DNA, protein, and a chemical molecule or 

ligand, are of interest.[80, 81] 
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Of major classes of computational simulations are Molecular Dynamics (MD) and Monte 

Carlo (MC) simulations. Properties that are impossible to be measured or studied in a 

wet lab can be evaluated by MD simulation, for instance, the position of each interacting 

water molecule in a bulk system of protein surrounded by water molecules. 

One difference between MD and MC simulations is the study of dynamic properties of 

systems that can be measured and visualized with MD techniques or the time-dependent 

response of systems to any intervention, such as changes in temperature or type of 

solvent.[81]  

Using a theory for predicting the properties of systems before the invention 

of computational methods such as MD simulation was a common approach. However, the 

precision of theory was always in doubt because these theories are using few 

approximations. For example, to describe the transport properties of dilute gases, the 

Boltzmann equation was approximated. The computer simulation enables researchers to 

evaluate the theory's precision and to compare the MD results of a model with available 

data provided by experiments to predict the model's accuracy. Computer simulation is 

similar to an experiment designed for evaluating the accuracy of the theory. Nowadays, 

almost all theories will be tested by computer simulation before being applied in real 

conditions.[80, 81] During the MD simulation of a system with a large number of atoms 

with known X, Y, Z coordinates, e.g., from NMR or crystallography, step by step 

evaluation/solution of the classical equation of motion, Newton’s equation of motion, is 

required. The advantage of using the computational method for a system with more than 

two atoms is that an analytical solution of the equation of motion by hand is not possible. 
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For solving the equation of motion, one should be able to calculate the force acting on 

atoms. The force can be obtained by evaluating the potential energy of the system.[81]  

MD simulation can handle a large number of atoms in the order of 105 or even larger. The 

time scale of simulations these days reaches µs and ms. The system of interest can also be 

rare gases or any kind of polymers, either biological or not.  

For interaction evaluation, the molecular models such as the L-J or Coulomb models are 

employed. MD simulation is carried out inside a simulation box. Using smaller boxes 

significantly saves the CPU-time dedicated to simulation and reduces the required 

completion time. The main boxes, including cubic, rhombic dodecahedron, rhombic 

dodecahedron, or truncated octahedron.[81]  

To avoid the boundary effect of the simulation box and to reduce the finite box size, there 

is no real boundary. Otherwise, a significant proportion of atoms interact with the 

simulation wall leading to the surface effect that those atoms do not contribute to the 

system's physical properties. The number of atoms that will be involved in the surface effect 

is 𝑁
−1

3⁄  for the N atoms available in the simulation box.[80] In contrast with this, the 

simulation box is surrounded by an infinite number of its replica in all directions, the 

periodic boundary condition (PBC). Only one simulation box, which is the main one, is 

explicitly considered, and the other boxes are only images of the main simulation box. For 

instance, if a water molecule moves from the main box to another imaginary box, 

immediately a single water molecule from the adjacent imaginary box will enter the main 

simulation box.[80]  
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Conventional MD simulation is a force field (FF) simulation; FF is generally described as 

mathematical equations and their belonging parameters. The equations in FF relate the 

potential energy of the desired system to the coordinates of the atoms. The parameters are 

obtained from quantum mechanical, ab-intio calculations or by fitting to collected data 

from neutron spectroscopy, NMR, and X-ray experiments.[80-82]  

There are several FFs that are different from each other due to different parameterization 

strategies and the complexity of their mathematical expressions. However, FFs should be 

able to reproduce the properties of interest. The CHARMM[83], Coarse-Grained Force 

Fields[84], GROMOS[85], and OPLSAA[86] are the names of some of the most applied 

and common FFs in MD simulations.  

FF is used to evaluates the contribution of bonded and non-bonded intramolecular 

interactions into the potential energy of the system. The bonded terms are related to the 

contribution of bonds, angles, torsions, and impropers. Non- bonded contributions include 

L-J and electrostatic interactions.[81]  

Most force fields contain parameters for different polar and non-polar solvents, common 

organic molecules, amino acids, carbohydrates, nucleic acids and are employed for 

calculation of the atomistic interaction of those molecules. However, if a FF is not 

parametrized for a specific molecule like RNA, it cannot be used for simulation of RNA; 

for instance, AMBER force fields are a proper choice for simulation of RNA. AMBER 

provides satisfactory descriptions of the structural and thermodynamic properties of both 

RNA and DNA. This FF is parametrized for RNA, DNA, and also proteins. GROMOS 
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56a_Carbo is a proper choice for the simulation of molecules, which contain beta-D-

glucose.[87] 

It should be mentioned that FFs are not for all classes of systems and compounds. For 

instance, water molecules with MD simulation have their own potentials, which are not 

based on the employed FF. For water, there are several models, such as SPCE, SPC, TIP3P, 

TIP4P, TIP5P. The SPC/E is a three-site water model that has three interaction points of 

two H and one O, similar to real water. The SPC model is similar to water as its partial 

charge for O and H is - 0.84 and + 0.42.[87] 

The acting force (Fi) on an atom is the negative derivative of potential energy with respect 

to its coordinates, ri.       

Fi = -
𝜕𝑉

𝜕𝑟𝑖
                                          (Equation 1.1) 

The potential energy is divided into bonded and non-bonded terms.[88]    

V = (r1, r2, r3, ……rN). V= Vbond +Vnon-bond                                                                     (Equation 1.2)   

Non-bonded interactions between atoms that are not covalently connected are modeled by 

Lennard-Jones and Coulombs.  

Bonded interactions are composed of several terms:  

Vbon = Vbond + Vangle +Vhar + Vtrig.     Vnon-bon= VLJ + VVdW.               (Equation 1.3)  

         

Covalent bond interactions  
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The potential energy due to covalent bond interactions is calculated over the sum of all Nb 

bonds.[89]    

 Vbond = ∑
 1

4

𝑁𝑏
𝑛=1  kbn [𝑏𝑛

2 − 𝑏0𝑛
2 ]2.                                          (Equation 1.4)   

kb and b0 are bond constant, and bond length at equilibrium and N represents the number of 

bonds. The value of kb and b0 can be obtained through experimental spectroscopic and X-

ray crystallography, respectively. bn (bond length) is a variable that during simulation is 

changing and can have different values.                                                            (Figure 1.5) 

The value of bond length (bn) between two atoms of i and j with positions ri and rj for nth 

bond between them is evaluated by using. (Equation 1.5 & Figure 1.5) 

bn = rij= √𝒓𝑖𝑗 .  𝒓𝑖𝑗  𝑎𝑛𝑑 rij = ri – rj.                                                                      (Equation 1.5) 

Covalent Bond-Angle Interactions 

The bond-angle potential energy calculated over the sum of all 𝑁𝜃 angles, 𝑁: number of all 

angles. 𝜃n refers to the value of the angle between atoms i, j, and k.[89] 

Vangle = ∑
1

4

𝑁𝜃
𝑛=1  kθn [𝐶𝑜𝑠𝜃n − 𝐶𝑜𝑠𝜃0n]2                  (Equation 1.6) 

The values of 𝜃0 and k𝜃  are originated from spectroscopic and X-ray crystallography.  

Improper Dihedral-Angle Interactions 

Out of a plane, harmonic (har) or improper potential is used for potential energy of four 

contributing atoms (i, j, k, and l).                                               

(Figure 1.5)  
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Vhar = ∑
1

2

𝑁𝜉
𝑛=1  𝐾𝜉𝑛 [𝜉𝑛 − 𝜉𝑛0]2                                           (Equation 1.7) 

𝜉 is the value of the dihedral angle defined by i, j, k, l atoms, which can be calculated from: 

𝜉𝑛=sign𝜉𝑎𝑟𝑐𝑐𝑜𝑠(
𝒓𝑚𝑗⦁𝒓𝒒𝒌

𝑟𝒎𝒋𝑟𝑞𝑘
).                              (Equation 1.8) 

 

Torsional Dihedral-Angle Interactions (trig) 

The potential energy of the torsional angle is calculated over the sum of all N𝜑:  

Vtrig = ∑ 𝐾𝑛𝜑[1 + cos(𝛿𝑛) cos (𝑚𝑛𝜑𝑛)]
𝑁𝜑

𝑛=1                                      (Equation 1.9) 

For the torsional dihedral angle, mn is its multiplicity and 𝛿𝑛 (phase shift) is between 0 and 

𝜋, for atoms of i, j, k, l, the 𝜑 is their dihedral angle.[89]    

 

Figure 1.5: The schematic representation of covalent bond interactions. (A) Bond 

stretching between i and j atoms. (B) Angle bending between three atoms of i, j, and k. (C) 

The proper dihedral angle between the four atoms of i, j, k, and l. (D) The improper dihedral 

angle between atoms of i, j, k, and l. 

Non-bonded interactions  
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Non-bonded interactions are calculated over the sum of all non-covalently bonded pairs of 

atoms. 

 van der Waals Interactions  

Non-bonded van der Waals potential is evaluated as the sum of all non-bonded interacting 

atoms using the Lennard-Jones 12-6 interaction function.[89]  

VvdW = ∑ (
𝑪𝟏𝟐𝑖𝑗

𝑟12𝑝𝑎𝑖𝑟𝑠𝑖𝑗  – 
𝑪𝟔𝑖𝑗

𝑟6 )                                             (Equation 1.10) 

C12 and C6 are related to the type of atom.  

 C12ij = √𝐶12𝑖𝑗. 𝐶12𝑗𝑗 and C6ij = √𝐶6𝑖𝑖. 𝐶6𝑗𝑗                          (Equation 1.11) 

 

Electrostatic Interactions 

By applying equation 1.12, “Coulomb equation,” the electrostatic interaction can be 

evaluated.  

Vc = ∑
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝜀1𝑟𝑖𝑗
pairsi,j 

                                                          (Equation 1.12) 

휀1 and 휀0 are relative permittivity of the medium, in which the atoms are embedded, and 

dielectric permittivity of vacuum, respectively. q is the partial charge for atoms, and c is 

used for Coulomb. The actual distance between two atoms of i and j with the position of ri 

and rj is rij.[89]  
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To start MD simulation, the first step is assigning the initial position and velocity to all 

atoms of the system of interest. The atoms should not be too close to each other to prevent 

any overlap and atomic clashes among them. This can be done by putting atoms at the cubic 

lattice by which, for available atoms, the random position will be assigned, or in many 

cases, the initial positions of atoms are from the crystallography or NMR data. NMR and 

crystallography contain the initial position of atoms in X, Y, Z coordinates. However, some 

of the atoms and their bond lengths or angles from crystallography or NMR studies are 

found close or far from equilibrated values. Therefore, energy minimization (EM) is a 

necessary step before the production run.[81] 

The purpose of energy minimization (EM) or geometry optimization is to start the 

simulation with a stable structure with low potential energy. 

By carrying out the EM, one makes sure that there are no atomic clashes and that the system 

is at low potential energy surface either at a local or global minima. This can be achieved 

by utilizing one of EM algorithms to find the minima at the energy surface of the system.  

EM is a stepwise numerical process in which the structure becomes closer to its minimum 

energy surface at each step by changing the bond length and dihedral angles. If the new 

conformer has larger potential energy, the movement will be rejected, and again from the 

previous conformation, the EM will be continued until finding an energy minima.[87]  

At the local minima or local maxima, the first derivative of potential energy with respect 

to the coordinates of atoms is zero. However, the second derivative at any minimum is 

positive, and at any maximum, it is negative.[81] 
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To simplify the above-mentioned example, if one considers the potential energy surface as 

a function of the X coordinate, at any stationary point, the result of the first derivative of 

the potential energy with respect to the X coordinate is zero.[90]  

 
𝑑𝑉(𝑥)

𝑑𝑥
 = 0                                                                                                         (Equation 1.13) 

However, the second derivative with respect to X at any minimum with low potential 

energy will be greater than 0 (Eq 1.15).  

 
𝑑2𝑉(𝑥)

𝑑𝑥
> 0                                                                         (Equation 1.14) 

In MD simulation, there are 3N coordinates; the second derivates with respect to the 

coordinates of all atoms create a 3N*3N matrix, which is called Hessian Matrix.[82] 

Newton-Raphson method of carrying out EM evaluating the first and second derivatives. 

In the Steepest Descent (SD) method (algorithm for EM), the second derivative is not 

evaluated; therefore, this method is faster. In the SD method, the geometry of the molecule 

modifies by changing the value of angles, torsions, and bond length step-by-step in order 

to reach the local minima.[90]  

The calculation of the force acting on atoms is the most time-consuming step during MD. 

In a system with N atoms, if just an interaction of one atom with its closest atom is 

considered, the N(N-1)/2 pair interactions should be evaluated.  

After evaluating force, as discussed earlier, Newton’s equation of motion will be integrated 

at each step of the MD simulation.[80]  

There are several algorithms in conventional MD simulations for integrating the equation 

of motion. The integrator predicts the trajectory or new positions of the atoms at each step. 

The integrator should be fast enough because, with MD simulations, the speed of the 
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calculations is crucial. Any equation with a large number of parameters takes more time 

compared to an equation that has a smaller number of parameters. Another feature of the 

equation of motion is accuracy, and the algorithm should be able to conserve energy with 

the least energy drift.  

 One popular integrator is Leap-Frog algorithm.  

 𝑟(𝑡 + ∆𝑡) = 2𝑟(𝑡) − 𝑟(𝑡 − ∆𝑡) +  
1

𝑚
 𝑭(𝑡)∆𝑡2  +  Ο(Δ𝑡4)                         (Equation 1.15)  

The next position 𝑟(𝑡 + ∆𝑡) is related to ∆𝑡 or time step, m or mass of the atoms, and also 

the acting force according to equation 1-15.[80] 

The value of ∆𝑡 or time step is affecting the accuracy of the MD calculation. It is better to 

have a small ∆𝑡 to obtain accurate integration of the equation of motion, but the time of 

simulation never ends for a small time step. The problem with large ∆𝑡 is that the resultant 

simulation may be unstable with the large energy drift.[82]  

 

1.3.2 Molecular Docking 

Molecular docking is used to find the mode(s) of binding or interactions between X and Y. 

X, in most cases, is a small molecule, which is called a ligand, and Y is the known cavity 

or binding site on the surface of the known protein.[91-93] The ligand can also be a small 

peptide[94], and peptide-RNA/DNA docking is also possible.[95]  

Molecular docking is a useful technique in finding a lead compound in computational drug 

design.[96, 97] Two steps in molecular docking are essential; search algorithm and scoring 

functions. The first step is to search the conformational and configurational space of the 
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ligand-protein complex. For example, if a docking tool is flexible for ligand, it has 

numerous conformations by considering torsional (dihedral), translational, and rotational 

degrees of freedom. The second step is ranking the modes of binding or solutions, according 

to their binding energy, which they have with the target. The accuracy and speed of 

conformational space searching and prediction of correct binding energy are fundamental 

steps in molecular docking.[98] 

Docking tools employ different algorithms for searching the conformational space and also 

evaluation of the binding energies. Most of the available docking tools are searching the 

configurational space of a ligand by modifying its angles, bond lengths, and torsions, which 

enables them to find the conformation of the ligand that interacts with high affinity to the 

binding site. However, rigid docking rotates and translates the ligand, but torsional degrees 

of freedom will also be considered with flexible docking tools. The first model of 

interaction between protein and ligand was proposed by Emil Fischer in which he described 

the ligand as a key that fits into its binding site, the lock. Emil Fischer’s model does not 

account for the induced fit or conformational changes due to the allosteric effects.[99] 

Based on Fischer’s model, both ligand and protein are considered to be rigid bodies. 

Another model from Koshland brings the famous term “induces fit” into the account. 

Accordingly, the binding and interactions between ligand and protein induce 

conformational changes in the structure of the protein that eventually leads to a better match 

of the two molecules.  

Studies show that proteins are found with several conformations “an ensemble of 

conformations” rather than just one important or functional conformation.[100, 101] The 

algorithms by which the docking tools evaluate the binding affinities between ligand and 
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proteins are categorized as a force field, knowledge-based and empirical methods. With the 

Force Field (FF), the binding energies between ligand and protein are calculated by 

evaluating the L-J and Coulomb interactions.[102] The accuracy of the FF method is very 

much dependent on the parametrization of the FF. Several docking tools utilize FF for 

scoring function; among them, Dock[103] Atuodock[104], and Gold are some 

examples.[105, 106] The FlexX[107], Glide[108], x-Score, and SCORE use empirical 

methods of evaluating the scoring function. ITScore, PMF, and DrugScore benefit from the 

knowledge-based scoring function.[109] 

FlexX is a docking tool that applies an incremental construction strategy for docking, which 

includes three main steps. First, a part of the ligand, the base fragment, is selected; it 

contains OH, NH, N, O interaction sites matched with the binding site of the protein. The 

rest of the ligand will be broken into small fragments from single rotatable acyclic bonds. 

The second step is base placement, through which the base fragment is docked into the 

binding site. The rest of the ligand is incrementally added to the base fragment, and the 

different modes of interactions between the ligand and the binding site are evaluated. The 

scoring function is based on the Bӧhm algorithm.[110]  

The scoring function of FlexX docking tool calculates the energy between the ligand and 

its receptor.[110] (Eq 1-17) 

 ∆𝐺 =  ∆𝐺0  +  ∆𝐺𝑟𝑜𝑡   ×  Nrot +  ∆𝐺ℎ𝑏 ∑ 𝑓(∆𝑅, ∆𝛼0) 𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝐻−𝑏𝑜𝑛𝑑  

+ ∆𝐺𝑖𝑜 ∑ 𝑓(∆𝑅, ∆𝛼0) 𝑖𝑜𝑛𝑖𝑐−𝑖𝑛𝑡 +  ∆𝐺𝑎𝑟𝑜 ∑ 𝑓(∆𝑅, ∆𝛼0) 𝑛𝑎𝑟𝑜−𝑖𝑛𝑡  

+ ∆𝐺𝑙𝑖𝑝𝑜 ∑ 𝑓(∆𝑅) 𝑙𝑖𝑝𝑜.𝑐𝑜𝑛𝑡                                                                             (Equation 1.16)  
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Any deviation from the ideal geometry will be penalized by ∆𝑅, ∆𝛼 function. Nrot is the 

number of acyclic rotatable bonds that are fixed, and ∆𝐺ℎ𝑏, ∆𝐺𝑖𝑜 𝑎𝑛𝑑 ∆𝐺𝑎𝑟𝑜 referring to 

the contribution of H-bonds, electrostatic and aromatic interactions in the free binding 

energy, respectively.  

1.3.3 An Introduction to Principal Component Analysis  

It has been found collective motions in proteins play a significant role in their functions or 

that relate to proteins function. The proteins' functions, such as substrate binding, product 

release, allosteric regulations, and hinge bending [111] are examples of collective motion. 

These motions are different from local motions, which are not related to the biological 

functions. Therefore, the majority of the motions related to the functions of proteins are 

collective rather than local.[112, 113]  

Under equilibrium conditions, a protein is not confined to one conformation. But, an 

ensemble of conformations describes an equilibrium state. Some ensemble conformations 

have high potential energy and are not thermodynamically stable, and some others are 

found near a local energy minimum close to  global minima. They are separated from each 

other by a very low energy barrier. The most functional conformations are those with the 

potential energy close to the global minima. These functional conformations are very 

dynamic and easily converted into each other.[99] 

The native state has several microstates with the same secondary conformations, but the 

atomic coordinates are not the same. For instance, the value for φ (phi) and ψ (psi), the 

bond length, and the angles of the two microstates differ from each other. During MD 

simulation, these microstates are continuously converted into each other due to changes in 
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the bond length, dihedrals, and angles. These conversions between conformations can 

actively drive the movements of the domains involved in the allosteric and functional 

movement of proteins. Differentiation of collective motion from local motions is useful in 

structural biology for recognizing important segments and find out their biologically related 

motions.[114] 

Several million conformations have been generated over each set of MD simulations. 

Systematic changes in variables such as bond length, dihedrals, and angles during the 

integration of the Newton equation of motion per each 2 fm in MD simulations generate a 

new coordinate/conformation. It is impossible to visualize each conformation and compare 

it with another one. It is important to know how to discover the most important 

conformations. The functional movements involved in the sampling of collective sub-states 

are found in the low frequency of mode spectrum. The low-frequency mode is called global 

or essential mode. Principal Component Analysis (PCA) can be used to extract concreted 

fluctuations with a large amplitude mode.[115] 

PCA is an orthogonal linear transformation that is used to transform collected data from 

MD simulations in cartesian coordinates to new collective coordinates. The main goal of 

carrying out the PCA is to find the major route or direction of conformational changes. As 

discussed, MD simulation generates a large number of data; by doing PCA; the first few 

PC axes include the highest variance in MD data (the highest proportion of variance). 

Therefore, it is easier to interpret them and get insights into the major and greatest 

conformational changes and variance among them.[113, 116]  

With MD data, the first step is to generate a covariance matrix (C-matrix), which is a p × p 

matrix. To remove translational and rotational motions that are not related to function, 
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conformations fit the reference one. For obtaining the C-matrix, the average structure <Xi> 

of the ith atom is measured throughout the MD simulation. The covariance between the ith 

and jth atoms can be evaluated as described in equation 1.17.[115] 

 Cij = 
1

𝑛
 ∑  (𝑛

𝑘=1 𝑋𝑖𝑘  − < 𝑋𝑖 >)( 𝑋𝑗𝑘− < 𝑋𝑗 >) i= 1, 2, ….,p  j= 1, 2, …, p(Equation 1-17) 

The diagonalizing of the C-matrix gives a variance of each coordinate. The C-matrix is a 

symmetric matrix because each column and row shows the coordinates of the same 

conformation in the same order.[115] For example, the 5th row has the same data point as 

the 5th column.  

The next step after generation of symmetric 3N × 3N C-matrix is its diagonalization by the 

eigenvector decomposition method: 𝐶 = Τ Λ ΤΤ                                        (Equation 1-18) 

Where T represents the matrix of the column eigenvectors, and Λ is the diagonal matrix of 

the corresponding eigenvalues, which is the mean square displacement of their 

corresponding eigenvectors. Eigenvalue shows the magnitude of the displacement, and 

each eigenvector is a principal component of the displacement.[117, 118] 

The main questions that this study is interested in investigating and answering are as 

follow: 

Study the impact of various cations at low mM concentrations on the conformations of 

monomer and dimer of γ-tubulin as the major nucleator of MTs, and reveals whether cations 

can induce conformational changes in the structure of γ-tubulin or not.  

It has been shown that cations induce aggregation of proteins, but the nature of interactions 

between them and proteins at the atomistic level is not well understood. 
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Mg+2 influences the interactions between GTP and α, β-tubulin heterodimer, and has a role 

in the assembly of MTs. However, the exact role of those interactions has not yet been 

revealed. Mg+2 and Zn+2 both can bind the GTP binding site, but Mg+2 is the dominant 

cations for unknown reasons.  

Determination of the exact position of the high-affinity binding site and the major residues 

that interact with GTP and GDP in their binding sites are also investigated.  

The binding of GTP induces conformational changes on the β-tubulin, but the impact of 

GTP and GDP binding on the conformation of γ-tubulin is not well addressed.  

Zn+2 binds to tubulin and, similar to Mg+2, induces the self-assembly of MTs; however, the 

resulting polymer would be a sheet of protofilaments rather than an MT tube, and the main 

reason behind which is still elusive. This study aims to investigate the cations' impact on 

GTP binding site interactions and to compare the electrostatic and L-J energies of GTP 

with its binding site, as well as evaluating the structural stability of γ-tubulin with each of 

these cations. The straightness and curvature of the γ-tubulin conformation have not been 

addressed since the effect of the cations is not well known; it is still elusive whether γ-

tubulin adapts the straight conformation or not.  

Whether GTP induces straight conformation or the lattice model is still a controversial 

discussion.  
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CHAPTER 2 

Impact of GTP and Ionic Conditions on Conformations of 

Unliganded and Liganded γ-Tubulin Monomer 

2.1 MD Simulation of Unliganded γ-Tubulin Monomer Under MgCl2, 

ZnCl2, and NaCl Ionic Conditions 

2.1.1 Introduction  

2.1.1.1 Role of Cations in Cells and their Impact on Proteins 

All macromolecules such as proteins, carbohydrates, lipids, and nucleic acids are exposed 

to an aqueous environment containing several types of ions, where K+, Na+, Cl-, Mg+2, Ca+2, 

and Zn+2 are just a few of them. Cations interact with biomolecules and play significant 

roles, such as stabilization of protein complexes, signal transduction, hormone secretion, 

muscle contraction, and regulatory functions in the immune system. 

[1-4] How cations interact with γ-tubulin, and the main segments or domains of interactions 

mainly remains elusive.[5-7] Mg+2 is an important metal cation inside the cytoplasm and 

nucleus. It is a cofactor for kinases such as pyruvate kinase, hexokinase, and glucose 6-

phosphatase.[7, 8] Mg+2 promotes ATP hydrolysis; also, it interacts with phosphoproteins. 

[7, 8] Other electrolytes such as Na+ and Cl- are abundant outside the cytoplasm.[9] Zn+2 is 

an essential catalytic and structural cofactor for alcohol dehydrogenase, carboxypeptidase, 

and carbonic anhydrase.[10] In addition, Zn+2 has a functional activity in zinc finger 

transcription factors by stabilizing the whole structure of the zinc finger motif. Zinc fingers 
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are the most abundant transcriptional factors involved in regulating thousands of genes 

through their sequence-specific binding to DNA.[11] 

The ion concentration and salt-protein interaction on protein solubility have been known 

for a long time. Salts at higher concentrations induce the precipitation of soluble proteins, 

a process of salting-out that disrupts the interactions of proteins and water molecules.[12] 

The effect of available cations and anions of the cytoplasm on internal interactions and the 

conformation of proteins is mostly unknown. Studies show that changing the ionic strength 

of Ca+2 induces conformational changes in the Calmodulin.[13] 

However, what is the impact of various cations at mM concentration on the conformation 

of proteins in the general or specific family of proteins, or whether different ionic 

conditions can induce any conformational alterations in the structure of proteins remained 

elusive. Genetic mutations affect the function and biological role of proteins; many diseases 

such as Sickle-Cell Anemia and Cystic Fibrosis are examples of mutation.[14] Point 

mutations for even one base/one residue can deactivate a protein, but there is no detailed 

explanation about the impact of cations on the functions and conformations of proteins as 

they have electrostatic interaction with the residues of proteins.[14] 

The physiological concentration of cations relates to clinical disorders, such as cancers and 

neurodegenerative diseases. Compared to normal cells, higher Na+ concentration was 

detected in carcinoma in which the ratio of Na+/K+ in cancer cells was five-times higher 

than in normal cells.[15]  
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Lateral interactions between rod-like proteins, include MTs, F-actin, and condensation of 

DNA molecules, are shown to be stimulated by divalent and trivalent cations.[16, 17] 

Aggregation will be reversed using counter-anion particles such as nucleoside 

phosphates.[16,17] 

Deviation of physiological concentration of metals that causes their binding or dissociation 

can affect the activity of a specific protein. Therefore, their concentration should be 

maintained in the physiologic ranges. It has been shown that the filamentous M13 and fb 

bacteriophages, which are rod-like proteins, aggregate in the presence of < 100 mml/L of 

Mg+2 and Ca+2 cations.[18] This is an indication of the impact of cations on molecular 

interactions, but the nature of these interactions at the atomistic level is not well 

understood.[18] 

Aggregation of amyloid-β peptide is common in Alzheimer, and α-synuclein aggregation has 

been reported in Parkinson. Cu+2 and Fe+3 cations play roles in both of the mentioned 

aggregations.[19, 20] Several metalloproteinases are the target of drug development against 

a diverse range of diseases. Histone Deacetylase, Hepatite C protease, and Glycoxalse, 

which are Zn+2-metalloproteinases, targeted for cancer therapy and hepatite C treatment, 

respectively.[21] Mg+2-metalloproteinase, like integrase, is targeted for AIDS 

treatment.[21] The concentration of Na+ in plasma ranges from 136 mml/L to 146 mml/L 

and from 98 mml/L to 107 mml/L for Cl- anion.[22] However, the concentration of Mg+2 

in plasma is lower than Na+ with ~1 - 2 mml/L. The above-mentioned concentrations are 

in plasma; however, inside the mammalian cells, the overall concentration of all cations are 

around ≥ 140 mml/L as compare to the used concentration here is higher. In this study, the 
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overall goals for selecting the ~ 129 mml/L for NaCl and 65 mml/L for MgCl2  are not to 

compare it exactly with inside or outside the cytoplasm or plasma but to select a range close 

to the cumulative concentrations of all other cations which are not available here. For 

instance, the K+ concentration in the mammalian cell is ~ 139 mml/L.[23] 

Both Mg+2 and Zn+2 compete for interaction to proteins, but what are the differences 

between their effect are not well-known specifically about γ-tubulins.[24] Mg+2 and Zn+2 

do not participate in any redox reaction. The charge of cations plays a key role in charge-

dipole and charge-charged interactions, and the higher valance cations make stronger 

interactions.[25]  

Large ionic radius of metals results in low charge density and less favorable attraction with 

ligands or lower metal-binding energy. Zn+2 is a better electron acceptor because the charge 

transfer from a ligand to Zn+2 is more favorable than Mg+2. Studies have shown that Zn+2 

can dislodge Mg+2 from its interaction with a protein, but Mg+2 cannot replace Zn+2.[24] 

Also, based on the “Irving–Williams” series, the stability of metal complexes is higher with 

Zn+2 compared to that of Mg+2.[26, 27] Compared to Mg+2, the concentration of Zn+2 is 

much lower in the cytosol with ~ 0.016 mml/L, which is ~ 1-2 mml/L for Mg+2.[28]  

Small molecules or ligands modulate the function of proteins; for instance, GTP is a ligand 

in the tubulin family.[29, 30] GTP binds to α, β-tubulin heterodimer, α-tubulin carries a 

non-exchangeable binding site for GTP, which is called N-site in which GTP is not 

hydrolyzed to GDP. [31] The E-site is located on β-tubulin in which GTP is hydrolyzed 

during folding and polymerization of MTs.[31] 
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Depending on whether the two molecules of GTP are both in the N and E-sites or one GTP 

bound to the N-site, two or one high-affinity metal-binding site is available that reversibly 

binds Mg+2. Other divalent metals, such as Zn+2 and Mn+2, can also bind and compete with 

Mg+2 to occupy the binding site, but Mg+2 is the main cation for unknown reasons.[32] 

Mg+2 influences GTP and α, β-tubulin interactions, and MTs assembly; however, the nature 

of those interactions is not revealed yet.[32] 

The GTP role at the N-site is structural and contributes to the stability of α, β-tubulin 

heterodimer.[32] The Mg+2 dissociation induces the functional inactivity of the tubulin 

dimer and GTP release. Binding of Mg+2 to the N-site is also needed for the MTs 

assembly.[33] 

The α, β-tubulin heterodimer with bound GTP to both N and E-sites consists of two high-

affinity metal binding sites for divalent cations such as Mg+2. [34, 35] Those with GDP 

inside the E-site has only one high-affinity metal binding site for Mg+2. This indicates that 

Mg+2 binding depends on the γ-phosphate availability.[34, 35] However, the possibility of 

existing other high-affinity metal-binding sites and their potential functions remain elusive, 

which is investigated in this study.  

The conformation of β-tubulin is shown to be related to the GTP or GDP binding. The 

binding of GTP induces conformational changes in β-tubulin.[36-38] Whether 

conformational changes upon GTP binding to γ-tubulin induce in Mg+2 or Zn+2 simulations 

compared to unliganded simulations are unknown.  
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Other divalent cations such as Zn+2 or Mn+2 also interact with the E and N-sites. The 

apparent association constant of Mn+2 is greater than that of Mg+2. It is 0.7-1.1 × l06 M-1 

for Mg+2 and 4.1- 4.9 × l07 M-1 for Mn2+.[34, 39] 

Zn+2 and Co+2 bind to tubulins and induce self-assembly of MTs; however, the resulting 

polymer would be a sheet of protofilaments rather than a tube.[34, 39, 40] The Mg+2 is 

necessary for GTPase activity of FtsZ protein as well.[41]  

GTP binding to γ-tubulin indicates that the nucleotide has both functional and structural 

roles. Binding of GTP is essential for interactions between γ-tubulin and α-

tubulin, nucleation, and organization of MTs.[42] GTP is not necessary for the component 

recruitment of the ring complex; both in vivo and in vitro studies reveal that the role of γ-

tubulin in the nucleation of MTs is strongly dependent on the binding of GTP to the 

protein.[42] This emphasizes the GTP structural role as mutations of the GTP binding site 

in yeast γ-tubulin defect yeast γ-tubulin and MTs interactions.[42] And it was shown that 

binding of GTP to yeast Tub4 is essential for the viability of an organism. With ATP 

synthases enzyme, Mg+2 induces conformational changes that lead to the re-positioning of 

Ala158 towards the catalytic site during the transition state of ATP synthesis.[43] The 

binding properties of GDP and GTP to β and γ-tubulin are almost similar. The affinities of 

β-tubulin and γ-tubulin for GTP are 64.50 ± 6.30 nM and 58.40 ± 12.60 nM, 

respectively.[44] and for GDP are 1.13 ± 0.20 µM for γ-tubulin, 1.55 ± 0.25 µM for β-

tubulin.[44]. These features of γ-tubulin make it likely that upon its interaction with α-

tubulin, its GTPase activity stimulated by α-tubulin in a similar pattern to that of the 

exchangeable binding site in β-tubulin. However, hydrolyzes mechanism and protein 
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activation for the GTPase activity of γ-tubulin has not been fully addressed.[44] This study 

aims to survey the effect of Mg+2, Zn+2, and Na+ cations on the conformational changes of 

γ-tubulin. Investigating the impact of cations on interactions within the GTP binding site 

and comparing the electrostatic and L-J interactions of GTP with its binding site, as well 

as evaluating the structural stability of γ-tubulin with these cations will be addressed. 

 2.1.1.2 γ-Tubulin and its Structure  

The three-dimensional structure of γ-tubulin is similar to that of α, β-tubulin heterodimer; 

they have 35% of sequence similarity.[45] Similar to β-tubulin, the γ-tubulin is composed 

of three domains that can be recognized on its structure. N-terminal nucleotide-binding 

domain (Met1-Thr242), intermediate domain (Arg244-Asn380), and C-terminal domain 

(His381-Gln451).[45] 

The nucleotide-binding domain (NBD) (Met1-Thr242) at the N-terminal of γ-tubulin is 

composed of six parallel beta-strands (S1-S6), six helices (H1-H6), and six loops  

(T1-T6 loop) that bridges the strands to the H1-H6 helices. T1-T6 loops are in interactions 

with the GTP/GDP nucleotide.[45, 46] The NBD joins the intermediate domain (Arg244-

Asn380) through H7 helix (225Phe - Leu243). The core helix (H7 helix) is an indicator of 

curvature or straightness of conformation of the tubulin family that will be discussed later 

in detail.[44, 47] The second domain, the intermediate domain (ID), is smaller than NBD 

and comprises the H8 to H10 helices and the S7 to S10 strands. 

Two long helices with the opposite orientation at their C and N-terminal create the 

C-terminal domain (C-ter). These two helices include the H11 helix (Ser385-Lys400) and 
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the H12 (Asp419-Ala437), cross both intermediate domain and N-terminal nucleotide-

binding domain.[44, 48] (Figure 2.1 and Table 2.1)  

 

Figure 2.1: The structure of γ-tubulin. The N-terminal domain is colored in green, the 

intermediate domain in blue, C-terminal domain in cyan. The H7 core helix is depicted in 

red. 
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Domains  Residue Secondary 

Elements  

Known Function  Secondary Elements  Known 

Function  

N-terminal  1Met-

242Thr 

   S4Gly134-Ser140 NBD 

S1Ile5-Leu10 Centrosome 

localization/NBD  

S5Leu165-Phe172 NBD 

S2Ala64-Asp68 NBD S6Cys201-Asp206 NBD 

S3Ile91-Leu93 NBD H4Thr145-Arg160 NBD 

H1 Gly11-Glu28 NBD H5Gln184-Gln197 NBD 

H2Arg72-Asn79 NBD H6Asn207-Asp216 NBD 

H3Trp104-Asp127 NBD T4Ile141-Gly144 NBD 

T1Met1-Glu4 NBD T5Pro173-Gln184 NBD 

T2Leu69-Pro71  T6Asn188-Asp200  NBD 

T3Ser94-Asn103  H7 Phe225-Leu243  

T7Thr240-Asp252  

Intermediate 

Domain 

Arg244-

Asn380 

H8Leu253-Leu260  S7Phe268-Tyr273  

H9Val290-Leu298  S8Tyr317-Gln325  

H10Pro330-Arg343  S9Ile356-Ser361  

M loopThr274-

289Thr 

 S10Ser374-His381  

C-terminal 

Domain 

His381-

Gln451 

H11Ser385-Lys400 NLS[49]    

H12Asp419-

Ala437 

Centrosome 

localization[50] 

  

Table 2.1: Three domains of γ-tubulin with their helices, loops, and beta-stands. N-

terminal, Intermediate, and C-terminal domains of γ-tubulin. The NBD; nucleotide-binding 

domain. NLS: Nuclear localization signal.[44, 45, 51] 
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2.1.1.3 γ-Tubulin and Nucleation of Microtubules 

The γ-tubulin is a member of the tubulin family of proteins on chromosome 17, 17q21.[52] 

Homo-sapiens have two genes for γ-tubulin[53], TUBG1, and TUBG2 on chromosome 17 

and a pseudogene on chromosome 7. The sequence similarity of TUBG1 and TUBG2 is 

about 97.3%, and both express γ-tubulin in various tissues, including the colon, heart, 

ovary, muscle, lung, testicle, liver, kidney, and stomach.[52] The γ-tubulin is a conserved 

member of the tubulin family that was discovered in 1989 in Aspergillus nidulansand as a 

product of the mipA gene.[51] 

The centrosome is one of the main organelles associated with the γ-tubulin within cells that 

initiates nucleation of MTs and is involved in several cellular processes, including mitosis, 

segregation of chromosomes, and cell movement.[54] 

The centrosome is composed of a perpendicular arrangement of two centrioles, plus around 

100 different proteins. Its proteins mainly are mitotic regulators, spindle checkpoints, 

cytoskeletal regulators, microtubule-associated proteins, mRNA processors.[55, 56]  

The γ-tubulin is a key component of two complexes of proteins: γ-tubulin small complex 

(γTuSC) and γ-tubulin ring complex (γTuRC); both γTuSC and γTuRC are actively 

involved in the nucleation of microtubules.[57-59] (Figure 2.2) 
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Figure 2.2: Structure of γTuSC and γTuRC. (A) The γTuSC is composed of two γ-tubulin 

in lateral interactions and GCP2 and GCP3 proteins. The whole γTuRC is generated from 

a ring of γTuSC-like from two γ-tubulin and proteins, include GCP2, GCP3, GCP4, GCP5, 

and GCP6. (B) The γTuRC on the side and top views with the γ-tubulin on top and GCP2, 

GCP3, GCP4, GCP5, as well as GCP6 proteins in interaction with it. The GCP4, GCP5, 

and GCP6 are represented in green. GCP2 or GCP3 is shown in blue and γ-tubulin in yellow 

color.[60] This figure is adapted with permission. Kollman et al., Nature Reviews 

Molecular Cell Biology 2011.  

 

The MTs nucleation is achieved by the centrosome and centrosome independent through 

Agumin complex; and, in both, γ-tubulin has a central role.[61, 62] 

γTuRC is a ring-shaped complex of at least seven proteins with a diameter of 25 nm located 

at the microtubule organization center. The size of the ring corresponds to 13 
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protofilaments of MTs. During nucleation, the γTuRC caps the negative end of 

microtubules at the centrosome, and the α, β-tubulin binds the γ-tubulin on the top of 

γTuRC. The α, β-tubulin heterodimer, and the γTuRC interactions need the α subunit. 

(Figure 2.2) 

The whole γTuRC complex stabilizes through the interaction between the α, β-tubulin 

heterodimers, and the γ-tubulin. γ-tubulin acts as a mediator between α, β-tubulin 

heterodimers, and other members of the γTuRC. The composition of γTuRC in mammals 

and frogs is similar; in mammalian cells, the counterparts of yeast Spc97/98 are hGCP2 

and hGCP3. The number of γ-containing complexes in frog is about 10-13, and in humans 

is estimated to be 12-16 monomers. Both hGCP2/3 are conserved in the γ-tubulin ring 

complex from yeast to humans; this indicates the functional importance of these proteins. 

[63] Other proteins that are members of γTuRC in Homo-sapiens cells are hGCP4, hGCP5, 

and hGCP6. There are multiple copies of GCP2, GCP3, and GCP4 and a single copy of 

GCP5.[63] 

Off all GCPs, proteins, GCP2, GCP3, and GCP4[64] are more conserved. The other 

members of γTuRC are MOZART1, MOZART2A/B, which due to their small size, remain 

unknown with the other subunits of γTuRC. MOZARTs are conserved components of  

γ TuRC, are different from GCPs, and do not share similar sequences or homology with 

them.[63] MOZART1 is a conserved evolutionary protein[63]. Yeast homolog of 

MOZART1 is essential for the recruitment of γ-tubulin containing complex to MTOC.[65] 
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NEDD1 is a centrosomal protein associated with γTuRC; its role is important for 

centrosomal targeting. However, the assembly of the ring complex can be implemented 

without NEDD1.[66]  

Nucleation of microtubules and formation of mitosis spindle failed in cells with inactivated 

γ-tubulin. In Drosophila embryo extracts, γTuRC is not the only γ-tubulin containing 

complex; the cytosolic γ-tubulin can be found as part of another complex called the γ-

tubulin small complex (γTuSC). γTuSC is a hetero-tetrameric complex composed of the 

homodimer of γ-tubulin, and two homologous Spc97 and Spc98 proteins. The molecular 

mass of γTuRC is seven times that of γTuSC, with 15 nm Stokes radius compared to 7 nm 

Stokes radius of γTuSC.[67, 68] (Figure 2.2) 

Excluding γ-tubulin, other proteins of both complexes are different as well. γTuSC is a 

structural scaffolding for the assembly of γTuRC. Dgrips 84 and 91 (Drosophila γ-ring 

proteins) were discovered in both complexes (ring and small complex), which in γTuRC 

are called Spc97/98p.[69] 

γTuSC is universally conserved in all eukaryotes; it consists of two copies of γ-tubulin and 

Spc97p and Spc98p proteins. The C-terminal of Spc97 and Spc98 directly interacts with γ-

tubulin. γTuSC resembles a Y-shape that GCP2/3 (γ-tubulin complex proteins 2 and 3) 

form its arms, and two γ-tubulins are located in lobes at the tips of the two arms in contact 

with GCP2/3.[70] ( Figure 2.2 ) 

In both γTuRC and γTuSC complexes, the γ-tubulin is cross-links to the GTP molecule. 

There are two γ-tubulin in γTuSC laterally in interaction, which is further assembled into 

γ-TuRC and supporting the view that γTuSC can be a scaffold for the formation of γTuRC.  
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[69, 70] Both small and ring complexes are able to promote nucleation. However, the 

γTuRC nucleates MTs 25 times faster than γTuSC. [71] The role of GCP subunits of γTuSC 

is enough for centrosomal microtubule nucleation. It has been shown that the role of 

specific γTuRC proteins like GCP4/5 and GCP6 is the activation of nucleation activity and 

stabilization of the ring structure.[71] 

2.1.2 Experimental Set-Up of MD Simulations of Unliganded and GTP-liganded γ-

Tubulin Monomer  

The γ-tubulin crystal structure of chain A with 2.3 Å resolution, PDB[72] entry of 

3CB2[73], and UniProt code of P23258 was retrieved from the Protein Data Bank. The 

missing atoms were added by employing the Swiss-Pdb Viewer[74] and the missing 

residues by using the Pymol tool.[75]  

Inserted missing residues include: Thr278, Asp279, Gln280, Ser281, Val282, and Ala283 

belong to the M loop, Arg311, Gln312 of H8-S9 loop, Leu367, Pro368, Ser369, Ala370, 

His371 belong to the S9-S10 loop, and Gly447, Thr448, Gln449, Glu450, as well as Gln451 

of the C-terminal loop.  

Then chain A was subjected to 6 sets of simulations for the unliganded monomer and GTP 

liganded monomer as main experiments. Two repetitions were carried out using 

GROMACS 4.5.7 package[76] and GROMOS 96, 53A6[77] force field, all for 200 ns in 

the presence of NaCl, MgCl2, and ZnCl2 for each set. The “md” integrator with a 2 fs time 

step was applied, and Linear Constraint Solver (LINCS) [78] was used to constrain all bond 

lengths. The protein was embedded into the cubical solvent box with SPC[79] water 

molecules. A distance of 1 nm was assigned between the protein surface and the box edge. 
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Non-bonded interactions, including Van der Waals and electrostatic, were modeled using 

Lennard–Jones and electrostatic potentials, respectively. A cut-off distance of 1.4 nm was 

assigned to both Lennard–Jones and electrostatic interactions. The calculations of 

electrostatic interactions contributing to energies and forces were carried out based on the 

Particle Mesh Ewald algorithm.[80] 

First, all simulations were energy minimized to relax internal constraints using the steepest 

descent method prior to MD simulation. The all-bonds position restraint was done for 2 ns 

after energy minimization, and 10 ns equilibration simulation was carried out. The time 

constant for pressure coupling was set to 1.0 ps with the compressibility of 4.5e-5 bar at a 

300 K temperature. The protein and non-protein groups were coupled separately to a 

temperature bath of 300K with a time constant of 0.1 ps that was kept constant by 

temperature coupling with Bussi’s thermostat. Using an energy minimized structure, 

second and third trajectories were produced for evaluating the accuracy of the first set. In 

sets two and three, velocities were assigned differently at random for position restraint. 

However, all other parameters were the same in the second and third rounds of repeated 

simulations. MD simulations were performed on the high-performance computer clusters 

of the ACENET, Graham, and West Grid Consortium. The convergence point of the 

simulations was after 110-130 ns, and for all simulations, the last 50 ns from 150 ns to 200 

ns were selected for analysis.  

The atomistic behavior of GTP-bound γ-tubulin was modeled by MD simulation in the 

concentration of ~129 mml/L of NaCl and ~ 65 mml/L of MgCl2 and ZnCl2 in the presence 

of docked GTP at its binding site. (Table 2.2) 



56 
 

The united atom topology of GTP was obtained from the Automated Topology Builder 

(ATB) repository.[81] Docking of GTP into its binding site of γ-tubulin was achieved by 

using FlexX. [82] The ranking of an energetically favorable docking pose is based on their 

total binding energy, which was calculated based on Bӧhm scoring function.[83] 

 

Simulation RUN MD length Salt Con 

mml/L 

# 1 NaCl 200 ns ~ 129  

# 2 MgCl2  200 ns ~ 65  

# 3 ZnCl2 200 ns  ~ 65  

 

Table 2.2: Simulations set up and concentration of the electrolyte with each simulation.  

 

2.1.3 Results and Discussion 

2.1.3.1 Definition of Curvature and Straightness and their Quantitative Analysis 

α, β-tubulin heterodimer adapts straight and curved conformations distinguished through 

their superimposition.[44, 47, 84, 85]  

The α, β-tubulin with straight conformation, serves as a building block of MTs. [45] MTs 

has lateral interactions between α-α and β-β homodimers,[45] longitudinal interactions 

between non-similar proteins of α-β tubulin. (Figure 2.3) 

However, curved conformation has shown rearrangements with intermediate domain 

(Arg244-Asn380) that differentiates it from straight conformation. One of the distinct 

rearrangements during straight to curved conversion is the deviation of the core H7 helix 
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(Asp224-Phe242) that is shown by measuring the distance from the center of mass (dCOM) 

for H7 helix from S6 strand.[44] (Figure 2.3) 

In curved conformation, weak lateral interactions exist at the protofilament of MTs, and 

they are no longer involved in the stability of the protofilament.[86] 

Considering α, β-tubulin domains, the intermediate domain encounters a larger alteration 

of its conformation while converting from curved to straight conformation. The NBD and 

C-terminal domains, in contrast, behave as rigid units and do not undergo conformational 

rearrangements as much as the intermediate domain does.  

In β-tubulin, the most affected secondary structure segments during curved to straight 

conversion are with helices such as H6 (Ala206-Ile215), H7 (Asp224-Phe242), and H10 

(Glu325-Ser338) as well as the intermediate domain strands of S7 (Met267-Pro272), S8 

(Val313-Arg320), S9 (Ile356-Leu361), S10 (Asn373-Ile381).[47] (Figure 2.3) 

The loops that contribute to the rearrangement from curved to straight conversion include 

M (Pro272-Leu289), H1-S2 (His28-Ile47), T5 (Ser172-Try183), and H6-H7 (Lys216-

Gly223) loops with β-tubulin.[47] 
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Figure 2.3: Conformation of the curved and straight β-tubulin. The structural 

superimposition of straight β-tubulin on curved β-tubulin. The straight β-tubulin (1JFF) is 

colored in red, and the curved β-tubulin (1SA0) is colored in green. H6 (Ala206-Ile215), 

H7 (Asp224-Phe242), and H10 (Glu325-Ser338). S7 (Met267-Pro272), S8 (Val313-

Arg320), S9 (Ile356-Leu361), S10 (Asn373-Ile381)). M (Pro272-Leu289), H1-S2 (His28-

Ile47), T5 (Ser172-Try183) and H6-H7 (Lys216-Gly223) loops of β-tubulin 

 

The curved (1SA0) and straight (1JFF) α, β-tubulin superimposition shows that the two α-

subunits of curved or straight tubulins are uniformly organized with no variation in 

conformation of their domains compared to β-tubulin. (Figure 2.4)  
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Figure 2.4: Superimposition of straight α, β-tubulin heterodimer on its curved 

conformation. The straight α, β-tubulin heterodimer (1JFF), is colored in red, and its curved 

conformation (1SA0) is depicted in green.  

 

To quantitatively address the curved and straight conformations, distance from center the 

of mass (dCOM) between H7 helix (Phe225-Leu231) N-terminal and S6 strand (Cys201-

Asp206) for available crystal conformations was evaluated. The curved β-tubulin has a 

distinct curvature, especially within the N-terminal of the H7 helix, compared to the straight 

conformation. The S6 strand is selected because it does not rearrange during the conversion 
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between straight and curved conformations. Hence it is instead a stable secondary structure 

segment of the γ-tubulin. (Figure 2.5) 

The dCOM for the H7 helix and S6 strand with available crystal structures shows 1.5 Å 

differences between β-curved (1SA0) and β-straight (1JFF). (Table 2.3) 

The dCOM values of the H7 (Phe225-Leu231) helix from the S6 (Cys201-Asp206) strand 

of γ-tubulin is considered a curved conformation for 1.6 nm or lower and a straight for a 

value more than 1.7 nm. This evaluation is based on the superimposition of conformation 

of γ-tubulin on both curved and straight β-tubulin. Intermediate conformation shows 

similarity in both straight and curved β-tubulin, and its dCOM of H7 helix from the S6 

strand is between the curved and straight with a value from 1.6 nm - 1.7 nm. 

 

Figure 2.5: The position of H7 helix and S6 strand with respect to each other. 

The H7 helix of both curved (1SA0) and straight (1JFF) β-curved are superimposed over 

each other and colored in green and red, respectively. The S6 strand is colored blue.  
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Crystal structure  1JFF (Chain B) 

H7: 225-231 

S6:200-203 

1SA0 (Chain B) 

H7: 228-234 

S6:200-203 

3CB2 (Chain A) 

H7: 226-231 

S6:201-206 

3CB2 (Chain B) 

H7: 226-231 

S6:201-206 

1Z5V  

H7: 226-231 

S6:201-206 

1Z5W 

H7: 226-231 

S6:201-206 

 dCOM H7-S6 

(nm) 

1.66 1.5 1.59 1.54 1.56 1.57 

 

Table 2.3: The dCOM of H7 helix and S6 strand for crystal conformations of β and γ-

tubulin. For crystal structure of β-curved, β-straight, and γ-tubulin the dCOM of H7 and S6 

is measured.   

 

The straightness and curvature related to the conformation of the γ-tubulin have not been 

addressed since the effect of the ionic condition is not known; it is still elusive whether 

this protein adapts the straight conformation or not. Another uncertainty is whether GTP 

affects the dominant conformation of the γ-tubulin or not. Also, the impact of cations on 

the conformational changes and the curvature of γ-tubulin will be addressed here.[44] 

 

Root means square deviation (RMSD) of the backbone atoms of γ-tubulin was evaluated 

during 200 ns of every set of MD simulations. The RMSD was conducted to evaluate 

protein stability during 200 ns of MD simulations. It demonstrates that the ZnCl2 simulation 

converged at 110 ns, MgCl2, and NaCl at 130 ns. Each MD simulation with different cations 

had a different path on its energy surface, and they run independently. Therefore, they 

showed different convergence times. For all MD simulations, the last 50 ns simulations are 

stable with minimum fluctuation of ~ ± 0.03 nm and are converged among all simulations. 

Therefore, for all MD simulations, the data analysis was carried out for the last 50 ns from 

150 ns to 200 ns. (Figure 2.6) 
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Figure 2.6: The RMSD plot of backbone atoms of γ-tubulin with unliganded (no substrate) 

MD simulations. The RMS deviation under MgCl2, NaCl, and ZnCl2 within 200 ns of each 

set of MD simulations are colored in blue, green, and red, respectively.  

2.1.3.2 Dominant Conformation of Unliganded γ-tubulin Monomer  

In this study, to address the conformational changes of γ-tubulin, its structure is 

superimposed on the straight (1JFF) and curved (1SA0) β-tubulin. Evaluated segments 

rearrange during curved to straight transition, including H6 (Asn207-Asp216), H7 

(Phe225-Leu243), and H10 (Pro330-Arg343) helices as well as the intermediate domain 

strands of S7 (Phe268-Tyr273), S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-

His381). The loops that contribute to conversion from curved to straight conformation are 

composed of M (Thr274-289Thr) loop, T5 (Pro173-Gln184), and H6-H7 (Arg217-Ser224) 

loops. 

Contributing segments to straightness and curvature were superimposed on the same 

secondary structure segments of both straight (1JFF) and curved (1SA0) β-tubulin for 
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comparison. Also, the H7 helix (Phe225-Leu231) and S6 strand (Cys201-Asp206) dCOM 

was measured and compared with the dCOM of the H7 helix and the S6 strand of the 

known curved (1SA0) and straight (1JFF) β-tubulin crystal structure.  

The H7 helix from S6 strand dCOM of γ-tubulin in the MgCl2 simulation is fluctuating  

~ 1.56 nm from 150 to 180 ns and at the range of 1.57 ns to 1.59 nm from 180 ns to 200 ns 

of MgCl2 trajectory. It is about 1.50 nm for NaCl and 1.53 nm in the ZnCl2. The fluctuation 

in ZnCl2 at 168 ns increases the dCOM of H7 helix and the S6 strand to 1.64 nm resembling 

the intermediate conformation. The dCOM of the H7 helix and S6 strand of the known 

curved and straight α, β-tubulin heterodimers are 1.5 nm and 1.65 nm, respectively. (Figure 

2.7 and Table 2.3) 

By evaluating dCOM of H7 helix and S6 strand during the last 50 ns of MD simulations, it 

is concluded the curved conformation is dominant in all three simulations, and intermediate 

conformation was seen at some points in the trajectory. (Figure 2.7 and Table 2.3) 

 

Figure 2.7: The dCOM of H7 helix (Phe225-Leu231) and the S6 strand (Cys201-Asp206) 

in unliganded MD simulations. The dCOM is evaluated from 150 ns to 200 ns of all three 
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trajectories. The distances with MgCl2 is colored in blue. Those for ZnCl2 are colored in 

red. Green is used for distances in NaCl. 

 

In the MgCl2
 simulation, 200 ns conformation of its trajectory was extracted and 

superimposed over straight (1JFF) and curved (1SA0) β-tubulins. Next, the contributing 

helices and strands of γ-tubulins to straightness and curvature compared to reference 

conformations (chain B of 1JFF and chain B of 1SA0). Upon superimposition, the 

conformation of the H7 helix of γ-tubulin is aligned to the H7 helix of curved β-tubulin 

compared to the straight conformation of β-tubulin. (Figure 2.8) 

The H6 helix is aligned to the curved β-tubulin as well. The three beta-strands of the 

intermediate domain S7 to S9 specifically, S7 (Phe268-Tyr273), S8 (Tyr317-Gln325), and 

S9 (Ile356-Ser361) are well organized in the same positions as the S7 to S9 strands of 

curved β-tubulin.  

The conformation of the H10 (Pro330-Arg343) helix of γ-tubulin is aligned with none of 

the H10 helices of curved or straight β-tubulin. It can be deduced that the conformation of 

γ-tubulin at 200 ns of MgCl2
 simulation adapts a curved conformation. (Figure 2.8) 
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Figure 2.8: Superimposition of γ-tubulin in MgCl2
 simulation on curved (1SA0) and 

straight (1JFF) β-tubulin. A conformation of the trajectory of γ-tubulin at 200 ns in MgCl2 

colored in blue superimposed on β-curve (1SA0) and β-straight (1JFF). (A) Curved β-

tubulin is colored green. (B) Straight β-tubulin colored in red.  

 

In the ZnCl2 simulation, the 200 ns conformation was superimposed over both the curved 

and straight β-tubulin. The conformation of the H6 and H7 helices, intermediate domain 

strands are aligned to the curved β-tubulin (1SA0). (Figure 2.9)  

The conformation of γ-tubulin at 200 ns of ZnCl2 adapts to the curved structure. 
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Figure 2.9: Superimposition of γ-tubulin in the ZnCl2
 simulation on curved (1SA0) and 

straight (1JFF) β-tubulin. A conformation γ-tubulin at 200 ns in ZnCl2 colored in pink. 

(A) Curved β-tubulin (1SA0) is colored in green. (B) Straight β-tubulin(1JFF) colored in 

red.  

 

In the NaCl simulation, a 200 ns conformation of the trajectory was extracted for analysis 

of its curvature and straightness based on the known curved (1SA0) and the straight (1JFF) 

conformations of β-tubulin. (Figure 2.10) 

The H7 (Phe225-Leu231) helix of γ-tubulin is well-aligned with the H7 helix of the curved 

β-tubulin compared to that of the straight conformation, especially at the N-terminal. The 

conformation of the H7 represents the curved conformation, and as it was discussed, the 

dCOM of H7 and S6 is ~ 1.5 nm, which resembles the curved conformation. (Figure 2.10) 

The H6 helix (Asn207-Asp216) and beta-strands orientations for S7 (Phe268-Tyr273), S8 

(Tyr317-Gln325), S9 (Ile356-Ser361), and S10 (Ser374-His381) are aligned to their 
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counterpart at curved β-tubulin as well. In conclusion, the γ-tubulin under NaCl condition 

is largely found to be aligned to the curved β-tubulin in comparison to that of straight 

conformation of β-tubulin. (Figure 2.10) 

  

   

Figure 2.10: Superimposition of γ-tubulin in NaCl simulation on curved (1SA0) and 

straight (1JFF) β-tubulin. A conformation of the trajectory of γ-tubulin at 200 ns under 

NaCl colored in cyan superimposed on β-curve (1SA0) and β-straight (1JFF). (A) Curved 

β-tubulin is colored in green. (B) Straight β-tubulin colored in red.  

 

None of the repeated simulations show exactly the same value of dCOM between the H7 

and the S6 strand as the main experiments, but most conformations are intermediate and 

curved. The set one of repeated simulation in unliganded MgCl2 has large fluctuations at 

153 ns, 166 ns, 170 ns, and 189 ns that the dCOM of H7 and S6 reached 175 nm, 176 nm, 

177 nm, and 179 nm, respectively. For the second set in MgCl2, it fluctuates around 1.6 nm 
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until 180 ns and ~ 1.5 nm from 180 ns – 200 ns, shows major seen conformation is 

intermediate. For set one of unliganded ZnCl2 until 185 ns, the dCOM is ~ 163 nm, and for 

the rest of the simulation and also for set two, it is around 1.52 nm with curved 

conformation. The unliganded NaCl has dCOM of H7, and S6 ranges from 157 nm – 160 

nm of intermediate conformation from 150 ns to 200 ns for set one, and for set two, it is 

about 156 nm of curved conformation. (Figure A1 - A3) 

 

2.1.3.3 Conformational Stability of γ-Tubulin Under Ionic Conditions 

To address the role of electrolytes in the γ-tubulin structural stability, residues that lost 

contribution to helicity were counted at150 ns, 160 ns, 170 ns, 180 ns, 190 ns, and 200 ns, 

as well as the cluster conformation. Cluster conformation was obtained after clustering the 

last 50 ns of each MD simulation and then extracting the conformation with the lowest 

RMSD compared to all other conformation from 150 ns to 200 ns. For each conformation, 

all helices were extracted and compared with the reference crystal conformation of γ-

tubulin (chain A of PDB of 3CB2). (Figure 2.11) 

The helices in the MgCl2
 simulation are more stable and retain their helical shape. The 

number of residues of all 12 helices over 7 mentioned conformations of γ-tubulin that lost 

their contribution to the secondary conformation in the NaCl simulation was 20, and in the 

ZnCl2
 simulation, it was 26. The number of these residues in the MgCl2

 simulation was 10. 

These numbers are averaged over 7 aforementioned conformations, at 150 ns, 160 ns, 170 

ns, 180 ns, 190 ns, and 200 ns, as well as the lowest RMSD at the last 50 ns. The average 
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describes sums of residues that lost their contribution to the helical structure at the 7 

aforementioned conformations divided by 7.  

Gly11, Gln12, and Cys13 at 150 ns and lowest RMSD conformations not contributing to 

the helicity of H1 helix (Gly11-Glu28) in the MgCl2
 simulation. (Figure 2.11) 

In NaCl simulation, three residues, including Glu125, Ala126, Asp127 of the H3 helix 

(Trp104-Asp127), and Phe225, Ser226, Glu227 in H7 (Phe225-Leu243) helix for all seven 

aforementioned conformations have lost their helicity. Also, in NaCl simulation, H2 

(Arg72-Asn79) helix residues of Arg72, Val73, Ile74, and His75 at 180 ns and lowest 

RMSD conformations, as well, five H12 (Asp419-Ala437) residues of Asp419, Glu420, 

Met421, Asp422 and Thr423 at 160 ns and 180 ns have lost their contribution in a helical 

conformation. In the ZnCl2
 simulation, three residues of Arg72, Val73, Ile74 of N-terminal 

and Leu78, Asn79 of C-terminal of H2 (Arg72-Asn79) helix at 170 ns, 180ns, 190ns, 200 

ns, and the lowest RMSD have lost their contribution to helicity. Ser239, Thr240, and 

Thr241 at 160 ns, Thr240, T241, Thr242, and L243 of H7 helix (Phe225-Leu243) at the 

lowest RMSD conformation have found to be part of the loop. The H12 helix (Arg72-

Asn79) unfolded at 170ns, 180ns, 190ns, 200 ns, and the lowest RMSD conformation for 

6 residues of Asp419, Glu420, Met421, Asp422, Thr423, and Ser424. (Figure 2.11 and 

2.12) 

The H12 helix in ZnCl2
 and NaCl simulations is unfolded into loops for six residues, 

including Asp419, Glu420, Met421, Asp422, Thr423, and Ser424, and 4 residues of 

Asp419, Glu420, Met421, Asp422, respectively. However, the conformation is intact in the 

MgCl2
 simulation. (Figure 2.11 & 2.12) 
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Figure 2.11: The conformational instability of the γ-tubulin for seven conformations in 

each simulation. The number of residues that lost their helicity for helices of γ-tubulin at 

7 conformations (lowest RMSD conformation and conformations at 150ns, 160ns, 170ns, 

180ns, 190nsand, and 200 ns) colored in red in NaCl, blue in MgCl2,
 and black in the 
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ZnCl2
 simulation. (A) The number of residues that lost their contribution to helical 

conformation in helices H1, H2, H3, H6, and H7. (B) The number of residues that lost 

their contribution to helical conformation in helices H8, H10, H11, and H12. 

 

 

Figure 2.12: Slight conformational changes of helices of the C-terminal domain. The 

conformational changes of major helices of the C-terminal domain at 6 frames of the last 

50 ns of all simulations. (A) H11 and H12 in the MgCl2
 simulation. (B) ZnCl2

 simulation 

and (C) NaCl simulation. Conformations at 150 ns, 160 ns, 170 ns, 180 ns, 190 ns, and 200 

ns are colored in green, cyan, magenta, blue, orange, and red, respectively.  

 

2.1.3.4 Homo-sapiens and Yeast γ-Tubulin in Active γTuSC  

In yeast, the nucleation of MTs is achieved through γTuSC.[87] The γTuSC in homo-

sapiens serves as a scaffold for the assembly of a more complicated complex (composed of 
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6-7 γTuSC), known as ring complex. With γTuSC, the two γ-tubulins interact laterally with 

each other and longitudinally interact SPC monomers.[87] (Figure 2.13) 

 

 

Figure 2.13: Structure of yeast γTuSC. (A) Two yeast γ-tubulins are colored in red and 

blue; their lateral interactions are depicted in cartoons for both monomers. (B) Structural 

superimposition of homo-sapiens γ-tubulin in red on to yeast γ-tubulin in green.  

 

Homo-sapiens and yeast γ-tubulins are identical for 40% of their sequences. Hence, the 

three-dimensional conformations of both proteins are similar. The two monomers of the 

yeast dimer are in their functional and active conformations. Therefore, their secondary 
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structure segments can be used as reference conformation to evaluate whether the 

secondary structure segments of homo-sapiens γ-tubulin are in their active shape or not.  

 

Helices and loops of yeast γ-tubulin at γTuSC (PDB: 5FLZ) which contribute to lateral 

interactions with adjacent γ-tubulin are including the H3 (Trp104-Asp127), H8 (Leu253-

Leu260), H9 (Val290-Leu298), H10 (Pro330-Arg343) helices, and the T7 (Thr240-

Asp252), H1-S2 (His29-Arg47) and M (Thr274-289Thr) loops. They are interacting with 

secondary structure segments within the γTuSC (PDB: 5FLZ). (Figure 2.13) 

Homo-sapiens conformation was compared to one yeast γ-tubulin monomer at γTuSC 

(PDB: 5FLZ) that contributes to the lateral interactions within the γTuSC. The reason for 

this comparison is that the γTuSC is an active complex; its helices and loops are in their 

functional and active forms. Therefore, it is possible to study the effect of cations on the 

conformations of homo-sapiens γ-tubulin.  

Two homo-sapiens conformations were selected in each simulation; the first one was 200 

ns conformation, and the second was the lowest RMSD conformation at the last 50 ns 

(cluster). With each simulation, the lowest RMSD at last 50 ns and 200 ns conformations 

were superimposed on yeast γ-tubulin of γTuSC for RMSD evaluation. (Figure 2.14)  

Large dissimilarities in the orientations of the secondary structure segments of homo-

sapiens γ-tubulin from the yeast γ-tubulin are found with the H1-S2 (His29-Arg47) and M 

(Thr274 - Thr289) loops. The dCOM of Glu39 of H1-S2 (His29-Arg47) belonging to the 

MgCl2
 simulation at 200 ns from Pro40 of the same loop of yeast γ-tubulin was 8.7 Å. The 

conformation of γ-tubulin at 200 ns and the lowest RMSD in MgCl2 simulation is not 
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aligned to the reference T7 loop. As it was mentioned, the reference conformation is the 

crystal structure of the yeast γ-tubulin. The M loop (Thr274 - Thr289) of both 

conformations of all simulations in NaCl, MgCl2, and ZnCl2
 is not fully aligned to the M 

loop of the yeast γ-tubulin. (Figure 2.14)  

 

 

Figure 2.14: Structural superimposition of two conformations of homo-sapiens γ-tubulin 

on the yeast γ-tubulin, overall, three conformations. The (cluster) lowest RMSD of the 

last 50 ns and 200 ns conformation in three MD simulations superimposed over the 

reference conformation of yeast γ-tubulin of γTuSC (PDB: 5FLZ) colored in green. The 

lowest RMSD of the last 50 ns and conformation at 200 ns are respectively colored in 
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blue and purple-blue when representing MgCl2, red and pink when representing ZnCl2, 

and yellow and cyan are used for the NaCl simulation.  

 

To obtain a better evaluation of electrolytes' role in inducing conformational changes in 

 γ-tubulin comparable to that of active γ-tubulin at yeast γTuSC (PDB: 5FLZ). The RMSD 

of interacting regions of homo-sapiens γ-tubulin include (H3, H8, H10, T7, M loops) at two 

aforementioned conformations of the lowest RMSD of the last 50 ns and 200 ns were 

measured using the yeast γ-tubulin as a reference structure. (Figure 2.15) 

The H3 (Trp104-Asp127) and H10 (Pro330-Arg343) helices are found having low RMSD 

from the reference yeast γ-tubulin in all three simulations (ZnCl2, MgCl2, and NaCl 

simulations); specifically, in the ZnCl2
 simulation, they have RMSD values of 0.4 Å and 

0.4 Å for the lowest RMSD conformation respectively. The RMSD of H3 (Trp104-Asp127) 

and H10 (Pro330-Arg343) helices in the ZnCl2 simulation for conformation at 200 ns were 

1.3 Å and 1.2 Å, respectively. In MgCl2
 simulation, the H3 (Trp104-Asp127) and the H10 

(Pro330-Arg343) had the RMSD of 0.7 Å and 0.8 Å for the lowest RMSD conformation at 

last 50 ns, respectively, and in NaCl simulation, they had RMSD of 0.6 Å for the 

conformation with the lowest RMSD. (Figure 2.15) 

Also, the T7 (Thr240-Asp252) loop and the H8 (Leu253-Leu260) helix have a smaller 

RMS deviation with 1.2 Å and 1.4 Å for the lowest RMSD and conformation at 200 ns in 

the ZnCl2
 simulation, being 2.5 Ǻ for both conformations under MgCl2. Their RMSD was 

2.6 Å and 2.5 Å in NaCl simulation for the conformation with the lowest RMSD and 

conformation at 200 ns, respectively. The M loop (Thr274-Thr289) and the H1-S2 loop 
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(His29-Arg47) have lower and larger RMSD values in NaCl simulation. The RMSD of M 

loop in NaCl simulations for lowest RMSD and last frame conformation at 200 ns were 1.4 

Å and 1.1 Å respectively, and the RMSD of H1-S2 (His29-Arg47) loop were 3.0 Å and 2.5 

Å for lowest RMSD and last frame conformations at 200 ns in NaCl simulation 

respectively. (Figure 2.15) 

For H3 (Trp104-Asp127), H8 (Leu253-Leu260), H9 (Val290-Leu298), H10 (Pro330-

Arg343) helices, T7 (Thr240-Asp252), H1-S2 (His29-Arg47), and M (Thr274-Thr289) 

loops, the sums of RMSD in the ZnCl2
 simulation were 6.6 Å and 6.5 Å for the lowest 

RMSD at last 50 ns and conformation at 200 ns. However, these values for MgCl2
 are 8.5 

Å and 7.8 Å, and in NaCl they were 8.5 Å and 7.4 Å for the conformation with the lowest 

RMSD at the last 50 ns and last frame at 200 ns, respectively. It can be concluded that the 

orientations of the interacting secondary structure segments of γ-tubulin within a small 

yeast complex resemble the same secondary structure segments with the homo-sapiens γ-

tubulin in the ZnCl2
  simulation with larger deviations seen in the MgCl2

 simulation. 

(Figure 2.15)  
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Figure 2.15: The RMSD of selected secondary structure segments of two conformations 

of homo-sapiens γ-tubulin from the yeast γ-tubulin. Two conformations of the homo-

sapiens γ-tubulin include a conformation at 200 ns and also the conformation with the 

lowest RMSD at the last 50 ns conformation for all three simulations (MgCl2, ZnCl2, and 

NaCl).  

 

2.1.3.5 Interactions of Cations with γ-Tubulin  

The minimum distance at which the cations interact with the protein, as well as their 

electrostatic energy with the γ-tubulin were evaluated to study how they interact with the 

protein in different simulations. The minimum distance evaluates the smallest distance 

between atoms of two predetermined molecules or atoms. [88] One group is set to γ-tubulin, 

and another group to the cations at each different simulation.  
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The minimum distances between Na+ and γ-tubulin fluctuated around 2.5 Å - 3.5 Å. In 

contrast to Na+, Mg+2 and Zn+2 interact at large distances of 3.6 Å – 4.1 Å, which was also 

stable for 150 ns to 200 ns of their MD trajectories. (Figure 2.16 A) 

In addition, in the Mg2+ simulation, the minimum distances between Mg+2 and the three 

domains were also measured. The results reveal that the nucleotide-binding domain (NBD) 

and C-terminal domains interact at close distances to the Mg+2 compared to the intermediate 

domain. The minimum distances of Mg+2 from the N-terminal domain are stable at 3.9 Å. 

The value is about the same for the C-terminal domain, fluctuating at 152 ns and from 175 

ns to 188 ns, which increasing it to 4.9 Å. The minimum distances of Mg+2 from the 

intermediate domain fluctuate around 6.1 Å from 150 ns to 175 ns and reach 4.1 Å at 178 

ns; it rises to 10 Å at 190 ns. (Figure 2.16 B)  

   

Figure 2.16: Minimum distances between cations and γ-tubulin. (A) minimum distances 

between Mg2+ (blue), Zn2+ (red), Na+ (green) and γ-tubulin. (B) Minimum distances 

between Mg2+ and intermediate domain (red), N-terminal (blue), and C-terminal domain 

(green).  
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While the minimum distances between Na+ and γ-tubulin are less than Mg+2 and Zn+2, 

strong electrostatic energy with -1700.6 kJ/mol is observed between Zn+2 and protein. 

(Figure 2.17) 

It is noticeable that NaCl concentration is twice as high as the MgCl2 and ZnCl2 with ~ 129 

mml/L. The electrostatic energy between Na+ and γ-tubulin is around ~ -500.3 kJ/mol and 

~ -1500.9 kJ/mol between Mg2+ and protein. (Figure 2.17) 

 

Figure 2.17: The electrostatic energy between Na+, Mg+2, Zn+2
, and γ-tubulin. The 

electrostatic energy from 150 ns to 200 ns is colored in blue, red, and green for MgCl2, 

ZnCl2, and NaCl, respectively. 

 

The electrostatic energy between the intermediate domain and Zn+2, Mg+2, and Na+ is  

 less than -6 kJ/mol. The C-terminal electrostatic energy with cations in NaCl, MgCl2, and 

ZnCl2 simulations is -88.9 kJ/mol, -244.3 kJ/mol, and -446.5kJ/mol, respectively. For the 

NBD, the electrostatic energy is fluctuating around -340.8 kJ/mol,  

-1063.2 kJ/mol and -976.4 kJ/mol in NaCl, MgCl2
, and ZnCl2 simulations. NBD interacts 
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more strongly with cations regardless of their charges, and weaker electrostatic interactions 

have been found between the intermediate domain (ID) and cations of the three simulations. 

(Figure 2.18) 

 

Figure 2.18: The electrostatic energy between cations and three domains of γ-tubulin. 

The electrostatic energy between cations and each domain is colored in red for ZnCl2, 

green in NaCl, and blue for MgCl2 simulations. ID: intermediate domain. N-ter: N-

terminal. C-ter: C-terminal 

2.1.3.6 GTP Binding Site  

The GTP binding site at NBD of the γ-tubulin is created by the contribution of S2 (Ala64-

Asp68), S4 (Gly134-Ser140), S5 (Leu165-Phe172) strands. The H1 (Gly11-Glu2), H3 

(Arg72-Asn79), H4 (Thr145-Arg160), and H7 (Phe225-Leu243) helices as well as the T3 

(Ser94-Asn103) the T5 (Pro173-Gln184) loops.  

It was found in unliganded NaCl simulation movement of the T5 loop toward the H3 and 
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H7 helices resulting in the limited accessibility of the GTP binding site. This observation 

was seen at 173 ns of NaCl simulation. (Figure 2.19 A) 

In an unliganded MgCl2 simulation with intermediate conformation the GTP binding site 

was seen to be accessible compared to the NaCl simulation. This was observed in MgCl2 

at186 ns with an intermediate conformation, which shows the GTP binding site forms an 

accessible state, which probably accommodates GTP. (Figure 2.19 B) 

 

 

 

Figure 2.19: Conformations of the GTP binding site in unliganded MgCl2 and NaCl 

simulations. (A) A non-accessible conformation of the GTP binding site at 173 ns of NaCl 

simulation. (B) Accessible state of the GTP binding site at 186 ns of the MgCl2 simulation. 

The T5 loop and H3 helix colored in green and blue, respectively. The H6, H6-H7 loop, 

and H7 are depicted in red, cyan, and magenta, respectively. 

 

The dCOM between Asp180 of the T5 from the Arg72 of the H3 and the Glu177 of the T5 
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from the Gln277 of the H7 helix were evaluated. These measurements were made to 

investigate how T5 loop movement toward H3 and H7 contributes to the accessibility of 

the binding site. The dCOM of Asp180 from Arg72 fluctuated around 1.1 nm from 175 ns 

to 200 ns with lower distances at 170 ns and 195 ns. (Figure 2.20 B) 

However, in the ZnCl2 simulation, the dCOM of Asp180 from Arg72 fluctuated around 2.2 

nm from 160 ns to 200 ns. In the MgCl2 simulation, from 170 to 195 with 1.6 nm, and at 

200 ns it has a value of 1.5 nm. This shows how the T5 loop moves toward the H3 helix 

and, as shown, affects the availability of the GTP binding site. (Figure 2.20 B) 

Also, the Glu177 dCOM from the Gln227 was measured to better reveal how the 

contribution of T5 loop movement induces a not-accessible state. The dCOM of Glu177 

and Gln 227 in NaCl simulation fluctuated around 1.3 nm, and in MgCl2 simulation, it 

changed around 1.8 nm. Around 2.4 nm in ZnCl2 simulation, which showed ~ 0.5 nm and 

~ 0.9 nm larger in MgCl2
 and ZnCl2

 compared to NaCl. (Figure 2.20 A) 

 

 

Figure 2.20: The dCOM of Glu177 from Gln227 and Asp180 from Arg72. (A) the dCOM 

of Glu177 of the T5 loop from Gln227 belongs to H7 helix. (B) the dCOM of Asp180 of 
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the T5 loop from Arg72 of H3 helix. The dCOM is colored in green, blue, and red for NaCl, 

MgCl2, and ZnCl2 simulation, respectively.  

 

2.2 MD Simulation of GTP-Bound γ-Tubulin Monomer Under NaCl, MgCl2, and 

ZnCl2 Ionic Conditions 

The RMSD of backbone atoms during the course of the MD simulations were measured. 

The reference structure was set to the last conformation of the equilibrium simulation.  

The convergence point in MgCl2
 simulation is at 60 ns, while both ZnCl2

 and NaCl 

converge at 138 ns. For three simulations, the last 50 ns are considered for evaluation and 

analysis of the obtaining data. (Figure 2.21) 

 

Figure 2.21: The RMSD of the backbone atoms of the γ-tubulin under GTP-bound 

simulations. The RMSD of ZnCl2 is represented in red, NaCl in green, and blue for 

MgCl2.  
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2.2.1 Impact of Cations and GTP on Dominant Conformation of γ-Tubulin 

Whether GTP induces straightness on the tubulins' conformation still remains elusive and 

is not addressed especially with the homo-sapiens γ-tubulin. For assessing the straightness 

and curvature of GTP-bound γ-tubulin during MD simulations, the distances from dCOM 

of H7 helix (Phe225-Leu231) and the S6 strand (Cys201-Asp206) strand were monitored 

for three simulations from 150 ns to 200 ns. The dCOM of the H7 helix (Phe225-Leu231) 

and S6 strand (Cys201-Asp206) in the NaCl simulation starts at 1.67 nm at 150 ns, then 

decreases to 1.60 nm at 153 ns and for the rest of the simulation from 155 ns to 195 ns 

fluctuated from 1.68 nm - 1.70 nm. The dCOM of H7 and S6 in NaCl simulation shows 

that the intermediate conformation is dominant. (Figure 2.22 and Table 2.3) 

The H7 helix (Phe225-Leu231) and S6 strand (Cys201-Asp206) dCOM, in MgCl2
 

simulation, fluctuates between 1.55 nm - 1.58 nm from 150 ns to 200 ns and therefore 

resemble a curved conformation with the dCOM lower than 1.6 nm. (Figure 2.22) 

In ZnCl2
 at 150 ns, it is 1.60 nm, then reaches 1.70 nm at 155 ns, and after that, it decreases 

to around 1.57 nm until the end of the simulation. Therefore in ZnCl2
 simulation, the curved 

conformation is dominant as the dCOM of the H7 and the S6 is less than 1.6 nm, but the 

intermediate conformation was also observed at 155 ns with dCOM of 1.6 nm. (Figure 

2.22) 
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Figure 2.22: The dCOM of H7 helix and S6 strand in GTP-bound simulations. The dCOM 

of H7 and S6 was represented in blue for MgCl2, in green for NaCl, and red for ZnCl2.  

 

As an example, for every set of simulations, one conformation of their trajectories (e.g., a 

conformation of γ-tubulin from MgCl2, NaCl, or ZnCl2
 simulations) at 200 ns was selected 

in order to determine its curvature or straightness. (Figure 2.22 & 2.23) 

As mentioned, the secondary structure segments including H6 (Asn207-Asp216), H7 

(Phe225-Leu243), H10 (Pro330-Arg343) helices and the intermediate domain strands of 

S7 (Phe268-Tyr273), S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-His381) as 

well as loops include M (Thr274-289Thr), T5 (Pro173-Gln184) and H6-H7 (Arg217-

Ser224), contributing to the rearrangement from curved to straight conversion. (Figure 2.3 

and Table 2.3) 

The GTP-bound γ-tubulin in MgCl2 at 200 ns was superimposed on both curved (1SA0) 

and straight (1JFF) conformations of the β-tubulin. (Figure 2.23) 
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Four beta-strands of the intermediate domain, S7 – S10, are aligned to their counterpart at 

the curved β-tubulin. The conformation of the H6 helix (Asn207-Asp216) is aligned to the 

H6 helix of the straight β-tubulin. The H7 helix is aligned to the H7 helix of curved β-

tubulin. The M (Thr274-289Thr) and T5 (Pro173-Gln184) loops are superimposed to that 

of M and T5 loops of the straight conformation. (Figure 2.23) 

In conclusion, it can be said that by considering other secondary structure segments such 

as S7 to S10 strands, H6, and H7 helices, the overall conformation of the γ-tubulin at 200 

ns in GTP-MgCl2 simulation exists as curved conformation. (Figure 2.23) 

 

 

Figure 2.23: Superimposition of the monomer of GTP-bound γ-tubulin on curved (1SA0) 

and straight (1JFF) β-tubulin in MgCl2 simulation. The 200 ns conformation of γ-tubulin in 

GTP-MgCl2 colored in blue superimposed on β-curve (1SA0) and β-straight (1JFF). (A) 

Curved β-tubulin (1SA0) is colored in green. (B) Straight β-tubulin colored in red (1JFF).  
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In ZnCl2, the 200 ns conformation was superimposed on the straight (1JFF) and the curved 

(1SA0) conformations of the β-tubulin. (Figure 2.24) 

The H6 (Asn207-Asp216) and H7 (Phe225-Leu243) helices are aligned to the H6 and H7 

helices of the curved β-tubulin (1SA0). The intermediate domain strands of γ-tubulin such 

as S7 (Phe268-Tyr273), S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-His381), 

and H10 helix (Pro330-Arg343) over the shown superimposition are arranged in a 

direction that is not similar to the straight or curved conformations of the β-tubulin, the 

intermediate conformation explains their shape. (Figure 2.24) 

The orientations of the M (Thr274-289Thr) and T5 (Pro173-Gln184) loops are aligned with 

their counterparts with the curved conformation of the β-tubulin. It can be concluded that 

curved conformation is dominant for conformation at 200 ns of the ZnCl2
 simulation. 

(Figure 2.24) 

 

Figure 2.24: Superimposition of GTP-bound γ-tubulin on curved (1SA0) and straight 
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(1JFF) β-tubulin in ZnCl2 simulation. The 200 ns conformation of γ-tubulin in GTP-bound 

under ZnCl2 colored in pink superimposed on β-curve (1SA0) and β-straight (1JFF). (A) 

Curved β-tubulin is colored in green (1SA0). (B) Straight β-tubulin colored in red (1JFF).  

 

In NaCl, the conformation of γ-tubulin at 200 ns was extracted and superimposed onto the 

curved and straight β-tubulin. After superimposition, it can be seen that the H7 helix is not 

aligned to the H7 helix of the curved and straight β-tubulin rather, it adapts the intermediate 

conformation. (Figure 2.25) 

However, other secondary structure segments, such as the beta-strands of S7 (Phe268-

Tyr273), S8 (Tyr317-Gln325), S9 (Ile356-Ser361), and S10 (Ser374-His381) are aligned 

to the curved conformation of β-tubulin. This is an indication of an intermediate 

conformation that structurally adapted a shape close to both the curved and straight 

conformations. (Figure 2.25) 

The dCOM of H7 helix (Phe225-Leu231) from the S6 strand (Cys201-Asp206) in NaCl 

simulation is 1.7 nm ranging from 150 ns to 200 ns, and it has been said that it resembles 

an intermediate conformation. The conformation of γ-tubulin at 200 ns of NaCl simulation 

is rather similar to an intermediate conformation. (Figure 2.25) 
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Figure 2.25: Superimposition of GTP-bound γ-tubulin in NaCl simulation on curved 

(1SA0) and straight (1JFF) β-tubulin. The 200 ns conformation of γ-tubulin of GTP-

bound in NaCl simulation colored in cyan superimposed on β-curved (1SA0) and β-

straight (1JFF). (A) Curved β-tubulin (1SA0) is colored in green. (B) Straight β-tubulin 

(1JFF) is colored in red.  

 

2.2.2 Allosteric or lattice Model 

Disagreement among advocates of the allosteric and lattice models about the major forces 

behind the conversion from curved to straight conformation in β-tubulin exists. The 

allosteric model discusses GTP allosteric effect, but the lattice model postulates the lateral 

interactions[73] between the α, β-tubulin heterodimer is the main effective force.[60]  

The role of GTP and whether it can induce straightness with γ-tubulin is not known and 

was investigated in this study. (Figure 2.26) 
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The H7 helix is the major player that represents straight and curved conformations.[47] 

With three GTP-liganded simulations, it was shown that the curved and intermediate 

conformations were the major observed conformations. This means that the GTP effect 

does not induce straightness on γ-tubulin. (Figure 2.22-2.25)  

For 50 ns, the whole trajectory was investigated by measuring the H7 and S6 dCOM, and 

no straight conformation was observed as a result of the GTP interactions. (Figure 2.22) 

The dCOM of the H7 helix and the S6 for the MgCl2
 simulation demonstrate no changes 

for liganded compared to the unliganded simulation with dCOM of ~ 1.55 nm – 1.60 nm, 

and similarly to the ZnCl2
 simulation, the curved conformation was most seen conformers 

with dCOM less than 1.6 nm. (Figure 2.26) 

The GTP-liganded γ-tubulin in the NaCl simulation is not straight as the dCOM of H7 helix 

(Phe225-Leu231) from the S6 strand (Cys201-Asp206) is around 1.69 nm, but it is higher 

than that of the unliganded NaCl simulation with 1.5 nm. The GTP-bound γ-tubulin adapted 

an intermediate conformation in NaCl simulation. (Figure 2.26) 

The repetition of set one for GTP-liganded in MgCl2 had the dCOM of the H7 and S6 of  

~ 1.64 nm of intermediate conformation and around 1.55 nm for the curved conformation 

in set two from 150 ns – 200 ns. The curved conformation for both the repetition sets in 

ZnCl2 is dominant from 150 ns to 200 ns. For both sets in NaCl the curved conformation is 

dominant apart from a fluctuation at 180 ns and 195 ns. (Figure A4 - A6) 
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Figure 2.26: The dCOM of H7 helix and the S6 strand of liganded and unliganded 

simulations. The dCOM from 150 to 200 ns, colored in blue, red, green in liganded γ-

tubulin and dash-blue, dash-red, and dash green in unliganded γ-tubulin, respectively, for 

MgCl2, NaCl, and ZnCl2
 simulations. 

 

The GTP main interaction sites with the H7 helix are through purin ring with Phe225 and 

Ile228. (Figure 2.27)  

The interaction energy of Phe225 and Ile228 with GTP in MgCl2 is -31.1 kJ/mol and -0.6 

kJ/mol, respectively, and in NaCl is -37.3 kJ/mol and -2.1 kJ/mol, respectively. However, 

GTP interactions with Thr145 and Gly13 is much stronger than Ile228 or Phe225 with 

 ~ -171.3 kJ/mol and -122.8 kJ/mol in MgCl2, which shows that the interaction energy of 

GTP with H7 as compared to other residues is not strong. (Figure 2.31)  
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Figure 2.27: Bounded GTP in its interaction with the H7 helix. The GTP is depicted in a 

green stick. Phe225 and Ile228 are shown in magenta line representation.  

 

Other helices and loops such as S7 to S10 strands and H10 helix contribute to the 

straightness and curvature, but none of which are in the interaction site of the GTP; they 

are part of the intermediate domain. Accordingly, the GTP binding has not induced straight 

conformation, and hence the lattice model, which emphasizes the lateral interaction, is a 

more reliable model. (Figure 2.26 & 2.27) 

2.2.3 High Affinity-Metal Binding Sites in γ-Tubulin 

GTP binds to either α or β-tubulins; the high-affinity metal-binding site was determined as 

a binding site for GTP. [31] The question arises about the exact location and involved atoms 

in creating the high-affinity metal-binding site. 
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The result showed that with all three MD simulations, one Mg+2, one Zn+2, and two Na+ 

interact at fixed distances of Og-Ob atoms of GTP. (Figure 2.28 and 2.29) 

Two Na+ atoms are associated with O1g and O3g atoms of GTP at a close distance of 2.1 

Å and 3.1 Å within the last 50 ns of NaCl simulation, respectively. The interaction of Na+ 

from O3g is stable for the last 50 ns at 2.1 Å. The Na+ and O1g distances have fluctuations 

at 153 ns and 175 ns, and for the rest of the simulation, remains at ~ 3.1 Å. (Figure 2.28 & 

2.29) 

The Mg+2 interacts ~ 3.6 Å from the O3g atom, and Zn+2 about 4.0 Å, with fluctuation at 

162 ns, increasing the distances to 5.0 Å. Therefore, the high-affinity metal-binding site is 

the GTP binding site in which, upon GTP binding, it accommodates one divalent or two 

monovalent cations to oxygen atoms of the β-γ phosphate. (Figure 2.28)  

With all the 6 sets of repetitions of GTP liganded simulations, one divalent cation and two 

monovalent cations were accommodated into the GTP binding site in interaction with the 

oxygen atoms of the β-γ phosphate. This further proves the exact location of the high-

affinity binding site in γ-tubulin. (Figure A7 – A9)  
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Figure 2.28: The distances between cations inside the GTP binding site from oxygen atoms 

of β-γ phosphate of GTP. The distances between Mg2+, Zn2+, and Na+ with respect to the 

oxygen atoms of β-γ phosphate are colored in blue, red, green, and black, respectively. The 

number in parenthesis is related to the conducted simulations in this study. They are the 

code determined for all atoms in the current study.  

 

Figure 2.29: Structure of GTP with all atoms and their name label.  

 

2.2.4 Interactions Among Residues, Water molecules, and Cations Within the GTP 

Binding Site 

It was shown that one divalent and two monovalent cations of Zn+2 and Mg+2 interact 

with three oxygen atoms of GTP (Oa1, Oa2, Ob1, Ob2, Og1, Og2, and Og3). (Figure 

2.28) 

However, how accommodation of different cations affects the interactions within the 

binding site is not very well understood. The only difference of the GTP binding site with 



95 
 

each simulation is the interaction of two Na+, one Zn+2, and Mg+2 with three elements of 

GTP, residues of the binding site, and water molecules.  

The nature of the interactions between residues of the GTP binding site, water molecules, 

GTP, and cations inside the GTP binding site are not answered elsewhere. 

The sums of the electrostatic and L-J interaction energy between GTP and γ-tubulin are  

-1452.5 kJ/mol, -1371.1 kJ/mol, and -1424.2 kJ/mol in MgCl2, ZnCl2, and NaCl 

simulations, respectively. In this evaluation, two groups were selected, one group is GTP, 

and the other one is γ-tubulin. The interaction energies between GTP and each residue of 

the binding site will be discussed in detail later. The obtained values show that GTP 

interacts more strongly with γ-tubulin in the MgCl2
 simulation by -81.4 kJ/mol than in the 

ZnCl2
 simulation; this could be an indication that why Mg+2 is the major cation found in 

interaction with GTP and ATP.[43, 89, 90] (Figure 2.30 and 2.31) 

Although the evaluations do not demonstrate which residues have the strongest interaction 

energy with GTP, the interaction energy of residues of the binding site and GTP will be 

addressed in detail later. (Figure 2.30 and 2.31) 

The sum of the electrostatic and L-J interactions between each binding site residue and 

GTP was calculated to determine GTP interaction energy. Three residues of homo-sapiens 

γ-tubulin, including Gln12, Thr145, and Cys13, have strong interaction energy with GTP. 

(Figure 2.31)  
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Interestingly, with yeast γ-tubulin, Tub4, a mutation study revealed that Gln12, Cys13, and 

Thr145 play a key role in GTP interactions due to their high binding constant [91], which 

is consistent with the evaluations performed in this study. 

The interaction energy between Gln12 and GTP is considerably strong in the MgCl2
 

simulation, with a value of -238.8 kJ/mol as compared to -198.8 and -176.2 kJ/mol in NaCl 

and ZnCl2
 simulations, respectively. The interaction energy for Thr145 with three 

simulations of MgCl2, ZnCl2
 and NaCl simulations is -171.3 kJ/mol, -170.0 kJ/mol, -163.5 

kJ/mol, respectively. whereas, for Cys13 the value of energy is -122.8 kJ/mol, -125.7 

kJ/mol, -120.1 kJ/mol, in MgCl2, ZnCl2
 and NaCl simulations respectively. With γ-tubulin 

of the Tetrahymena thermophila, the mutation of Thr146 and Arg72 is lethal for the 

organism. Thr145 forms the strongest interaction energy with homo-sapiens γ-tubulin with 

all three simulations[91] consistent with Tetrahymena thermophila study. Thr145 and 

Arg72 have shown considerable interaction energy to GTP as mentioned above; for Arg72, 

its mutation has been shown to be lethal in Tetrahymena thermophila.[91] 

Ala100, Ser147, and Gly101 have been found with large dissimilarities in their interaction 

energy with GTP among three simulations. The interaction energy for Ala100 is +3.7 

kJ/mol, -90.6 kJ/mol and +1.3 kJ/mol in MgCl2, ZnCl2
 and NaCl simulations, respectively. 

While in MgCl2, NaCl and ZnCl2
 simulations, the interaction energy between Ser147 and 

GTP is -120.5 kJ/mol, -5.2 kJ/mol, and -123.8 kJ/mol, respectively. (Figure 2.31) 
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Figure 2.30: The sums of electrostatic and L-J interactions between GTP and γ-tubulin 

from 150 ns to 200 ns. The electrostatic and L-J energy is colored in orange and blue, 

respectively.  

 

 

Figure 2.31: Interaction energy between each residue of the binding site and GTP from 

150 ns to 200 ns. The interaction energy is colored in red for ZnCl2, blue for MgCl2,
 and 

green for NaCl simulation.  
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The interaction energy between Arg72 and GTP is -44.1 kJ/mol, -24.1 kJ/mol, and 

 -22.2 kJ/mol, in MgCl2, ZnCl2, and NaCl respectively. All three simulations were 

carefully investigated in order to find out the origin of the differences between them. 

The position and distances of Arg72 and Ala100 have changed from GTP. The changes of 

Ala100 was due to the deviation of the T3 loop (Ser94-Asn103) from the GTP, and for 

Arg72, its sidechain rotated towards the GTP. In the MgCl2
 simulation, Arg72 of γ-tubulin 

decreases the distance between its guanido group and O1-2-3G atoms of GTP (from 12 Å  

- 3 Å). Arg72 was found at a distance from O1-2-3G at 53 ns ~ 12 Å; at 100 ns, the gap is 

halved to 6 Å. At 153 ns, the 6 Å was also halved to 3 Å, and the atoms of guanido group 

of Arg72 exist at 3.1 Å from the O2g atom of GTP. (Figure 2.32) 
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Figure 2.32: The distance of the sidechain of Arg72 from the γ phosphate of GTP in the 

MgCl2
 simulation. The Arg72 distances were shown at (A) 53 ns colored in green, 100 ns 

colored in cyan, and 153 ns colored in magenta with respect to O1-2-3G atoms of  

γ phosphate of the GTP.  

 

Ala100 is a residue of the T3 loop (Ser94-Asn103), and the position of this residue at each 

simulation with respect to the γ phosphate atom of GTP changes due to fluctuations of the 

T3 loop (Lys93-Asn102). (Figure 2.33 B) 

The dCOM of Ala100 from γ phosphate atom of GTP in three simulations was measured 

to uncover its different IE in each simulation. The dCOM of Ala100 and γ phosphate in the 

ZnCl2
 simulation was stable in the range of 4.0 Å - 4.5 Å from 150 ns to 200 ns. The value 

of dCOM of Ala100 and γ phosphate, for MgCl2
 and NaCl simulations, is almost twice that 

of ZnCl2
 ~ 8 Å and ~ 7 Å, respectively. (Figure 2.33 B) 
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Figure 2.33: The position of Ala100 with respect to GTP. (A) dCOM of Ala100 from GTP 

γ phosphate. (B) Movement of T3 loop (Ser94-Asn103) towards the GTP. The Ala100 is 

depicted in the stick, and the T3 loop from MgCl2, ZnCl2,
 and NaCl are colored in green, 

cyan, and yellow, respectively.  

 

At the GTP binding site, the oxygen atoms connected to β-γ phosphate of GTP (Og and 

Ob) mediate the interaction between the GTP with accommodated cations at stable 

distances. (Figure 2.28 and 2.29)  

To study the effect of accommodated cations on GTP interactions, the interaction energy 

between GTP β-γ oxygens, water molecules, and binding site residues were evaluated. The 

β-γ phosphate oxygens of GTP including O1b, O2b, O1g, O2g, and O3g. It was discussed 

that the cations interact mainly with GTP β-γ phosphate oxygens (Figure2.28 - 2.34) 

The sum of the electrostatic and L-J energy between GTP β-γ oxygens and the binding site 

residues is strong in MgCl2
 and ZnCl2

 simulations. The interaction energy between β-γ 

oxygens and GTP binding site in MgCl2
 simulation is -826.2 kJ/mol and -890.1 kJ/mol in 

ZnCl2
 simulation; this value reduces to -722.1 kJ/mol in NaCl simulation. These differences 

are attributed to the role and interactions of the accommodated cations at the GTP binding 

site because the only difference with the GTP binding site in each simulation is the 

accommodation of different cations. (Figure 2.34 A-B and 2.28) 

Also, this finding reveals that compared to the whole molecule of GTP, just five oxygen 

atoms of β-γ phosphate account for 56.8% of the interaction energy between GTP and 
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residues of the binding site in MgCl2
 simulation, 64.9% in ZnCl2,

 and 50.7% in NaCl 

simulation. (Figure 2.30 and 2.34 A-B) 

The presence of cations at the GTP binding site affects the interactions between GTP and 

water molecules. (Figure 2.34 A and B) 

The value of the interaction energy between oxygen groups of β-γ phosphate, including 

O1b, O2b, O1g, O2g, O3g, and water molecules in MgCl2
 and ZnCl2

 simulations is -375.2 

kJ/mol and -412.6 kJ/mol, respectively, and -188.5 kJ/mol for NaCl simulation. Therefore, 

the interaction energy between oxygen groups of β-γ phosphate, water molecules, and 

residues of the binding site indicates how the accommodated cations affect interactions of 

the GTP with other factors such as water and residues. In all cases, the availability of 

divalent cations tunes the interaction energy between the oxygen atoms of GTP with either 

water or residues of the binding site. (Figure 2.34 A and B) 

This finding is useful to understand the Mg+2 role in the α, β-tubulin stability, and in GTP 

hydrolysis. Accordingly, it can be deduced that Mg+2 contributes to strong interactions 

between the nucleotide and other elements at the binding site, such as water and residues. 

The GTPase activity of homo-sapiens γ-tubulin has not been described in detail, but the 

interactions between oxygen groups of β-γ phosphate are important in developing the 

GTPase reaction, and existing of Mg2+ can foster the efficient interaction between the 

residues of the binding site and GTP. The nature of GTPase activity is a nucleophilic 

reaction, and at this reaction, water plays a key role.[92] It has been shown that water makes 

stronger interactions when cations such as Mg+2 is available in interactions with the oxygen 

atoms of GTP at the binding site. (Figure 2.34 A-B and 2.28)  
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Figure 2.34: The interaction energy between oxygen atoms of β-γ phosphate of GTP with 

the binding site and water molecules. (A) The sums of L-J and electrostatic interaction 

between oxygen atoms of β-γ phosphate of GTP with the binding site and water molecules 

colored in red and blue, respectively. (B) Structure of GTP, the oxygen atoms of β-γ 

phosphate are marked.  

 

More investigation has revealed that the number of interactions and H-bonds between three 

oxygen atoms of γ phosphate of GTP (O1g, O2g, and O3g) with respect to the binding site 

are different with each simulation. (Figure 2.35 A and B) 

The number of H-bonds and interactions between O1g, O2g, and O3g and GTP binding 

site were monitored from 150 ns to 200 ns. Notably, the number of interactions and H-

bonds in ZnCl2
 simulation were distinctly more compared to those of the Mg2+ and NaCl 

observations. (Figure 2.35A and B) 

Throughout this study, for H-bonds and the number of interactions, the cut-off distance of 

4 Å is assigned. It has been shown that moderate and weak H-bond is most effective in 
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protein.[93] The distance for making a moderate to weak H-bonds is ~ 2.5 Å – 4 Å, which 

generates around < 4 kcal/mol – 15 kcal/mol energy.[93] 

For distances between cations and residues of the protein, 4 Å – 4.5 Å is used for all 

evaluations in the subsequent sections. There are no reference distances; however, after 

looking at the conformations, it was found that several interactions fall between 4 Å – 4.5 

Å; therefore, the maximum cut-off was set to 4.5 Å.  

The number of interactions changed from 40 to 45 in ZnCl2
 simulation in contrast to 35 and 

25 interactions in MgCl2
 and NaCl simulations, respectively, from 150 ns 200 ns. The 

number of interactions does not measure which atoms are in interaction with each other. 

Instead, all atoms that fall into the cut off distance of 4 Å will be counted. 

The number of H-bonds is higher in ZnCl2
 simulations with ~ 7 to 8 from 150 ns to 200 

ns. This value is 5 and 4 for MgCl2
 and NaCl simulations, respectively. (Figure 2.35 A 

and B) 

 

Figure 2.35: The number of interactions and H-bond between the oxygen atoms of γ 

phosphate (O1g, O2g, and O3g of GTP) and GTP binding site of γ-tubulin. (A) The number 
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of interactions in MgCl2
 colored in blue in ZnCl2

 is represented in red and green in NaCl 

simulation. (B) number of H-bond.  

 

The first set of repetitions has ~ 35, 25, and 30 interactions between γ phosphate oxygens 

and residues of the binding site in ZnCl2, NaCl, and MgCl2, respectively. The number of 

H-bonds between γ phosphate oxygens and residues of the binding site in the first set of 

repetitions is ~ 4 H-bonds in NaCl and, with large fluctuations around 5 for ZnCl2 and 

MgCl2. The number of H-bond for the second set almost fluctuating from 3 – 5 for three 

simulations, higher by one for NaCl at 150 ns and 200 ns. (Figure A14 - A16)  

To study how the cations interact with the GTP-bound γ-tubulin, the 200 ns conformations 

of protein with all simulations were extracted, and all interacting cations at ≤ 4.5 Å were 

found out. Then the interactions between residues and cations were monitored for the last 

50 ns from 150 ns to 200 ns.  

At 200 ns of MgCl2
 simulation, five Mg+2 cations were found near the γ-tubulin. The Mg+2 

cations interacted at 3.9 Å to Asp120, 4.3 Å of Glu58, 2.1 Å to Asp130, at 4.4 Å to Glu38, 

and at 3.7 Å to Asp127. (Figure 2.36) 

At the first set of repetition in MgCl2, Glu116 at 4.1 Å, Glu402 at 3.8 Å, Asp433 at 4.3 Å, 

and Asp123 at 3.7 Å were found at ≤ 4.5 Å of protein. (Figure A18) 

It should be noted that the above-mentioned interactions are found with only an examined 

conformations, and their interaction can be stable or not. The minimum distance between 

Mg+2 and Asp130 is stable at a distance of 2.0 Å for the last 50 ns. The interactions of all 
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other Mg+2 to Asp120, Glu58, Glu38, and Asp127 are not stable; they show large 

fluctuations and interact at less than 4.5 Å to the γ-tubulin at 200 ns. (Figure 2.37) 

 

Figure 2.36: The conformation of γ-tubulin at 200 ns with interacting Mg+2 at ≤ 4.5 Å. 

The conformation of γ-tubulin under Mg2+ at 200 ns colored in green, Mg+2 is colored in 

sphere red, and interacting residues at a stick representation. The GTP in stick 

representation with its interacting Mg2+ in red.  
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Figure 2.37: The minimum distances between Mg+2 cations and residues of the γ-tubulin. 

The minimum distances between Asp120, Asp127, Glu58, Glu38, and Asp130 with Mg2+ 

cations from 150 ns to 200 ns.  

 

Also, the conformation of γ-tubulin at 200 ns of Zn2+simulation was extracted to study all 

interacting Zn+2 at ≤ 4.5 Å. (Figure 2.38). 

Zn+2 cations were found at 3.8 Å to Glu38, 3.7 Å of Glu112, 4.3 Å to Glu89, 3.9 Å to Glu4, 

and 3.8 Å to Glu116.  

Interacting residues at ≤ 4.5 Å of the Zn+2 cations in set one includes Asp49 at 4.4 Å, 

Glu116 at 4 Å, Asn102 with the distance of 4 Å, and Val37 at 4.3 Å from the Zn+2. (Figure 

A17) 

The minimum distance between Zn+2 and Glu4 is ~ 2 – 4 nm from 150 ns to 180 ns; 

occurred at 180 ns, this value decreases to around 5 Å, and Zn+2 interacts with stable 
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interactions until 200 ns with respect to Glu4. The minimum distance from Zn+2 to Glu38 

changes ~ 4 Å from 180 ns to 200 ns. (Figure 2.39) 

 

 

Figure 2.38: The conformation of γ-tubulin at 200 ns with interacting Zn+2 at ≤ 4.5 Å. 

Zn+2 is colored in sphere red and interacting residues in stick. The GTP in stick 

representation with its interacting Zn+2 to O1g and O2a in red.  
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Figure 2.39: The minimum distances between Zn+2 cations and residues of the γ-tubulin. 

The minimum distances between Asp, Glu with Zn+2 from 150 ns to 200 ns.  

 

Four Na+ cations were found to be in interaction with γ-tubulin at 200 ns of NaCl 

simulation. Na+ cations were found at 3.8 Å to Glu95, 3.9 Å of Asp120, 4.1 Å to Gly128, 

and at 4.5 Å to Thr215. (Figure 2.40) 

 

Figure 2.40: The conformation of γ-tubulin with interacting Na+ at ≤ 4.5 Å. The 

conformation of γ-tubulin in NaCl simulation at 200 ns, cations are colored in sphere blue 

and interacting residues with the stick. The GTP in stick representation with its interacting 

Na+ to O1g and O3g in blue as well. 
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For all the three liganded (GTP) and unliganded simulations, the electrostatic energies 

between domains and cations were calculated and compared to reveal the role of the 

cation in interactions to domains. (Figure 2.41) 

The N-terminal (1-242) and C-terminal (381-451) of γ-tubulin interacts with strong 

electrostatic energies with both divalent (Mg+2 and Zn+2) and monovalent cations (Na+). In 

unliganded simulations, the electrostatic energy between Mg+2, Zn+2, and Na+ with the N-

terminal domain is -976.4 kJ/mol, -1063.2 kJ/mol, and -340.8 kJ/mol, respectively. They 

are -3.8 kJ/mol, -3.5 kJ/mol, and -5.2 kJ/mol with intermediate domain (343-380), and  

-244.3 kJ/mol, -446.5 kJ/mol, and -88.9 kJ/mol for the C-terminal domain. Upon binding 

of the GTP, the electrostatic energy was increased around three times with intermediate 

domains in liganded ZnCl2
 and MgCl2

 simulations to  

-15.2 kJ/mol and -27.3 kJ/mol, respectively, and reached ~ zero value in liganded NaCl 

simulation. Two reasons can be mentioned as to why zero, the intermediate domain with 

three GTP liganded and unliganded simulations, has weaker electrostatic energy with 

cations. Na+ interact with weaker energy as it is shown above, and the second reason is the 

intermediate domain, as shown in Figure 2.1 is located between the NBD and C-terminal 

domain and is not accessible for interaction with cations. (Figure 2.41) 

GTP Binding also increased the electrostatic interactions between the Mg2+and  

N-terminal to -1350.2 kJ/mol compared to the unliganded simulation, which was -976.4 

kJ/mol. Although the electrostatic energy between the N-terminal domain with the 

liganded simulations in NaCl and ZnCl2 simulations decreased compared to that of 

unliganded studies by -15.2 kJ/mol and - 115.1 kJ/mol, respectively. (Figure 2.41) 
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Figure 2.41: The electrostatic energy between three domains of the liganded and 

unliganded γ-tubulin. The electrostatic energy between the C-terminal (C-ter in green), N-

terminal (N-ter in red), and Intermediate domain (ID in blue) of γ-tubulin and cations 

(Mg+2, Zn+2, and Na+) from 150 ns to 200 ns of liganded (GTP) and unliganded (Un) 

simulations. 

 

2.2.5 Role of Zn+2 in MTs Sheet Formation 

When Zn+2 has a high concentration of 5 × 10-5 mol/L, pure tubulins form a non-

functional sheet instead of a hollow tube of MTs. [40] One possible reason for inducing 

the sheet is suggested to be the Zn+2 - Cys interaction. The role of interaction between 

Cys and Zn+2 can be one possibility that will be investigated here. Other than that, it has 
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been shown that the Zn+2 role is well established in its interactions with the GTP and the 

residues of its binding site. (Figure 2.28-2.36)  

Cys residues of γ-tubulin include Cys13, Cys 26 belong to H1, Cys 138 of S4, Cys 201 for 

S6, Cys 316 at H8-S9 loop, and Cys 392 of H11 helix. In order to investigate whether the 

interaction of Zn2+ with Cys can be strong enough or not to affect the whole conformation 

of the protein, the cumulative radial distribution between the Zn2+, Mg2+, at each simulation 

and all six Cys of the γ-tubulin were evaluated. The cumulative Radial Distribution 

Function (RDF) gives the average number of cations at a distance “r” with regard to each 

Cys residue. Accordingly, it was found that the closest distance in which Zn2+ interacts with 

the Cys is for Cys13 at around 9 Å for one Zn2+ cation (the Y-axis gives the number of 

cations). For the other five Cys residues (Cys26, Cys138, Cys201, Cys316, and Cys392), 

the interaction starts at 10 Å, which cannot be considered to be effective enough to have an 

impact on the conformation or the function of the protein. Because the energy of interaction 

when their distance drops to 8.0 Å - 1.0 Å is less than 0.01 kcal/mol for two charged 

particles, however, here, the Cys has no charge, and the energy can be even weaker than 

0.01 kcal/mol.[94] The cumulative RDF between the Mg2+ and Cys residues show almost 

the same pattern as Cys13 interact at 8.5 Å – 9.0 Å for one Mg2+ and the rest of Cys residues 

interact at distances greater than 1.0 Å - 4.5 Å. (Figure 2.42 A & B) 
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Figure 2.42: The cumulative RDF between Zn2+, Mg+2, and Cys. (A) The cumulative 

radial distribution between Zn2+ all six residues of the Cys and (B) between Mg2+ and Cys 

residues.  

 

Solvent-accessible surface area for a molecule is a surface area that is accessible for solvent 

or, in other words, the total area of a molecule subtracting from its area in contact with 

other neighboring molecules. Greater SASA means lower interatomic interactions. 

Calculated SASA is the total SASA, which evaluates both hydrophilic and hydrophobic 

interactions.  

Major differences were observed in the C-terminal domains in which the simulations, 

including Zn2+, have a larger SAS area compared to NaCl or MgCl2
 simulations. The SAS 

area for unliganded simulation fluctuates between 46 nm2 to 47 nm2 in ZnCl2
 simulation, 

44 nm2, and 46 nm2 in MgCl2
 and NaCl simulations, respectively. Upon GTP binding in 

three simulations, a small increase of 2 nm2 to 3 nm2 is observed; hence, the ZnCl2
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simulation with SAS area of 50 nm2 has a larger SAS area for its C-terminal as compared 

to MgCl2
 or NaCl with 46 nm2 and 49 nm2 in liganded simulations. (Figure 2.43)  

In the ZnCl2
 simulation, a higher number of interactions and H-bonds were observed 

between GTP and γ-tubulin compared to MgCl2 and NaCl. Also, the stronger interaction 

energy between GTP and water with -412.66 kJ/mol, the higher unfolded residues as well 

as larger SAS area were seen in ZnCl2 simulation.  

Therefore, It can be deduced that the formation of MTs sheet cannot be solely directed to 

the interaction of Cys with Zn+2 as it has been shown it has weaker interaction energy and 

RDF. However, it relatively can be directed to the overall interactions and impact of the 

Zn+2 as a divalent cation in its interaction with the GTP binding site, C-terminal domain, 

and negatively charged residues of the Asp and Glu. 

 

 

Figure 2.43: Solvent Accessible Surface Area (SAS) for the C-terminal domain of γ-

tubulin in both liganded (GTP) and unliganded MD simulations. (A) The SAS area for 

unliganded and (B) for liganded MD simulations.  
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2.3 Discussion 

Cation interactions were found to be dependent on their charges, and they occur at 

various distances. The minimum distance of interaction between Mg+2, Zn+2, and protein 

was at the range of 3.8 Å to 4.1 Å larger than Na+, in the range of 2 Å – 2.5 Å. The major 

interactions were mostly with negatively charged residues such as Asp and Glu, 

belonging to N-ter and C-ter domains of the γ-tubulin, which compose of several critical 

helices such as H11, H2, and H1, all vital for its function. Although the interactions were 

at closer distances to Na+; the interaction energy was stronger for divalent cations 

compared to Na+. The intermediate domain exhibited insignificant interaction with 

cations in three simulations. Therefore it can be said the C-ter, and N-ter domains are the 

main interaction sites with cations. The position of the ID between N-ter, and C-ter 

domains makes it a non-accessible interaction segment for cations. The electrostatic 

energy between the intermediate domain and Zn+2, Mg+2, and Na+ is -3 kJ/mol to -5 

kJ/mol, in all simulations. The electrostatic energy between cations and C-terminal for 

MgCl2, ZnCl2, and NaCl simulations is -244.3 kJ/mol, and -446.5kJ/mol, 

 -88.9 kJ/mol, respectively. The N-ter domain composes of 243 residues and is exposed to 

charged particles of an aqueous environment, its interaction with cations is stronger than 

C-ter and ID domains.  

Distance from COM of N-terminal of H7 helix and S6 strand was selected to address the 

straightness and curvature of γ-tubulin as a different measure from superimposing of 

conformations. The S6 strand is located at the N-ter of the γ-tubulin and does not undergo 

conformational rearrangement when the conversion occurs between straight and curved 
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states. In unliganded simulations, the curved conformation was dominant in three 

simulations, and intermediate conformation was observed in both divalent simulations, 

but the curved conformation was well established, and the straight state was not detected. 

This can be assumed that the active conformation of the γ-tubulin in the small or ring 

complex is the curved conformation, but the exact functional conformation of γ-tubulin is 

still a mystery.   

 In addition to intermediate and curved conformations, the protein stability was also 

measured, and it has been noticed that conformation of the γ-tubulin monomer in the 

MgCl2
 simulation is more stable with a higher conserved helical shape compared to 

simulations performed in the presence of Na+ and Zn+2 cations. This is consistent with the 

studies that show Mg+2 stabilizes the structure of α, β tubulin. The number of residues of 

helices in 7 conformations of γ-tubulin whose secondary conformations were lost was 

twice in Zn+2 and Na+ simulations as compared to the Mg+2 simulation. This indicates the 

impact of the cations in γ-protein structural integrity or, in general, it can be directed to 

globular proteins. 

The structural comparison of homo-sapiens γ-tubulin and yeast γ-tubulin (PDB: 5FLZ) was 

carried out; the yeast monomer is in its active state inside the small complex, which was 

used as a reference conformation. Most secondary segments, including H3, H8, and H10 

of homo-sapiens, are structurally comparable and well-aligned to their counterparts of the 

yeast protein. These segments are contributing to lateral and longitudinal interactions of the 

small complex.  
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Two distinct states were observable in GTP binding site; they relate to the straightness and 

curvature of the γ-tubulin monomer. The curved conformation in Na+ simulation exhibited 

a non-accessible state compared to the intermediate conformation in Zn+2 and Mg+2 

simulations which was accessible for GTP. It was seen that the secondary segments 

generating the GTP binding site were interacting with each other in closer distances in the 

curved conformation compared to the intermediate conformation. The dCOM between 

Gln227 of H7 helix from Glu177 of T5 loop was measured to reveal how the contribution 

of T5 loop movement induces a non-accessible state; in NaCl simulation, it fluctuated 

around 1.3 nm, and in MgCl2 simulation, it was around 1.8 nm and around 2.4 nm in ZnCl2 

simulation. The movement of the T5 loop in α, β tubulin switching between conversion 

from curved to straight conformation and, as it was seen in γ-tubulin, it affects the 

accessibility of the GTP binding site. The question about its role in GTPase activity of the 

γ-tubulin still remained unanswered.  

The GTP-bound γ-tubulin adapts the intermediated conformation in Na+ simulation, and in 

both Mg+2 and Zn+2 simulations, its dominant conformation was curved. Based on 

trajectory analysis, no straight conformation was induced as a result of GTP interactions in 

three MgCl2, ZnCl2, or NaCl simulations. In GTP liganded simulation, the dCOM of the 

H7 helix from the S6 strand is around 1.69 nm in Na+ simulation, which totally resembles 

the intermediate but not straight conformation. The dCOM of H7 from S6 in the MgCl2
 

simulation with ~ 1.55 nm – 1.60 nm demonstrates no changes for liganded compared to 

its unliganded simulation. In ZnCl2
 simulation, the curved conformations were most seen 
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conformers with dCOM less than 1.6 nm. This finding is strongly in favor of the lattice 

model that states GTP effect is not the main force behind tubulins' straightness.    

The Zn+2 effects in γ-tubulin are directly related to its interactions with negatively charged 

residues, and as it was shown, Zn+2 induces slight conformational changes that rather 

destabilize the secondary structure of the protein. The number of unfolded residues in the 

Zn+2 simulation was two times as the Mg+2, and the SASA in the Zn+2 simulation was higher 

than Mg+2 and Na+ simulations. It can be concluded that the Zn+2 impact on MTs sheet 

formation cannot be directly attributed to its interaction with the Cys residues as the RDF 

evaluation shows that the closest interaction between Zn+2 and Cys is around 1 nm, which 

can not be considered as strong and effective interactions.   

The γ-tubulin high-affinity metal-binding site in GTP liganded simulations was defined to 

be the GTP β-γ oxygens. In all three GTP-liganded simulations, stable interactions were 

observed between cations and Og-Ob atoms of the GTP. Two Na+, one Zn+2, and one 

Mg+2 were accommodated to the GTP binding site. It was observed that Mg+2 at the GTP 

binding site contributes to the stronger interactions between all components of the GTP 

binding site, such as waters, residues, and GTP with each other. The sums of electrostatic 

and L-J interaction energies between GTP and γ-tubulin are -1424.2 kJ/mol, -1371.1 

kJ/mol, and -1452.5 kJ/mol in NaCl, ZnCl2, and MgCl2 simulations, respectively. The 

sums of electrostatic and L-J interaction energies between oxygen atoms of β-γ phosphate 

of GTP and residues of the GTP binding site are stronger in MgCl2
 and ZnCl2. 

The interaction energy between β-γ oxygens and GTP binding site in MgCl2
 simulation is 

-826.2 kJ/mol and -890.1 kJ/mol in ZnCl2
 simulation; this value reduces to -722.1 kJ/mol 
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in NaCl simulation. These differences are attributed to the role and interactions of 

accommodated cations at the GTP binding site because the only difference in the GTP 

binding site in each simulation was the accommodation of different cations. 
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2.4 Conclusions 

The curved conformation was found to be dominant in unliganded simulations in most 

analyzed trajectories time in MgCl2, NaCl, and ZnCl2. Most of the time, from 150 ns to 

200 ns, the dCOM of H7 and S6 was not more than 1.55 nm in NaCl simulation. 

However, it reached 1.60 nm at some point in simulations contain MgCl2
 at 186 ns and 

167 ns of ZnCl2 simulation. Two significant impacts of cations can be highlighted in 

MgCl2
, ZnCl2, and NaCl simulations. First, In addition to curved, the intermediate 

conformation observed in MgCl2
 simulation from 186 ns to 200 ns and at167 ns to 170 ns 

in which the dCOM of H7 and S6 was larger than 1.6 nm in ZnCl2. Second, the impact of 

monovalent cations was to maintain the curvature with γ-tubulin without converting the 

conformation from curved to an intermediate or straight conformation, as the simulation 

in the NaCl had a lower dCOM of H7 helix and S6 strand.  

Homo-sapiens γ-tubulin with intermediate or curved conformations differ in terms of the 

states of the GTP binding site in the presence of divalent or monovalent cations. 

Intermediate conformation in MgCl2
 and ZnCl2

 simulations show an accessible state for the 

GTP binding site. This is in contrast to the curved γ-tubulin acquiring the inaccessible 

binding site in NaCl simulation. The reason for acquiring the limited-access state with the 

curved γ-tubulin is due to the movement of the T5 loop with respect to the N-terminal of 

the H7 and H3 helices. The Asp180 from the Arg72 dCOM, and Glu177 from Gln277 were 

with a lower value in NaCl curved conformation compared to that of MgCl2 and ZnCl2 

simulations. The dCOM of Asp180 from Arg72 helix fluctuated around 1.15 nm from 175 

ns to 200 ns with shorter distances at 170 ns and 195 ns for 1.0 nm in NaCl simulation. 
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However, in ZnCl2 simulation, the dCOM of Asp180 from Arg72 fluctuated around 2.2 nm 

from 160 ns to 200 ns, and in the MgCl2 simulation, it has a value of ~ 1.6 nm. 

This shows how T5 loop moves toward the H3 helix and, as shown, affects the availability 

of the GTP binding site for either binding or unbinding GTP. 

The electrostatic interactions between the N-terminal domain and the cations are -340.8 

kJ/mol, -1063.2 kJ/mol, and -976.4 kJ/mol in NaCl, MgCl2, and ZnCl2 simulations, 

respectively. It was found that both interactions and electrostatic energy between cations 

and the intermediate domain are weaker in value than the N-terminal and C-terminal 

domains. Electrostatic energy of -3.5 kJ/mol was seen between Zn+2 and intermediate 

domain compared to -1063.2 kJ/mol between NBD and Zn+2 cations that are considerable 

differences. The intermediate domain is located between NBD and C-ter domain and is 

relatively no accessible for interactions. The structural stability of γ-tubulin in ionic 

conditions was evaluated by measuring the number of residues of all the 12 helices (H1 to 

H12) that lost their contribution to the helicity of the protein. In the MgCl2
 simulation, the 

secondary conformation of γ-tubulin is more stable compared to the NaCl and ZnCl2
 

simulations. The counted number of residues that are not part of the helices were double in 

NaCl with 20 and 26 in ZnCl2
 simulations compared to simulation in MgCl2 with an average 

of 10 residues. The H12 (Asp419-Ala437) helix at the C-terminal of the γ-tubulin in both 

NaCl and ZnCl2 simulations has lost its secondary conformations for Asp419, Glu420, 

Met421, Asp422, Thr423, Ser424 and was stable in MgCl2 simulation.  

Simulation of the GTP-bound monomer of homo-sapiens γ-tubulin further advances the 

knowledge about the three-dimensional conformation of γ-tubulin, the differences between 
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the role of various cations inside the cells, and providing more data in favor of the lattice 

model. 

γ-tubulin straightening was not induced due to the GTP impact as the allosteric model 

predicted. The conversion from curved to intermediate conformation was observed in NaCl 

simulation and only moderately from 153 ns to 155 ns in ZnCl2
 simulation. Otherwise, the 

curved conformation was the dominant conformation.  

GTP does not have a strong effect on converting curved to straight conformation relatively 

with all simulations. Of all the loops and helices that contribute to the conversion from 

curved to straight conformation, it has been shown that GTP just interacts with the H7 helix, 

and that interaction is not charged-charged; rather, interactions between the C-H atoms of 

the purin ring with the Phe225 and Ile228 sidechain. Therefore, the allosteric model, which 

emphasizes the GTP role in straightening the conformation of the tubulins, is not a reliable 

model according to the obtained data. The lattice model, which discusses the straightening 

as a consequence of lateral interactions, is more consistent with the available outputs of 

these MD simulations.    

γ-tubulin conformational changes differ from β-tubulin while adapting curved or 

intermediate conformations. For instance, after superimposition of γ-tubulin on β-tubulin, 

H10 helix of γ-tubulin is not aligned with H10 helix of curved or straight β-tubulins. One 

reason attributed to sequence dissimilarities that changes the position of secondary structure 

segments between γ-tubulin and β-tubulins. The H10 helix of γ-tubulin starts at residue 

Pro330 and ends at Arg343; whereas, in β-tubulin, the H10 initiates at Glu325 and 

terminates at Ser338. This might indicate that the γ-tubulin function inside the ring or small 
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complex is independent of the conformational changes from the curved to straight similar 

to the β-tubulin as the straight conformation was not observed.  

The GTP binding site with homo-sapiens γ-tubulin acts as a high-affinity metal-binding 

site that accommodates two Na+ and one divalent Zn+2 or Mg+2 cations with the stable 

interaction to O1-2-3G atoms of the β-γ phosphate. The stable interactions between two Na+ 

at 2.5 Å of γ oxygens and one divalent cation at 3 Å – 4 Å distances were observed. 

Therefore, the exact position of the high-affinity metal-binding site is the oxygen atoms of 

β-γ phosphate. 

The different cations that are accommodated to the GTP binding site are affecting the 

strength of interactions inside the binding site between water, residues of the binding site, 

and the GTP. The interaction energy between the oxygen atoms of β-γ phosphate and water 

molecules inside the binding site is stronger when with Zn2+ and Mg2+ cations for -412.6 

kJ/mol, -375.2 kJ/mol, respectively, compared to -188.5 kJ/mol in NaCl simulation. The 

interaction energy between β-γ oxygens and residues of the binding site are stronger in 

MgCl2
 and ZnCl2 simulations with -826.4 kJ/mol and -890.1 kJ/mol, respectively, as 

compared to -722.15 kJ/mol of NaCl simulation.  

The results are consistent with yeast and Tetrahymena thermophila studies that investigated 

the mutation effect of GTP binding site. This further reveals that the key residues in 

interaction with GTP are the same for homo-sapiens, yeast tub4, and Tetrahymena 

thermophila. The top three residues with the highest interaction energy with GTP are 

Gln12, Thr145, and Cys13; they play a significant role in the binding of GTP with yeast 

tubulin.      
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The SAS areas of C-ter in the ZnCl2
 simulation are higher with both liganded and 

unliganded simulations by 3 - 5 nm2 from 150 ns to 200 ns, and it was shown Zn+2 strongly 

interact with the protein. The formation of MTs sheet cannot be solely directed to the 

interaction of Cys residues with Zn+2 as it was shown it has weak interaction energy and 

RDF with the Zn+2 cations. However, it relatively can be directed to the overall interactions 

and impact of the Zn+2 as a divalent cation and its interaction with GTP binding site, C-ter 

domain, and negatively charges residues of the Asp and Glu. It was shown a higher number 

of interactions by 10, and H-bonds by 3 were observed between GTP and γ-tubulin in ZnCl2
 

system compared to MgCl2 and NaCl. Also, stronger interaction energy between GTP and 

water with -412.66 kJ/mol, a large number of unfolded residues of 26 were observed in 

ZnCl2 simulation. 
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CHAPTER 3 Effect of GTP, GDP, and Ionic Conditions on 

Conformations of γ-Tubulin Dimer 

3.1 MD Simulation of Unliganded γ-Tubulin Dimer Under MgCl2, ZnCl2, 

and NaCl Ionic Conditions 

3.1.1 Introduction  

Homo-sapiens γ-dimer is co-crystallized with GDP in both chains A and B. Among higher 

eukaryotes such as homo-sapiens, γTuSC is a scaffold for the generation of a massive 

γTuRC complex, which can nucleate MTs at a higher rate than that of γTuSC.[1-4] γTuRC 

contains repeated pairs of γ-tubulin in lateral interactions. 

[5, 6]The nucleation of MTs relies on the γ-containing complex of proteins; γTuSC is 

mainly functional in yeast MTs nucleation and as a template for γTuRC in homo-

sapiens.[7] The γTuSC and γTuRC complexes are examples of these γ-containing 

complexes. However, how the complex of proteins with γ-tubulin develops the nucleation 

of MTs is not fully understood[8] despite many advances in determining the involving 

subunits which are involved in the process of nucleation.[8]  

The main controversy is about the orientation of γ-tubulin in γTuRC. The protofilament 

and template are two proposed models that discuss γ-tubulin related nucleation of MTs 

from two different perspectives. None of these models are universally accepted or 

rejected.[9-11] Based on the template model, 12 to 14 monomers of γ-tubulin are laterally 

arranged into 6 to 7 γTuSC-like complex. γ-tubulin longitudinal interactions at the top of 

the γTuSC are with the α-subunit of α, β-tubulin heterodimers, during nucleation of MTs 
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and at the opposite bottom end of the γTuSC, they interact with GCP2, GCP3, GCP4, GCP5 

proteins.[2] According to the template model, there is no way that γ-tubulin contributes to 

the MTs protofilament.[2] (Figure 3.1) 

In the protofilament model, γ-tubulins interactions inside γ-complex are longitudinal.[10] 

The lateral interactions are between α, β-tubulin, and γ-tubulin, and accordingly, γ-tubulin 

contributes to the structure of the MTs protofilament. Thus in the protofilament model, the 

γ-tubulin advances into the protofilament and will be part of it at the minus end of MTs.[10] 

(Figure 3.1) 

 

 

Figure 3.1: Template and protofilament models. (A and D) The γTuSC and γ-TuRC with 

the γ-tubulin on top in yellow. (B) Representation of the template model in which γTuRC 
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nucleate the MTs through the interaction between γ-tubulins on top with the α subunit. (C) 

The schematic representation of the protofilament model in which the lateral interactions 

between γ-tubulin and both α-and β-tubulin occur. This figure has been adapted by 

permission.[2] Kollman et al., Nature Reviews Molecular Cell Biology 2011.  

 

The conformation of the existing (5FLZ) yeast γTuSC is different from the crystal structure 

of a homo-sapiens γ-tubulin dimer (3CB2).[12] (Figure 2.13) 

The three-dimensional conformation of homo-sapiens and yeast γ-tubulins have a 40% 

sequence identity. The way that two monomers generate a dimer in each organism varies 

from another one. Upon superimposition of homo-sapiens γ-protein dimer on yeast γTuSC, 

noticeable variation can be observed. First, homo-sapiens dimer and yeast dimer lateral 

interactions are not sharing the same segments. In other words, different helices and loops 

generate the interface interactions between them (dimer of yeast and homo-sapiens γ-

tubulin), and that will be discussed later.[1] The main variations between them are 

secondary segments orientation for the H6, H7 helices, and intermediate domain strands of 

S7 to S10. (Figure 3.2) 

In the yeast γ-dimer at γTuSC (PDB code: 5FLZ), the two H7 helices of both yeast  

γ-tubulins are parallel with respect to their Y-axis, and their N-terminals are directed 

upward in both of them. With homo-sapiens γ-tubulin, the H7 helices are not parallel but 

positioned in opposite N to C terminal directions.[1, 13, 14] (Figure 3.2 and 3.3 A) 
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The lateral interactions between two γ-tubulin homodimers within the γTuSC of yeast are 

achieved through H3 (Trp104-Asp127), H8 (Leu253-Leu260), H9 (Val290-Leu298), H10 

(Pro330-Arg343) helices, and T7 (Thr240-Asp252), H1-S2 (His29-Arg47) as well as M 

(Thr274-Thr 289) loops. (Figure 2.13) 

The interface interactions in homo-sapiens γ-dimer generate through H8 (Leu253-Leu260), 

H10 (Pro330-Arg343) helices, the C-terminal tail for Try443-Trp446, and T7 (Thr240-

Asp252) loop. (Figure 3.3) 

It is worth mentioning that in yeast, the γTuSC is the main complex involved in the 

nucleation of MTs, and it is known that with this complex, only two γ-tubulin monomers 

interact laterally.[2] 

As with other organisms such as homo-sapiens, γTuSC is not effective as to the high 

demand of MTs generation, and a more effective complex is needed for nucleation[2]. In 

homo-sapiens, γTuRC is taking the role of being the main complex involved in nucleation. 

However, the detailed orientation of γ-tubulin with homo-sapiens complexes is not known.  

A comparison of homo-sapiens γ-tubulin dimer with the α, β-tubulin heterodimer has 

shown that they are arranged the same way compared to the axis of their H7 helix (Phe225-

Leu243), which is parallel to each other. The main differences between them were observed 

with the direction of their monomers.[2, 15] (Figure 3.4 A and B) 

The direction of the N-terminal of the H7 helix of the α, β-tubulin heterodimer is upwards 

and looks like an arrow. This is different in the homo-sapiens dimer in which the direction 
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of the N-terminal of the H7 helix of chain A is oppositely arranged compared to chain B. 

(Figure 3.4 A and B) 

 

 

Figure 3.2: Comparison of a γ-tubulin dimer in homo-sapiens and yeast dimer at γTuSC. 

(A) Yeast γ-tubulin dimer inside the small complex; two monomers of γ-tubulin are colored 

in magenta and yellow. (B) The alignment of homo-sapiens γ-tubulin dimer on to the γ-

tubulin dimer in a γTuSC; the homo-sapiens γ-tubulin for both chains are colored in blue, 

yeast γ-tubulin are colored in magenta and yellow. (C) The orientation of the secondary 

segment structure of H7 and H10 after superimposition of two dimers on each other. The 

same coloring is used for section A for sections B and C with γ-TuSC, two monomers of 
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γ-tubulin are colored in magenta and yellow, and the homo-sapiens γ-tubulin for both 

chains are colored in blue.  

 

 

Figure 3.3: Contributing helices and loops in the interface interactions of chains A and B 

in the homo-sapiens γ-tubulin dimer. Chain A is colored in green and chain B in red. The 

interface elements are shown in cartoon representation for each chain.  
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Figure 3.4: Comparison of α, β-tubulin heterodimer with the dimer of γ-tubulin. (A) the 

γ-tubulin dimer. (B) α, β-tubulin heterodimer (1JFF). N-ter: N-terminal with both A and 

B.  

 

The role of GTP in β-tubulin is both structural and functional as GTP is hydrolyzed to 

GDP. In α-tubulin, GTP does not contribute to the function of the protein, and its role is 

structural.[16-18] The affinity of homo-sapiens γ-tubulin for GTP and GDP is in the same 
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range as β-tubulin, as explained in chapter two. However, other than that, there is little 

information about the role of GTP in homo-sapiens γ-tubulin.[19] The role of GTP is well 

studied in yeast Tub4, and it discussed that the GTP is essential for proper nucleation of 

MTs.[19] Also, in yeast γ-tubulin, the nucleation of MTs is dependents on GTP because 

mutation of residues at the GTP binding site impairs the nucleation.[20] 

In section 3.1.1 the homo-sapiens and yeast γ-tubulin structural dissimilarities in γTuSC 

were discussed. Here the focus will be on investigating the ability of GDP and GTP to 

induce straight conformation. It remains elusive which conformation, the straight or the 

curved is active in homo-sapiens γTuSC, in γTuRC or whether the transition from curved 

to straight occurs in γ-tubulin dimer or not. The cation's role in interface interactions and 

the high-affinity binding site with conformation of GDP-bounded dimer will be 

investigated.  

β-tubulin hydrolyzes GTP immediately after binding to the plus end of MTs. The 

mechanism by which the tubulin family of proteins hydrolyzes the GTP is not fully 

known.[21] It is unclear whether tubulins use an activating protein or independently 

hydrolyze GTP. Evidence of the hydrolyzing activity of γ-tubulin and the possible 

involvement of activating protein is unknown.[19] 
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3.1.2 Experimental Set-Up of MD Simulation of GTP and GDP Liganded of γ-

Tubulin Dimer 

The crystal structure of a homo-sapiens γ-tubulin dimer with the PDB code of 3CB2[1] 

[22] and UniProt code of P23258 is obtained from the protein data bank. This structure 

has missing atoms with both A and B chains, which were added to the dimer by 

employing the Swiss-PDB Viewer.[23] The missing residues were added using Pymol 

tool.[24] The missing residues for chain A include Thr278, Asp279, Gln280, Ser281, 

Val282, Val283, Arg311, Gln312, Leu367, Pro368- Ser369, Ala370, His371, Gly447, 

Thr448, Gln449, Glu450, Gln451, and for chain B Gly97, Gly98, Thr278, Asp279, 

Gln280, Ser281, Val282, Ala283, Ser284, Val285, Arg286, Aly308, Arg309, Asp310, 

Arg311, Gln312, Lys344, Ser369, Ala370, His371, Gly447, Thr448, Gln449, Glu450 and 

Gln451. Gromos 53A6 was used to generate the topology of the γ-dimer [25], "md" 

integrator with a 2 fs time step was applied, and Linear Constraint Solver (LINCS)[26] 

was used to constrain all bond lengths. The protein was embedded in the cubical solvent 

box with SPC water model. A distance of 1 nm was assigned between the protein and the 

box edge. Non-bonded interactions, including van der Waals and electrostatic, were 

modeled using Lennard–Jones and electrostatic potentials, respectively. A cut-off 

distance of 1.4 nm was assigned to both Lennard–Jones and electrostatic interactions. The 

calculations of electrostatic interactions contributing to energy and forces were carried 

out based on the Particle Mesh Ewald algorithm.[27] 

All simulations were energy minimized to relax the internal constraints by using the 

steepest descent method prior to the simulation. The Position Restraint (PR) was applied 
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for 2 ns after the energy minimization. 10 ns equilibration simulation was performed before 

starting the production run. The time constant for pressure coupling was set to 1.0 ps with 

the compressibility of 4.5e-5 bar at a 300 K temperature. Protein and the non-protein groups 

were coupled to a temperature bath of 300K with a time constant of 0.1, which was kept 

constant by temperature coupling with Bussi’s thermostat.[28] The calculations were 

performed on high-performance computer clusters of ACENET, Graham, and West Grid 

Consortium. The Automated Topology Builder (ATB) repository was used to generate the 

united atom topology of GDP and GTP compatible with the Gromos family of force fields. 

ATB employs quantum mechanical calculations for generating the force filed descriptions 

of the ligands.[29] Docking of GTP into its binding site on chain A and chain B of the γ-

tubulin dimer was achieved by using the FlexX tool[30] (version 2.1.3) of LeadIT. FelxX 

uses an incremental construction algorithm. The ranking of an energetically favorable 

docking pose is based on their total binding energy, which was calculated based on the 

Bӧhm scoring function.[31] 

GDP coordinates were obtained from the original crystal conformation of 3CB2, and the 

protonation states of GTP and GDP were set to -4 and -3, respectively.[1, 32, 33]  

3.1.3 Results and Discussion 

To evaluate the structural stability of the γ-dimer, the RMS deviations of the backbone 

atoms for A and B chains in 200 ns were measured. The reference conformation was set 

to the last frame of the equilibrium simulation that was carried out for 10 ns before the 

production run. The RMSD for chain A of NaCl increases gradually from the start point 

to a maximum of 3.5 Å at 100 ns, then with a low fluctuation of 0.2 Å - 0.3 Å ends up at 
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200 ns. The RMSD for chain B in NaCl simulation rises from 3.7 Å at 104 ns, then 

decreases to 2.8 Å at 150 ns, which is its convergence point and with no subsequent large 

fluctuations. (Figure 3.5 A and B) 

The RMSD of chain A in the ZnCl2 simulation increases gradually to 3 Å at 65 ns and is 

relatively stable from its convergence point at 150 ns to the end of the simulation at 200 ns. 

The convergence point for chain A in MgCl2
 simulation is at 145 ns. (Figure 3.5 A) 

The RMSD of chain B of the ZnCl2 simulation gradually increases to 3.5 Å until 200 ns. 

Chain B in MgCl2 simulation has a lower RMS deviation compared to the ZnCl2 simulation, 

and its RMSD increases to 2.5 Å, which is its convergence point at 80 ns. It has no high 

fluctuations afterward until the end of the trajectory at 200 ns. (Figure 3.5 B) 

For all simulations, the last 50 ns from 150 to 200 were considered for data analysis of the 

unliganded dimers.  

 

Figure 3.5: The root mean square deviation (RMSD) of backbone atoms of the residues 

for chain A and chain B of the unliganded γ-tubulin dimer. (A) the RMSD of chain A. (B) 

the RMSD of chain B. For both chains, the RMSD of MgCl2 simulation is colored in 

black, red in ZnCl2 and NaCl in green. 
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3.1.3.1 Interactions Between Chain A and B Under Three Different Ionic Conditions  

The role of cations in the polymerization of a complex of proteins remains mostly elusive. 

There are studies that link the aggregation of proteins such as amyloid-beta (Aβ) and α-

synuclein to Ca+2, Fe+3 cations.[34-36] The electrostatic and L-J interaction energy between 

chains A and B of the γ-tubulin dimer was calculated for the last 50 ns of the simulations 

to assess how the interaction energies differ in each simulation. The electrostatic energy 

between chain A and B of the γ-tubulin fluctuates around -1500.2 kJ/mol, and -1400.5 

kJ/mol in MgCl2 and ZnCl2 simulations, respectively, and about -1250.3 kJ/mol in NaCl 

simulation from 150 ns to 200 ns. Also, the L-J energy between chains A and B is stronger 

for the MgCl2 simulation with a value of -840.0 kJ/mol, -750.3 kJ/mol in ZnCl2, and -550.0 

kJ/mol in NaCl simulation. (Figure 3.6 A & B)  

The abovementioned interactions are the average over the last 50 ns. For instance, in MgCl2 

simulation, the electrostatic energy between A and B chain starts at -1430.5 kJ/mol at 150 

ns then increases to -1780.2 kJ/mol at 165 ns. From 168 ns to 172 ns it is around -1570.6 

kJ/mol; until 200 ns, it has many fluctuations. However, the amount is larger than that of 

ZnCl2 and NaCl simulations. (Figure 3.6 A)  
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Figure 3.6: The average electrostatic and L-J interactions between chains A and B. (A) 

The electrostatic interaction energy. (B) The L-J interaction energy. The interaction energy 

is colored in blue, red, and green for MgCl2, ZnCl2, and NaCl simulations, respectively.  

 

The average electrostatic interaction energy between Na+ and γ-dimer are fluctuating 

around - 453.5 kJ/mol for chain A and -333.2 kJ/mol for chain B. (Figure 3.7)  

In contrast to Na+, Mg+2 and Zn+2 have stronger electrostatic energy with chain A, which 

are -1982.4 kJ/mol and -2022.1 kJ/mol, respectively. It Was -2143.2 kJ/mol for chain B in 

Mg+2 and being -1745.9 kJ/mol for Zn+2 simulations. (Figure 3.7)  

The average electrostatic energy between Zn+2 and Mg+2, and each chain are four times 

higher than Na+ simulations, -1982.4 kJ/mol in MgCl2 simulation and -2021.1 kJ/mol in 

ZnCl2 simulation for chain A compared to the -453.5 kJ/mol in NaCl simulation. (Figure 

3.7)  
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Figure 3.7: The average electrostatic energy between chains A and B with cations at each 

simulation from 150 ns to 200 ns. The interaction energy is colored in blue for chain A 

and in red for chain B. 

 

The side chains of the oppositely charged residues, such as Asp, Glu, Arg, and Lys, affect 

dimer’s interactions and motions. The cations contribute to the dynamic motion of both A 

and B chains through their electrostatic interaction energies.  

To understand how cations affect the dynamics of the dimer, the number of interactions 

and H-bonds between A and B chains were evaluated. The number of interactions evaluates 

any interactions at a distance of ≤ 4 Å between two determined groups of atoms. These 

interactions can be between charge atoms or non-polar ones. 
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The number of interactions between the residues of chains A and B at ≤ 4 Ǻ is 100 times 

higher in the MgCl2 simulation compared to the other two simulations containing ZnCl2 

and NaCl. Chain A makes around 700 - 720 interactions with that of chain B in the MgCl2 

simulation from 150 ns to 200 ns. (Figure 3.8 A) 

The number of interactions dropped to around 600 in both ZnCl2 and NaCl simulation, 

which shows that higher interaction was generated between two chains in MgCl2 

simulation. It was also shown that the electrostatic and L-J interaction energies between 

chains A and B in the MgCl2
 simulation were -1500.2 kJ/mol and -840.0 kJ/mol, 

respectively, stronger than the NaCl simulation. The number of H-bonds at 4 Å cut-off 

between the A and B chains ranging from 30 - 33 H-bonds in the MgCl2 simulation. (Figure 

3.8 B & 3.6) 

In NaCl, the number of H-bonds between A and B chains is around 19 - 20, and in the 

ZnCl2 simulation fluctuates about 22 - 25. (Figure 3.8 B) 

 

Figure 3.8: The number of interactions and H-bonds between chain A and chain B. (A) 

The number of interactions at ≤ 4 Å between chain A and B with three simulations. (B) The 
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number of H-bonds at ≤ 4 Å between chains A and B with three simulations. They are 

colored in blue, green, and red in MgCl2, NaCl, and ZnCl2 simulations, respectively.  

 

It was shown that γ-dimer in MgCl2 and ZnCl2 simulations make stronger interactions with 

cations compared to NaCl. Chains A and B have a larger number of interactions, H-bond, 

and L-J as well as electrostatic energy. (Figure 3.6 - 3.8) 

These differences are attributed to the role of divalent cations and their interactions with 

the protein, which will be shown later with residues of the protein. The role of cations 

should be considered as a cumulative role during the course of simulations.  

γ-dimer secondary structure segments that contribute to the interface interactions are the 

H8 (Leu253-Leu260), H10 (Pro330-Arg343) helices of both chains, the C-terminal tail of 

the γ-tubulin from Try443-Trp446, and Met249, Asn250, Gly352, Pro353 and the 

residues of T7 (Thr240-Asp252) loop. (Figure 3.3) 

The H10 helix (Pro330-Arg343) in the intermediate domain (Arg244-Asn380) rearranges 

during the transition from the straight to curved conformation. With the γ-tubulin dimer, 

the H10 helix plays a role in the interface interactions with both chains. But to what extent 

the H10 helices (Pro330-Arg343) of both chains contribute to the interface interactions is 

unknown. (Figure 3.3 and 3.9) 

Thus, to evaluate the H10 helix's role in interface interactions, the electrostatic energy 

between the H10 helix of chain A from the whole chain B and the H10 helix of chain B 

from the whole chain A was analyzed in MgCl2
 simulation. At this evaluation, the H10 
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helix was considered as one group and the opposite chain as another group. The MgCl2 

simulation was selected for the purpose of this evaluation because it had stronger 

electrostatic and L-J interactions between A and B chains with -1500.2 kJ/mol and -840.0 

kJ/mol compared to the NaCl and ZnCl2 simulations. (Figure 3.6 and 3.9) 

The average electrostatic interaction energy between the H10 helix of chain A from the 

whole chain B fluctuates from ~ -350.5 kJ/mol to -380.5 kJ/mol. The average electrostatic 

energy between the H10 helix of chain B and the whole chain A is about -100.5 kJ/mol 

from 150 ns 173 ns and -200.5 kJ/mol from 185 ns until 200 ns. Their sum, or in other 

words, the contribution of both the H10 helices in electrostatic interactions between chains 

A and B of the dimer, is ~ -575.2 kJ/mol. (Figure 3.9) 

 

Figure 3.9: The electrostatic interactions between H10 helix and the opposite chain. The 

electrostatic energy between the H10 helix of chain A from whole chain B colored in 

green and electrostatic energy between the H10 helix of chain B from whole chain A in 

blue. 
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3.1.3.2 Straight or Curved Conformation of Chains A and B of the γ-Dimer  

α, β-tubulin heterodimer, is adapting straight and curved conformations distinguishable 

from each other by their structural superimposition.[13, 37, 38] The α, β-tubulin 

heterodimer with a straight conformation is a building block of the dynamically active MTs 

with lateral interactions between the α-tubulin (α-α) and β-tubulin (β-β).[14] Their 

longitudinal interactions are with their non-similar monomers (i.e., α-with β-tubulin). 

(Figure 2.5 and 3.10) 

However, the curved conformation has shown rearrangements that are mostly in the 

intermediate domain (Arg244-Asn380), which is different from the straight conformation. 

One of the distinct rearrangements from straight to curved conversion is the core H7 helix 

(Asp224-Phe242). (Figure 2.5 and 3.10) 

To quantitatively study dimer curvature and straightness, the dCOM between the N-

terminal of the H7 helix (Phe225-Leu231) and the S6 strand (Cys201-Asp206) for the 

available crystal conformations were evaluated. The curved β-tubulin has distinct 

curvature, especially within the N-terminal of the core H7 helix compared to the straight 

conformation. The S6 is selected because it is relatively stable during the conformational 

change from straight to curved conformation. Hence it is, therefore, the stable secondary 

structure segment of the γ-tubulin. (Figure 3.10) 
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Figure 3.10: Chain A and B of the γ-tubulin dimer with the position of H7, H10, and S6 

with respect to each other. The chain A secondary segments are colored in yellow and red 

for chain B.  

 

The dCOM from H7 helix and the S6 strand with the available crystal structures show 1.5 

Å difference between β-curved (1SA0) and β-straight (1JFF). (Table 2.3) 

On the basis of H7 and the S6 dCOM evaluation of curved (1SA0) and straight (1JFF)  

β-tubulin, the dCOM of the H7 helix and the S6 strand of the γ-tubulin dimer is considered 

to be a curved conformation for ≤ 1.6 nm, and straight for a value more than 1.70 nm. The 

intermediate conformation has a dCOM of H7 (Phe225-Leu231) helix and S6 strand 

(Cys201-Asp206) between the curved (1.60 nm) and straight conformation (1.70 nm) with 

the value between 1.60 nm – 1.70 nm. (Table 2.3) 
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After monitoring the dCOM of the H7 helix (Phe225-Leu231) and the S6 strand (Cys201-

Asp206) in chain A, the curved conformation was seen to be a dominant conformation in 

three simulations. Form approximately 50 ns, the H7 and the S6 dCOM of chain A 

fluctuates in the range of 1.58 nm - 1.59 nm in three simulations. There are fluctuations 

that decrease it in MgCl2 simulation to 1.5 nm at 165 ns. (Figure 3.11 A) 

In chain B of the γ-tubulin dimer, the intermediate conformation is dominant in NaCl and 

ZnCl2 simulations and a curved conformation in the MgCl2 simulation. The dCOM of H7 

helix and the S6 strand in the NaCl simulation is ~ 1.69 nm from 163 ns to 200 ns. For 

chain B of γ-tubulin in the ZnCl2 simulation, the value of dCOM of H7 and S6 is ~ 1.7 nm 

from 170 ns to 180 ns, being at the range of 1.65 nm - 1.66 nm from 150 to 170 and 183 to 

200 ns. The dCOM of chain B in the MgCl2 simulation various from 1.58 nm - 1.61 nm 

from 150 ns to 200 ns, which resembles the curved conformation. (Figure 3.11 B) 

 

Figure 3.11: The dCOM of H7 helix and S6 strand for both chains A and B. (A) The dCOM 

of H7 helix (226-23) from S6 strand (201-206) for chain A. (B) for chain B. They are 

colored in blue, green, and red for MgCl2, NaCl, and ZnCl2 simulations, respectively.  
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The result of the evaluation of dCOM of the H7 helix (Phe225-Leu231) and the S6 strand 

(Cys201-Asp206) shows that in apo-γ-tubulin dimer, the curved and intermediate 

conformations are dominant in NaCl and ZnCl2 simulations. The γ-dimer has a lower 

conformational change in MgCl2 simulation because curved was the dominant 

conformation with a dCOM of less than 1.60 nm in both chains, and it was more stable. 

(Figure 3.11)  

The straight conformation was not observed in these simulations; this finding further 

supports the view that soluble tubulins can be found in the curved and intermediate 

conformations. (Figure 3.12) 

The value of H7 from S6 dCOM for A and B chains is not the same for MgCl2, ZnCl2, and 

NaCl simulations. This indicates A and B chains' straightness or curvature is related to the 

cations in the simulations and is independent of each other. The MgCl2 simulation has 

shown the same value of ~ 1.55 nm - 1.62 nm for dCOM of H7 and S6 for the chains A and 

B without any large fluctuations. Except for some insignificant changes at 165 ns, 167 ns, 

180 ns, and at 190 ns with chain A that increase the value to 1.62 nm of intermediate 

conformation. (Figure 3.12 A) 

In contrast, in ZnCl2 and NaCl simulations dCOM of H7 and S6 between chains A and B 

are more irrelative to each other compared to MgCl2. In ZnCl2 simulation, the dCOM of 

H7 and S6 for chain B is greater than chain A ranging from 165 ns to 190 ns, which is ~ 

1.67 nm of the intermediate conformation. (Figure 3.12 B) 

The dCOM of the H7 and S6 in chain B in NaCl simulation is ~ 0.8 Å higher than chain A 

within 160 ns to 200 ns that shows the state of conformational changes between chain A 
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and B are independent of each other, and with three simulations, the dominant conformation 

is curved and intermediate. (Figure 3.12 C) 

 

Figure 3.12: Comparison of dCOM of H7 helix and S6 strand between chains A and B. 

(A) The distances in MgCl2 simulation. (B) In the ZnCl2 simulation. (C) In NaCl 

simulation. For all simulations, the dCOM of the H7 and S6 strand is colored in blue for 

chain B and green for chain A.  

 

The 200 ns conformations of the γ-dimer in three simulations were extracted to evaluate 

the straightness or curvature by superimposing it on the β-curved (1SA0) and straight 

(1JFF) conformations.  

Chain A of γ-tubulin at 200 ns in MgCl2 simulation has adapted a curved conformation. 

Secondary structure segments contributing to straight and curved conformations such as 

the H6 (Asn207-Asp216), H7 (Phe225-Leu243) helices as well as S7 (Phe268-Tyr273), S8 

(Tyr317-Gln325), S9 (Ile356-Ser361), and S10 (Ser374-His381) strands, are aligned to 

curved β-tubulin.  
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The H7 helix of chain B at 200 ns is aligned to the H7 helix of curved β-tubulin. The 

conformation and coordination of H6 and S7, S8, and S10, are aligned to the curved β-

tubulin. (Figure 3.13 A and B) 

 

 

Figure 3.13: Superimposition of a 200 ns conformation of the γ-tubulin dimer in MgCl2 

simulation on to β-curved (1SA0) and β-straight (1JFF). (A) γ-tubulin dimer at 200 ns of 

MgCl2 simulation in blue superimposed on straight β-tubulin (1JFF) in red. (B) γ-tubulin 

dimer in blue superimposed on curved β-tubulin (1JFF) in green. 
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Unliganded γ-dimer at 200 ns in ZnCl2 was extracted from its trajectory and was 

superimposed on both β-curved and β-straight conformations. 

Chain A at 200 ns adapted an intermediate conformation. The helices and strands that are 

contributing to the straight and curved conformations are not aligned to the straight or 

curved β-tubulins. The H7 helix was aligned to the curved H7 helix at C-terminal, and not 

aligned with the N-terminal of the H7 helix of curved tubulin. Also, the orientation of H6, 

H10, and four strands of S7 to S10 were aligned with none of the curved or straight  

β-tubulins, and an intermediate conformation that partially resembles both straight and 

curved conformations is a dominant conformation. (Figure 3.14 A and B) 

Chain B of γ-tubulin at 200 ns in ZnCl2 simulation adapted a curved conformation. The H7 

helix (Phe225- Leu243) was aligned with the H7 helix of the curved β-tubulin. 

The whole H6 and H10 orientations for Pro330 - Val333, and T5 loop (Pro173-Gln184) 

has also been aligned with curved β-tubulin. (Figure 3.14 A and B) 
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Figure 3.14: Superimposition of a conformation of the γ-tubulin dimer in ZnCl2 simulation 

on β-curved (1SA0) and β-straight (1JFF). (A) γ-tubulin dimer in pink superimposed on 

straight β-tubulin (1JFF) in red. (B) γ-tubulin dimer in pink superimposed on curved β-

tubulin (1JFF) in green. 

 

Chain A of γ-tubulin at 200 ns in NaCl simulation is adapted to an intermediate 

conformation. The H7 helix (Phe225-Phe242) was aligned to the H7 helix of the curved  

β-tubulin, the orientations of other contributing elements consisting of the S7 (Phe268-

Tyr273), S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-His381) strands, and H6 
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helix (Asn207-Asp216) are resembling the intermediate conformation that has shown 

similarities to both curved and straight β-tubulins. The most significant differences are 

obvious with the conformation of the H10 helix (Pro330-Arg343), which is not aligned to 

conformation of H10 of the straight or curved β-tubulin. (Figure 3.15 A and B) 

Chain B of the γ-tubulin at 200 ns of NaCl has adapted a curved conformation, which can 

be found by comparing the conformations of the secondary segments that contribute to the 

curvature such as H7, H6, and the beta-strands of the S7 - S10 to the curved β-tubulin. 

(Figure 3.15 A and B) 

Both H6 and H7 helices were aligned to the H6 and H7 helices of the curved β-tubulin. 

Orientations of the intermediate domain strands of the S7 to S10 are mostly identical or 

aligned with the curved β-tubulin. The H10 was not aligned with the H10 helix of the 

straight (SA0) or curved (1JFF) β-tubulins. (Figure 3.15 A and B) 
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Figure 3.15: Superimposition of a conformation of the γ-tubulin dimer in NaCl simulation 

on β-curve (1SA0) and β-straight (1JFF). (A) γ-tubulin dimer in cyan superimposed on 

curved β-tubulin (1JFF) in green. (B) γ-tubulin dimer in cyan is superimposed on straight 

β-tubulin (1JFF) in red. 

 

It is unclear and was not addressed whether the motion of the contributing region in 

straightness and curvature of the γ-tubulin is related or whether there are anti-correlated 

motions. Also, it is unclear whether the H7 motion affects the motion of the H10 helix or 

intermediate strands of S7 to S10 or not. 
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Dynamic cross-correlation analysis was used to determine the extent to which the 

displacement or fluctuation of Cα atoms of one secondary segment is correlated to another 

one, e.g., the H7 helix to the H10 helix. To address correlation between γ-dimer secondary 

segments, the dynamic cross-correlation was evaluated in NaCl simulation from 150 ns to 

200 ns by using Bio3D package. The motion of the Cα of the H6-H7 segment of chain A 

from the H10 helix of chain A demonstrates no correlation with a zero value, and this shows 

that they fluctuate independently. The positive correlation has a value of 1 for the highest 

correlation and zero for no correlation; the highest anti-correlated motion has the value of 

-1 with no unit. The dynamic cross-correlation between the H6-H7 region of chain A with 

regards to the S8-H10 region of chain B was shown no correlation as well.  

The T5 loop (Pro173-Gln184) of chain A was seen to have no positive or negative 

correlation with respect to the H6-H7 region (Asn207- Leu243) of chain A or B, although 

it had an anti-correlated motion of 0.3 - 0.4 to S8-H10 helix of chain A. (Figure 3.16) 

The motion of C-ter helices of H11-H12 with respect to the H6-H7 segment of chains A 

and B has shown no positive or negative correlation. A positive correlation was found 

between C-ter helices of H11-H12 and the S8-H10 segment of chain A with a value of 0.2 

- 0.3, and zero correlation to chain B. Also, for chain B, the dynamic cross-correlation of 

the C-ter helices from T5, M loop, and H6-H7 helices was similar to chain A. (Figure 3.16) 

The S8-H10 and T5 loop of the chain B had no correlation in their motion with respect to 

the H6-H7 segment of chain B.  
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It can be concluded that the motion of the H6-H7 segment, which is responsible for the 

straightness and curvature of the tubulin family, is rather independent of other segments 

and secondary structures of the protein with no correlation.  

 

Figure 3.16: The residues dynamics cross-correlation functions of chain A and chain B in 

NaCl simulation. The extent to which Cα motions are correlated to each other is shown by 

colors and numbers; the zero with the white color means no correlation or independent 

motion. The positive correlation has a positive number from 0 to +1 colored in cyan. The 

negative or anti-correlated motion is from 0 to -1 colored in magenta.  

 

3.1.3.3 Fluctuations of Chain A and B of the γ-Tubulin Dimer  

The Root Mean Structural fluctuations (RMSF) of the residues in the dimer interface, 

including H8 (Leu253-Leu260), and H10 (Pro330-Arg343) helices of both chains, the C-
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terminal tail of the γ-tubulin for Try443-Trp446 with both chains, are ~ 1 Å - 2.5 Å in three 

simulations of NaCl, MgCl2 and ZnCl2. Their position is relatively stable during 

simulations. (Figure 3.3, 3.17, and 3.18)  

In NaCl simulation, the RMS fluctuation of H2 (Arg72-Asn79) helix is ~ 5 Å compared to 

more stable 3 Å and 2 Å in MgCl2 and ZnCl2 in chain A. 

The RMSF value of the H11 (Ser385-Lys400) helix in NaCl simulation fluctuates ~ 6 Å, 

with a stable value of 3.2 Å and 3 Å in MgCl2 and ZnCl2
 simulations in chain A. The RMSF 

value of the H12 (Asp419-Ala437) helix is 3 Å, 1.7 Å, and 4.5 Å in MgCl2, ZnCl2, and 

NaCl simulations, respectively. Therefore, the H2, H11, and H12 of chain A are not highly 

unstable in MgCl2 and ZnCl2 simulations. (Figure 3.17)  

Both C-terminal helices of H11 (Ser385-Lys400) and H12 (Asp419-Ala437) have 

functional roles. The H11 paly an important role in the function of γ-tubulin as it acts as a 

nuclear localization segment[39] that facilitates its entry inside the nucleus. The function 

of H12 is necessary for the activity of γ-tubulin and its centrosome localization.[40] 

(Figure 3.17)  

The RMSF of H4 helix (Thr145-Arg160) and H6-H7 (Arg217-Ser224) loop of chain A in 

the MgCl2 simulation are ~ 3.8 Å and 3.7 Å, which are larger than the H4 helix and H6-H7 

loop of the other two simulations with 2 Å, and 3 Å in ZnCl2 and 1.5 Å and 3 Å in NaCl, 

respectively. (Figure 3.17) 

The T5 loop (Pro173-Gln184) with chain B has a low fluctuation of 2.5 Å in ZnCl2 

simulation, 2 Å in the MgCl2, and 2.1 Å in the NaCl simulation. The T5 loop (Pro173-

Gln184) of chain A has 3 Å RMSF in MgCl2 and NaCl and 2.5 Å in the ZnCl2 simulation. 
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The H6-H7 loop (Arg217-Ser224) with chain B has a low RMSF value of 2.5 Å for MgCl2 

and in the NaCl simulation and 2 Å in the ZnCl2 simulation. (Figure 3.17-3.18)  

The RMS fluctuation of the intermediate domain strands S7 (Phe268-Tyr273), S8 (Tyr317-

Gln325), S9 (Ile356-Ser361), and S10 (Ser374-His381) is lower than 1.5 Å for all the three 

simulations of chain A and B. (Figure 3.17 and 3.18)  

The two loops of chain B, including M (Thr274-289Thr) and S8-H9 (Val303-Tyr316) loops 

in NaCl simulation, have large RMS fluctuations of 4 Å and 6 Ǻ. The RMS fluctuation of 

M (Thr274-289Thr) and H9-S8 (Val303-Tyr316) loops in MgCl2 simulation is 3 Å and 5 

Å, respectively, and for ZnCl2, they have the RMS fluctuation of 2.5 Å and 4 Å, 

respectively. (Figure 3.18)  

 

 

Figure 3.17: The root mean square fluctuations (RMSF) of residues of chain A with three 

simulations of NaCl, MgCl2, and ZnCl2. The RMSF is colored in blue, red, and green for 

MgCl2, ZnCl2
, and NaCl simulations, respectively. IF: interface residues. 
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Figure 3.18: The root mean square fluctuations (RMSF) of residues of chain B with three 

simulations of NaCl, MgCl2, and ZnCl2. The RMSF is colored in blue, red, and green for 

MgCl2, ZnCl2
, and NaCl simulations, respectively. IF: interface residues.  

3.1.3.4 Interaction of Cations with the γ-tubulin Dimer 

The number of interactions between cations and chains A and B at a cut-off of 4 Å was 

evaluated to investigate the interactions of cations and both chains.  

The number of interactions between Zn+2, Mg+2, and chain A is at the range of 9 - 10 

without fluctuations from 150 ns - 200 ns. This number in NaCl simulation changes from 

2 to 15 interactions and has large fluctuations; for example, at 157 ns, 168 ns, 185 ns, and 

200 ns number of interactions are 3, 15, 12, and 4. (Figure 3.19 A) 

The number of interactions between cations and chain B fluctuates largely for Na+ and is 

almost stable for Mg+2 and Zn+2 cations. This number in MgCl2 is 10 - 12 and 7 interaction 

for ZnCl2 simulations. But in the NaCl simulation, it changes from 3 - 7 interactions from 

150 ns to 200 ns of its simulation. (Figure 3.19 B) 
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Figure 3.19: The number of interactions between each chain with Na+, Mg+2, and Zn+2 

cations at 4 Ǻ. (A) The number of interactions for chain A. (B) for chain B. The number of 

interactions in MgCl2
 is represented in blue, red for ZnCl2, and green under NaCl 

simulation. 

 

Several residues of both chains were found at ≤ 4.5 Å from the Zn+2 cations at 200 ns 

conformation in the ZnCl2 simulation. In chain A, the interactions include Glu58 at 3.9 Å, 

Asp180 at 2.1 Å, Glu112 at 3.9 Å, and Asp433 at 4.3 Å from the Zn+2 cations. In chain B 

Glu43 at 4.0 Å, Glu116 at 4.2 Å, Asp127 at 4.1 Å, and Asp433 at 2.2 Å were found in 

interaction with Zn+2 cations. (Figure 3.20) 
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Figure 3.20: The 200 ns conformation of a γ-tubulin dimer in ZnCl2 simulation with 

interacting Zn+2 at ≤ 4.5 Å. The Zn+2 are depicted in the red sphere and residues in the 

yellow stick.  

 

Most residues (Glu58, Asp180, Glu112, Asp433), contributing to interaction with the 

Zn2+ cations, are part of the nucleotide-binding domain and C-terminal domain of the two 

chains and not the intermediate domain. Also, strong electrostatic energy is affecting the 

NBD and C-terminal domains compared to the intermediate domain (ID), as was shown. 
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In order to find whether the interactions between residues and Zn+2 cations are stable or 

not, the minimum distance between the aforementioned residues that had an interaction at 

≤ 4.5 Å from Zn+2 cations at 200 ns was calculated for the last 50 ns.  

The minimum distances between Zn+2 and Asp180 of chain A and Asp433 of chain B are 

stable at ~ 2 Å from 150 ns to 200 ns. The minimum distance between Zn+2 cations and 

Glu112 of chain A is fixed around ~ 4 Å with two changes that reach a minimum distance 

of 6 Å and 11 Å at 158 ns and 162 ns, respectively. In addition, the minimum distance 

between Glu116 and Asp127 of chain B to Zn+2 cations is fluctuating at the range of 4 Å - 

8 Å from 150 ns to 200 ns. The large fluctuations from 5 Å to more than 10 Å are observed 

between the minimum distance of Glu34 of chain B, Glu58 and Asp433 of chain A from 

Zn+2. (Figure 3.21) 

 

Figure 3.21: The minimum distances between residues of the ZnCl2 simulation from Zn+2 

cations. (A) The minimum distance for chain A. (B) The minimum distance for chain B.  
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One conformation as a representative of the γ-tubulin dimer at 200 ns of MgCl2 simulation 

was selected to study cations that interact at ≤ 4.5 Å. (Figure 2.22) 

The two residues of Asp180 (Chain A) and Asp433 (Chain B) are found at a distance of 

2.1 Å and 2.2 Å from Mg2+, respectively. The Asp127 (Chain B) and Glu89 (Chain B) were 

found at a distance of 3.9 Å of Mg2+, respectively. Other interacting residues include 

Glu426 (Chain B) at 4 Å, Asp442 (Chain B) at 4.1 Å, and Asp200 (Chain B) at 4.1 Å. 

(Figure 3.22) 

 

Figure 3.22: The conformation of γ-tubulin dimer at 200 ns of MgCl2 simulation with all 

interacting Mg+2 at ≤ 4.5 Å of residues of both chains. The Mg+2 are depicted in the green 

sphere and residues in a yellow stick. Chain A in blue ribbon and chain B in red ribbon.  
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Asp180 (Chain A) and Asp433 (Chain B) interact at a minimum distance of 2 Ǻ from Mg2+ 

cations; their interactions are stable from 150 ns to 200 for both residues. Asp433 (Chain 

A) is found with a minimum distance of 4 Å from 150 ns to 160 ns and 173 ns to 200 ns. 

The minimum distance between Glu89 (chain B) and Glu450 (chain A) has a large 

fluctuation in the range of 4 Å - 14 Å from 150 ns to 200 ns. (Figure 3.23) 

 

Figure 3.23: The minimum distances between residues of chain A and B in MgCl2 

simulation from Mg+2 cations. The selected residues are those that had an interaction at 

 ≤ 4.5 Å from Mg+2 at 200 ns. The minimum distances are evaluated for Glu89, Glu450, 

Asp433, and Asp180 from 150 ns to 200 ns.  

 

Two residues of Asp180 and Asp433 in MgCl2 and ZnCl2 simulations contribute to the 

stable interactions at ~ 2 to 2.5 Å from Mg2+ and Zn2+ cations. This stable interaction can 

have an impact on the function of the γ-tubulin inside the γ-ring. These two residues are 

located within the necessary region for the function of the γ-tubulin.[13] The Asp433 of 
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H12 at C-terminal and Asp180 belong to T5 of NBD. Both the T5 loop and H12 play an 

important role in the nucleation of MT and the functionality of the γ-tubulin. The H12 

mutation impairs MTs nucleation, and the function of the T5 loop has been shown to switch 

between the curved and straight conformations.[13, 40]                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

The interacting residues of chain A in NaCl simulation include Glu39 at 2.4 Å and Glu58 

at 4.1 Å of Na+. With chain B, the residues of Gln221 at 3.8 Å, Glu125 at 2.6 Å, Asp127 

at 4.2 Å, and Asp416 at 4.2 Å with respect to Na+ cations contributed to the interaction at 

≤ 4.5 Å. (Figure 3.24) 
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Figure 3.24: The 200 ns conformation of a γ-tubulin dimer in NaCl simulation with all 

interacting Na+ at ≤ 4.5 Å. The Na+ cations are depicted in blue and interaction residues 

in the yellow stick.  

 

In contrast to MgCl2 and ZnCl2 simulations, the interactions between Na+ and residues of 

both chains of the γ-tubulin are not stable. It was shown that their electrostatic energy 

with both chains in Na+ was almost ¼ compared to Mg2+ and Zn2+ with - 453.5 kJ/mol for 

chain A and -333.2 kJ/mol for chain B. This indicates that the effect of Na+ on the 

function of the proteins cannot be strong enough to have a considerable impact on their 

functions in contrast to the divalent cations with stable and strong interactions. None of 

the residues that were at 4.5 Å from Na+ at 200 ns make close and stable interactions with 

Na+. By considering the concentration of electrolytes such as MgCl2 and ZnCl2,
 1~2 

mml/L and ~ 0.016 mml/L respectively, and ~ 136 mml/L of NaCl in plasma cells, it can 

be assumed that the high concentration of the divalent cation can affect the interactions 

and functions of the important protein inside the cells. The minimum distance between 

Glu39 and Glu58 of chain A is at the range of 6 Å - 7 Å from 150 ns to 200 ns in NaCl 

simulation. Other residues, including Asp419 of chain A and Glu125, Gln221 of chain B, 

were found with large fluctuation, and their minimum distance is about 10 Å or higher in 

NaCl simulation. (Figure 3.25)  
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Figure 3.25: The minimum distances between residues of NaCl simulation from Na+ 

cations. The selected residues are those at ≤ 4.5 Å of Na+ at 200 ns (A) The minimum 

distance for chain A. (B) The minimum distance for chain B.  

 

In order to study the collective motion of the γ-tubulin dimer and get an insight about 

significant motions of the protein related to the biological functions [41-43] the Principal 

Component Analysis (PCA) was performed.  

For conducting the PCA and according to the description discussed in the introduction, the 

covariance matrix of atomic fluctuation was calculated first. Before obtaining the 

covariance matrix, the translational and rotational degrees of freedom were removed by 

fitting the data to the last conformation of the equilibrium simulation. The fitting was done 

by using the last frame of equilibration simulation as a reference. The atoms that are 

selected for covariance studies are the Cα atom from the last 50 ns of the NaCl simulation. 

The diagonalization of the C-matrix was conducted, and eigenvectors and their 

corresponding eigenvalues were obtained. In this calculation, both Gromacs and Bio3D 
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tools were used for obtaining the graphs.[44-46] Whether the H6-H7 secondary structure 

segment that is known to play a role in the function of α, β-tubulin heterodimer is taking 

part in collective motion or not is tried to be answered here. Eigenvalue decomposition of 

the covariance matrix generates the orthogonal collective modes or eigenvectors. Each 

eigenvector has its corresponding eigenvalue. Eigenvalue (variances) determines the 

magnitude of the motions, or it can be said that a large eigenvalue corresponds to a large-

scale motion. The first five eigenvalues account for 58.4% of all variances of NaCl 

simulation. The first PC cover 25.48% of all the variability of the generated conformations 

in the unliganded NaCl simulation. (Figure 3.26 A) 

The PC2 and PC3 account for 11.94% and 5.76% of variability among all conformations. 

The sum of all eigenvalues yields total mobility of the protein (100%). (Figure 3.26 A) 

As discussed, the first three PC accounts for more than 50% of the variations; then, it is 

possible to obtain a map of the two-dimensional projected trajectories. To further clarify, 

the MD simulation generates billions of different conformations that can be projected on 

the two-dimensional map for the PC1- PC2, PC3-PC2, or another combination is PC1- PC3 

as these three PC vectors account for most motions of the protein. After projection, each 

blue or red circle represents one conformation projected on each determined PC. (Figure 

3.26 B-D) 

PC represents the direction and magnitude of the motion of the protein for all the Cα atoms, 

and its value is determined by the corresponding eigenvalue, which shows the mean square 

displacement. The projections of Cα atoms of the last 50 ns of the unliganded NaCl 

simulation on the first three PC map the direction of the motion and major generated 

conformations with respect to the first, second, and third PCs. The two-dimensional 
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projections show how conformers are spread out between the first three PC axes. (Figure 

3.26 B-D) 

However, a question arises with each PC which secondary segment of the γ-tubulin dimer 

contributes to the motion. This provides information on the collective motion, which is 

important to the function of the protein. For instance, most variances are linked to PC1, but 

which helices and strands with PC1 are involved in larger motion. This can be investigated 

by the projection of trajectories on PC1 and evaluating the RMS displacement of the protein 

for PC1, PC2, or PC3. 

Fluctuations of each residue in PC1 to PC3 reveals the nature of the most important 

displacement related to the biological function of the γ-tubulin.  

With unliganded dimer in NaCl simulation, the H2 (Arg72-Asn79) and H3 (Trp104-

Asp127) helices have significant displacement with PC vector one. This indicates they are 

involved in the collective motion of the γ-tubulin-dimer. For every single PC it is possible 

to evaluate which secondary structure segments are mostly involved in motion, and their 

displacement can be measured accordingly. (Figure 3.26 and 3.27) 

Displacement for H2 and H3 were 4 Å and 2 Å, respectively, with chain A. The T5 (Pro173-

Gln184) loop has a displacement of 2.2 Å with PC vector one; this is an indication of 

collective motion related to this loop with chain A. (Figure 3.26)  

It was shown that the curved conformation is almost dominant with both chains A and B. 

Around 1.5 Å and 1 Å displacements were observed with vector 1 of chain A for M loop 

(Thr274-289Thr) and H10 helix (Pro330-Arg343), which shows that they are contributing 

to the collective motion. A significant fluctuation was measured with PC1 for H11 (Ser385-
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Lys400) and H12 (Asp419-Ala437) helices at the C-terminal of chain A. The role of both 

helices (H11 and H12) in the biological functions of the γ-tubulin has been documented 

elsewhere [39], and here they show large displacement with vector one as mentioned above. 

(Figure 3.27 ) 

With chain B of unliganded γ-dimer of NaCl simulation, both H2 (Arg72-Asn79) and M 

loop (Thr274-289Thr) are found to have a displacement around 2 Å. (Figure 3.27) 

Major fluctuations are observed with vector one. PC1 accounts for more than 25% of all 

variables seen with both chains A and B.  
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Figure 3.26 Result of PC analysis on the unliganded γ-tubulin dimer in NaCl simulation. 

(A) Eigenvalue spectrum: the index of the number of eigenvalues which are ordered from 

the strongest to weakest contribution to variances (mean square displacement) on X-axis, 

and the Y-axis gives the proportion of variances for each eigenvalue. (B-D) The two-

dimensional trajectory projection of the PC plot shows the projection of the motion of the 

conformations obtained from 150 ns to 200 ns of the Cα atoms along with the first three 

principal components (PC1 and PC2, PC2, and PC3, PC1 and PC3). The colored circle 

represents the generated conformations during the last 50 ns of MD simulation. The color 

changes from blue to white to red, which shows the periodic jumps among the 

conformations throughout the trajectory.  
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Figure 3.27 The plot of the RMS displacement per each Cα atoms of the unliganded γ-

tubulin dimer in NaCl simulation for the first three eigenvectors. (A) The RMS 

displacement for PC vector 1 is colored in red. (B) PC vector 2 colored in blue. (C) PC 

vector 3 colored in green.  

 

 

3.2 MD Simulation of GDP and GTP-Bound γ-Tubulin Dimer Under MgCl2, ZnCl2, 

and NaCl Ionic Conditions  

3.2.1 MD Simulation of γ-tubulin Dimer in Association of Bound GDP  

The RMSD of chain A and B of the GDP-dimer are monitored in the backbone atoms to 

evaluate the stability of the protein during the course of MD simulations. The RMSD for 

chain A of γ-tubulin in NaCl simulation gradually increases to 3 Å from the starting point 

of the production run up to 137 ns. Then, it reaches the 3.5 Å at its convergence point at 

153 ns and until the end of simulation at 200 ns remained stable at 3.5 Å with no high 

fluctuation. (Figure 3.28 A) 

The RMS deviation of chain A in MgCl2 and ZnCl2 simulation rises to ~ 2.5 Å from the 

starting point with no fluctuation after that. The RMSD for both simulations is around 2 Å 

- 2.3 Å. Their convergence point is 125 ns. (Figure 3.28 A) 

Chain B showed almost the same RMSD with all three simulations until 75 ns with a  

~ 2.2 Å. After 75 ns, the RMSD of chain B in NaCl simulation is reduced to 2 Å at 110 ns 
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and was stable until the end of the simulation at 200 ns. The convergence point in ZnCl2 

and MgCl2 simulations is at 130 ns for chain B. (Figure 3.28 B) 

 

Figure 3.28: The root mean square deviation of backbone atoms of chain A and chain B 

of the GDP-bound γ-tubulin dimer. (A) Chain A. (B) Chain B. For both chains, the MgCl2 

is colored in black, ZnCl2 in red, and NaCl in green.  

 

3.2.1.1 The Dominant Model Obtained from MD Simulations of GDP-Bound γ-

dimer Support Lattice  

Whether the nucleotide, GTP, or the lateral interactions induce the straightness on the 

structure of the curved β-tubulin is a challenging subject in structural biology.[1] According 

to the allosteric model, the nucleotide, which is GTP, is the main factor behind the changes 

from curved to straight conformation in the α, β-tubulin heterodimer. It should be clarified 

that conformation due to the effect of GTP is with soluble α, β-tubulin heterodimer, and 

not αβ-dimer, which is already part of the MTs lattice. The soluble α, β-tubulin heterodimer 

is not assembled as part of MTs and has no lateral contacts.  
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There are no studies that show the dynamic effect of GDP on the straightness of the γ-

tubulin. Most studies are focusing on the allosteric role of the GTP in inducing 

straightness.[1, 47] The only difference between GTP and GDP is the third γ phosphate, 

which is absent in GDP. The GTP has both structural and functional roles in the α, β-tubulin 

heterodimer[20, 48], not GDP. 

If GDP is unable to induce the straight conformation and the GTP induces, this is attributed 

to γ-oxygens of the GTP. The straightness and curvature of both chains are evaluated by 

measuring the dCOM of the H7 helix (Phe225-Leu231) from the S6 strand. Then 

conformation at 200 ns of a γ-tubulin dimer superimposes on the curved and straight β-

tubulins.  

The result of the evaluation of dCOM of H7 and S6 shows that the curved and intermediate 

conformations are dominant. No straight conformation was observed with chain A or chain 

B of γ-tubulin with all three simulations. The dCOM from H7 helix to S6 strand for chain 

A of MgCl2 simulation gradually increases from 1.60 nm at 150 ns to 1.70 nm at 182 ns 

then reaches 1.66 nm at 185 ns and at 200 ns has a value of 1.68 nm of intermediate 

conformation. (Figure 3.29 A)  

As it was discussed, the dCOM of H7 and S6 for curved conformation is ≤ 1.6 nm, between 

1.6 nm – 1.7 nm for intermediate conformation, and larger than 1.7 nm accounts for straight 

conformation.  

The dCOM of the H7 helix and the S6 strand of chain A in the ZnCl2 simulation has large 

fluctuations. It starts from 1.57 nm at 150 ns reaches 1.52 nm at 160 ns, being 164 nm at 

172 ns. It decreases to 155 nm at 188 ns and at 200 ns, is 1.57 nm. In contrast to dCOM of 
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H7 and S6 strand of chain A in ZnCl2, in NaCl simulation has low changes, and it almost 

fluctuates at the range of 1.55 nm - 1.55 nm for the entire last 50 ns of the NaCl simulation. 

(Figure 3.29 A)  

For chain B, the dCOM between H7 helix and S6 strand (Cys201-Asp206) in the MgCl2 

simulation moderately increases to 1.60 nm from 153 ns until 1.65 ns of intermediate 

conformation. Then it falls to 1.5 nm at 170 ns and until the end of simulation at 200 ns 

fluctuates around ~ 1.57 nm, which resembles the curved conformation. The dCOM of the 

H7 helix from the S6 strand of chain B in ZnCl2 and NaCl simulations are 1.62 nm of 

curved conformation with small fluctuation ~ 0.2 Å from 150 ns to 170 ns. The dCOM of 

H7 helix and S6 strand in NaCl simulation changes around 1.58 nm - 1.60 nm until the end 

of the simulation. Chain B in the ZnCl2 simulation reaches 1.65 nm at 185 ns, then until 

200 ns fluctuates with values between 1.58 nm - 1.6 nm. (Figure 3.29 B) 

Overall, the value of dCOM of H7 helix and S6 strand for both chain B and chain A shows 

that the curved and intermediate conformations are dominant. (Figure 3.29 A and B) 

GDP binding has not induced the curved to straight conversion. It is to say; that there is not 

enough and convincing evidence to rely on allosteric modifications as the main driving 

force behind the transition from curved to straight conformation. With both chains of A and 

B, curved and intermediate conformations are dominant, or in other words, the straight 

conformation was not observed. (Figure 3.29 A and B) 
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Figure 3.29: The dCOM of H7 helix and S6 in GDP-dimer simulations in MgCl2, ZnCl2, 

and NaCl. (A) The distances for chain A (B) Chain B. The color for MgCl2, ZnCl2
, and 

NaCl simulations are blue, red, and green, respectively.  

 

In addition to monitoring H7 and S6 dCOM, 200 ns conformation in three simulations were 

compared to curved and straight β-tubulins.  

The 200 ns conformation of the γ-tubulin dimer in MgCl2 simulation was superimposed on 

both curved (1SA0) and straight β-tubulins (1JFF).  

The H7 helix of chain A is aligned to the H7 helix of the straight β-tubulin. H7 helix 

determines the straightness and curvature related to the conformation of the β-tubulin.[13] 

The conformation of H6 (Asn207-Asp216) and H10 (Pro330-Arg343) helices of chain A 

are not fully aligned to H6 or H10 helices of curved or straight conformation of the β-

tubulin. The intermediate domain strands of S7 (Phe268-Tyr273), S8 (Tyr317-Gln325), S9 

(Ile356-Ser361), S10 (Ser374-His381) of γ-tubulin are not fully aligned to the β-tubulin 
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curved or straight conformation, and the intermediate conformation better explains their 

arrangements. (Figure 3.30 chain A) 

In chain B, the conformation of H7 helix of chain B of the γ-tubulin dimer is not aligned to 

the H7 helix of β-tubulin. The orientations of four intermediate domain strands of S7, S8, 

S9, and S10, are aligned with that of curved S7 to S10 strands. For chain B at 200 ns, the 

intermediate conformation is dominant. (Figure 3.30 chain B) 

The 200 ns conformation of a γ-tubulin dimer in ZnCl2 simulation was superimposed on 

both curved (1SA0) and straight β-tubulin (1JFF).  

The conformation of the H7 helix of chain A is aligned to the H7 helix of the curved  

β-tubulin. Also, the intermediate domain strands of S7 to S10, and H6 of γ-tubulin are 

aligned to the same secondary segment structures (S7-S10 and H6) of curved β-tubulin. 

The H10 helix conformation of γ-tubulin is not aligned with the H10 helix of either curved 

or straight β-conformation. Overall, the conformation of chain A in ZnCl2 simulation is 

adapting the curved conformation. (Figure 3.31 chain A) 

Chain B of γ-tubulin in ZnCl2 shows alignment with the curved β-tubulin because its H7 

and H6 helices are aligned to the same helices of curved β-tubulin. The conformations of 

S6, S7, S8, and S10 are also aligned to the same strands of the curved β-tubulin. The 

conformation of H10 helix, M, and T5 loops are not aligned after superimposition to their 

counterparts (H10, M, and T5 loops) of curved or straight β-tubulin. 
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Figure 3.30: Superimposition of a conformation of GDP-bound γ-tubulin dimer in MgCl2 

simulation on β-curve (1SA0) and β-straight (1JFF). (A) 200 ns conformation of γ-tubulin 

dimer in blue superimposed on curved β-tubulin (1JFF) in green. (B) γ-tubulin dimer at 

200 ns in blue superimposed on straight β-tubulin (1JFF) in red. 
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Figure 3.31: Superimposition of a conformation of GDP-bound γ-tubulin dimer in ZnCl2 

simulation on β-curve (1SA0) and β-straight (1JFF). (A) 200 ns conformation of γ-tubulin 

dimer in pink for chain A and yellow in chain B superimposed on curved β-tubulin (1JFF) 

in green. (B) γ-tubulin dimer at 200 ns in pink for chain A and yellow for chain B 

superimposed on straight β-tubulin (1JFF) in red. 

 

A conformation of the γ-tubulin dimer in NaCl simulation at 200 ns was superimposed on 

the curved (1SA0) and straight β-tubulin (1JFF). The chain A of γ-tubulin in NaCl 

simulation is not aligned to the chain A of the straight β-tubulin.  
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The conformation of its H7 (Phe225-Leu243) and H6 (Asn207-Asp216) helices are aligned 

with respect to H7 and H6 helices of the curved β-tubulin. Also, the conformations of four 

intermediate domain strands were aligned to curved β-tubulin. The H10 helix (Pro330-

Arg343) is not fully aligned to the H10 helix of the straight or curved conformation of the 

β-tubulin. The curved conformation is dominant with chain A in NaCl simulation. (Figure 

3.32 chain A) 

In chain B of γ-tubulin in NaCl, the conformations of H7, H6, the N-terminal of H10 helices 

for Pro330, Thr331, Gln332, Val333, and His334 are aligned to curved β-tubulin. Both N 

and C-terminal of H7 helix are aligned to the H7 helix of curved β-tubulin. The orientations 

of S7 to S10 strands of the intermediate domain of γ-tubulin are aligned to the S7 to S10 

strands of the curved β-tubulin (1SA0) as well. The conformation of chain B of γ-tubulin 

is adapting a curved conformation in NaCl simulation at 200 ns.  

(Figure 3.32 chain B) 
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Figure 3.32: Superimposition of a conformation of GDP-bound γ-tubulin dimer under 

NaCl simulation on β-curve (1SA0) and β-straight (1JFF). (A) γ-tubulin dimer at 200 ns in 

cyan superimposed on curved β-tubulin (1JFF) in green. (B) γ-tubulin dimer at 200 ns in 

cyan superimposed on straight β-tubulin (1JFF) in red. 

 

Chain A of MgCl2 simulation at 182 ns, is adapting an intermediate conformation. Also, 

the conformation of chain A of ZnCl2 at 165 ns is found to be curved. (Figure 3.29)  

Both conformations were superimposed on each other in order to compare their curvature 

or straightness. There is no expectation that they aligned with each other because of the 
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value of dCOM of H7 helix (Phe225-Leu231) from the S6 strand (Cys201-Asp206) was 

1.70 nm and 1.52 nm in MgCl2 and ZnCl2 simulations, respectively.  

Here the conformations of the two H7 (Phe225-Leu243) helices are important because the 

curved β-tubulin is determined by the deviation of its H7 helix [13, 14]. H7 helix of chain 

A in MgCl2 at 182 ns is not aligned to the curved conformation at 165 ns in ZnCl2 

simulation. The deviation is observable at H7 N-terminal; the dCOM of the H7 from S6 is 

1.59 nm in ZnCl2 and about 1.7 nm in the MgCl2. In addition to the H7 helix, other 

secondary segment structures include intermediate domain strands of S7 (Phe268-Tyr273), 

S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-His381), H6 (Asn207-Asp216), and 

H10 (Pro330-Arg343) helices are not aligned to each other. (Figure 3.33)  
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Figure 3.33: Structural superimposition of a conformation of the trajectory of chain A at 

182 ns MgCl2 on chain A of ZnCl2 at 165 ns. The conformation of γ-tubulin in MgCl2 is 

colored in blue and is pink in the ZnCl2 simulation.  

 

3.2.1.2 Study of the GTP Hydrolysis Mechanism and Interactions in the GDP 

Binding Sites  

The major uncertainty about the mechanism of GTP hydrolysis is the exact mechanism 

for the phosphoryl transfer during the reaction, which has not been fully understood. 

There are two proposed mechanisms, one is fully associative, and the other is a 

dissociative mechanism.[49] In a fully associative mechanism, the nucleophilic attack on 

γ phosphate of the GTP occurs before the departure of the leaving group (γ phosphate is 

the leaving group). In the dissociative or elimination-addition pathway, the nucleophilic 

reaction follows the departure of the leaving group. The dissociative pathway is an 

intrinsic ability of the oxygen atoms of the γ phosphate of GTP molecule to contribute to 

the reaction.[49, 50]  

Another uncertainty in GTP hydrolysis is the nucleophilic group for this reaction and the 

mechanism of its activation. The water OH- is assumed as a nucleophile; it deprotonates 

by a general base in which one water molecule losses a proton and another one accepts it. 

The exact mechanism of the nucleophilic activation is still not well explained. Although 

rejected, there is a discussion about Gln role in activating the nucleophilic water.[50, 51] 
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The formation or hydrolysis of a bond cannot be addressed by conventional MD 

simulation. Attempts have been made to investigate whether there are strong interactions 

between waters and γ phosphate or not at the GTP binding site. This further supports the 

associative mechanism as waters act as the nucleophile to facilitate the reaction. The GTP 

binding site at 200 ns in MgCl2 was studied to find the interacting residues and waters 

with the γ phosphate. Two water molecules make an interaction at 3.4 Å from γ 

phosphate and one water molecule at 4 Å to the γ phosphate. Waters make effective 

interactions and act as a nucleophile to facilitate the reaction in favor of associative 

reaction. (Figure 3.34) 
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Figure 3.34: Interactions of waters and GTP at the binding site. The 200 ns conformation 

of the MgCl2 in which the GTP is depicted in the yellow stick. Oxygen atoms of water are 

shown as red spheres.  

 

The minimum distances make by water molecules and GTP γ-phosphate were monitored 

in GTP-bounded simulations from 150 ns - 200 ns. In three simulations, the minimum 

distance of water and γ phosphate is fluctuating in the range of 2.4 Å - 2.5 Å in the 

MgCl2, ~ 2.5 Å in ZnCl2, and in NaCl ~ 2.6 Å. This can prove that the position of γ-

phosphate of the GTP in the binding site of the γ-tubulin allows water molecules to make 

an interaction at ≤ 3 Å, and hence the possibility of the associative mechanism of GTP 

hydrolysis gets stronger support. (Figure 3.35) 

 

Figure 3.35: The minimum distances between γ phosphate of GTP and water molecules 

in GTP bounded simulation. The distances are colored in blue, red, and green for MgCl2, 

ZnCl2, and NaCl, respectively.  
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To study whether water molecules make H-bonds with γ-oxygens and evaluate it in 

different simulations, the number of H-bond generated at ≤ 4 Å were evaluated. The 

number of H-bonds between Og atoms of the γ phosphate of the GTP and water 

molecules fluctuates ~ 5 bonds in MgCl2 simulation, 3 – 4 bonds in ZnCl2, and 3 H-bonds 

in NaCl simulation. This further supports the possibility of the associative mechanism as 

the water molecules interact with the γ phosphate and its three oxygen atoms. (Figure 

3.36) 

 

Figure 3.36: Number of generated H-bond between waters and oxygen atoms of the γ 

phosphate of GTP. Number of H-bonds are colored in blue, red, and green in MgCl2, 

NaCl, and ZnCl2 simulations, respectively. 

 

In order to study which residues have effective and close interactions with the GDP, one 

conformation of chain A in ZnCl2 at 180 ns was selected, and residues at a distance of 4 Å 

from the GDP were studied. Only those atoms which are able to make H-bonds were 
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evaluated. Therefore, all interactions are between H-N, H-O atoms with oxygen, and 

nitrogen of either the GDP or γ-tubulin residues. Accordingly, H-N atom of Asn207 at 3.5 

Å generates a H-bond with a nitrogen of the purin ring. The oxygen atom of Asn229 makes 

H-bond at 1.6 Å with H-N of the purin ring of GDP. The oxygen atom of ribose of the GDP 

has one interaction with H-O atom belonging to Ser140 at 3.9 Å. The rest of the interactions 

are between the oxygen atoms of α phosphate or β phosphate with the residues of the 

binding site. Two α phosphate oxygens make H-bonding with H-N atom of Gln12 at 2.6 Å 

and H-O of Thr145 at 3.1 Å. Three β-Phosphate oxygens make H-bonds with H-N atoms 

of Gly146 at 3.1 Å, Gly144 at 3.1 Å, and Gly143 at 2.0 Å. (Figure 3.37) 

The conformation at 180 ns was selected because, at 182 ns, it makes an intermediate 

conformation with dCOM of H7 to S6 with ~ 1.65 nm; all conformations at 200 were 

investigated for the cation interactions and conformational changes.  

The interaction energies (sum of electrostatic and L-J) for the three GDP-bound simulations 

of NaCl, MgCl2, and ZnCl2 from 150 ns to 200 ns were calculated to study which residues 

contribute and how effective it is to the binding energy of the GDP in its binding site. 

(Figure 3.37 and 3.38) 
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Figure 3.37: The conformation at 180 ns of chain A of ZnCl2 simulation with interactions 

of GDP and residues of the binding site at ≤ 4 Å. The GDP is depicted in line 

representation, and the residues of the binding site are in stick yellow.  

 

The interaction energy (IE) between GDP and the residues of the binding site is stronger in 

the MgCl2 simulation. Similar to the GTP-bound simulation, this is an indication that 

specific cations at the binding site contribute to stronger interactions of the nucleotide with 

its binding site. (Figure 3.38) 

IE is the average of electrostatic and L-J energy between chain A and GDP, in MgCl2, 

ZnCl2, and NaCl is -1122.3 kJ/mol, -944.4 kJ/mol, and -935.9 kJ/mol, respectively. The 

residues that have a larger contribution to the IE with GDP for three simulations include 
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Gln12, Thr145, Cys13, Ser147, Gly143, Gly144. These IE evaluations are from 150 ns to 

200 ns, and the value given here is the average over the last 50 ns. (Figure 3.38) 

The IE between Gln12, Thr145, Cys13, Ser147, and GDP under MgCl2 simulation is 

 -152.3 kJ/mol, -133.8 kJ/mol, -117.6 kJ/mol, -119.2 kJ/mol respectively. These values for 

the same residues of Gln12, Thr145, Cys13, Ser147 in ZnCl2 simulation is -85.1 kJ/mol,  

-159.6 kJ/mol, -118.2 kJ/mol, -80.9 kJ/mol and in NaCl simulation is -177.1 kJ/mol,  

-32.5 kJ/mol, -128.1 kJ/mol, -134.2 kJ/mol respectively. (Figure 3.38)  

There are residues at the binding site that have different values of IE under three 

simulations. For instance, the IE for Arg72, is -64.1 kJ/mol, -2.5 kJ/mol, -13.7 kJ/mol in 

MgCl2, ZnCl2, and NaCl simulation, respectively. The GDP binding site at 180 ns in ZnCl2 

has no interaction at a cut off of 4 Å to the Arg72. (Figure 3.37 and 3.38) 

It was shown in the GTP-bound monomer Arg72 decreases its distance to the γ phosphate 

atom of the GTP from 12 Å at 100 ns to around 3 Å at 153 ns. (Figure 3.34)  

The interaction energy between Gln12 and GTP is considerably stronger in the MgCl2 

simulation, with a value of -238.8 kJ/mol. This lies in comparison to -198.8 and -176.2 

kJ/mol in NaCl and ZnCl2 simulations, respectively. The interaction energy for Thr145 

with three simulations of MgCl2, ZnCl2 and NaCl is -171.3 kJ/mol, -170.0 kJ/mol,  

-163.5 kJ/mol, respectively. And for Cys13 this value in MgCl2, ZnCl2, and NaCl is  

-122.8 kJ/mol, -125.7 kJ/mol, -120.1 kJ/mol, respectively. The interaction energy 

between the GTP and Ala100 shows a difference in the ZnCl2 simulation with -90.6 

kJ/mol, and two other simulations, including MgCl2 with +3.7 kJ/mol, and NaCl with a 

value of +1.3 kJ/mol, respectively. In MgCl2, NaCl and ZnCl2 simulations, the interaction 
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energy between Ser147 and GTP is -120.5 kJ/mol, -5.2 kJ/mol, -123.8 kJ/mol, 

respectively. (Figure 3.39) 

 

 

Figure 3.38: Interaction energy between each residue of the GDP binding site and GDP 

in chain A from 150 ns to 200 ns. The IE for each residue of the binding site is colored in 

blue, red, and green for MgCl2, NaCl, and ZnCl2 simulation, respectively.  
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Figure 3.39: Interaction energy between each residue of the binding site and GTP from 

150 ns to 200 ns. The interaction energy is colored in red for ZnCl2, blue for MgCl2, and 

green for NaCl simulation. The Interaction energy is the sum of L-J and electrostatics 

(chain A of monomer). 

 

The abovementioned evaluation was done to reveal the residues at the binding site that 

makes stronger interactions with the GDP and GTP. All evaluation was done from 150 ns 

to 200 ns, and the residues, including Gln12, Cys13, Thr145 with both GDP, and GTP 

made stronger interactions. This is consistent with the wet-lab study of the GTP binding 

energy in yeast Tub4 γ-tubulin in which it was shown that Gln12, Cys13, and Thr145 

play an important role in the binding of the GTP inside its binding site. [20]  
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3.2.1.3 Study of the High-Affinity Metal Binding Site with GDP-Bound γ-Tubulin 

Dimer 

The major high-affinity metal-binding site is known in the GTP binding site in α, β-tubulin 

heterodimer.[52] It is not known whether, in the presence of GDP, strong and stable 

interactions with cations are possible or not similar to high-affinity metal-binding sites.  

In each conformation of the three simulations, a γ-tubulin dimer was extracted from 150 ns 

for every 10 ns simulation. All cations at the GDP binding site in interaction with GDP 

were captured. For the last 50 ns of all simulations, the interactions of the cations with 

atoms of GDP were monitored. (Figure 3.40) 

One Mg2+ interacts with O2a atom of the GDP in chain A and another Mg2+ with O3b atom 

in chain B. The distances between both Mg2 with GDP (Ota and O3b) are stable with no 

high fluctuations in the range of 3.8 Å - 3.9 Å from 150 ns to 200 ns. (Figure 3.40 & 3.41) 

Two Zn+2 interacts to O3b and O2a atoms of the GDP with chain A and chain B. The 

interaction of one Zn2+ with O3b is stable at 3.9 Å from 150 ns to 194 ns and after that 

increases to 4.5 Å until 200 ns. The interaction of Zn2+ with respect to the O2a is not stable; 

the distances are mostly at 3.9 Å from 150 ns to 170 ns, then increases to 5.9 Å and again 

to 4 Å at 172 ns. After 185 ns, its interactions gradually rises to more than 20 Å at 190 ns, 

and then it leaves the GDP binding site. (Figure 3.40) 

Tow Na+ cations are found in interaction with O2b and O1b atoms of GDP with chain A 

and chain B, respectively. (Figure 3.40) 
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The interaction between one Na+ and O2b of chain A is stable during the last 50 ns from 

150 ns to 200 ns at 2.2 Å. Also, the interaction of Na+ and O1b of chain B is stable at 

around 2.3 Å with fluctuations around 2 Å at 165 and 175 ns. (Figure 3.40) 

 

 

Figure 3.40: The distances between Mg+2, Zn+2, and Na+ in their binding sites from the 

Ob1, Ob2, Ob3, Oa1, and Oa1 atoms of GDP. The cations with their codes are labeled, and 

their distances with respect to any oxygen atoms connect to the α or β phosphate of GDP 

are measured for the last 50 ns from 150 ns to 200 ns of all three simulations.  
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Figure 3.41: The structure of the GDP and GTP. (A) GDP. (B) GTP. 

 

In contrast to GTP-bond simulations, in addition to oxygen atoms of the α-β phosphate N7 

atom of GDP purin, make stable interactions with binding site cations. This generates a 

new high-affinity binding site, which for the first time, is addressed. Cations in interaction 

with oxygens atoms of γ phosphate are involved in the hydrolysis of the nucleotide, as 

discussed in section 2.1. However, the role of interaction with N7 is not known yet. (Figure 

3.42) 
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The minimum distances between the N7 and the cations were monitored in each simulation. 

Two stable interactions at a distance of 2.3 Å were found. These interactions were found 

between N7 of chain B with Mg2+ and Zn2+ simulations with 2.2 Å from the Mg+2 and Zn+2 

cations, respectively. In chain A of MgCl2 and ZnCl2 as well as both chains of NaCl 

simulation, the minimum distance of interactions between N7 and cations is more than 6 

Å. This shows that N7 is a specific site of interaction for divalent cations, not Na+. (Figure 

3.42) 

 

Figure 3.42: The minimum distances between Mg+2, Zn+2, and Na+ in their binding sites 

from the N7 atoms of GDP purin ring.  

 

In section 1.3.3, it is discussed how the PCA analysis is done. The GDP-dimer in ZnCl2 

was selected for conducting the PCA, and it shows that 51.3% of all variances belong to 

the first six eigenvalues 
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The first PC cover 15% of the total variability of generated conformations. The first 20 

eigenvalues account for 64% of variations. Also, the PC2 and PC3 cover 10.7% and 8.17% 

of all created variations. (Figure 3.43 A) 

The projection of Cα motions on the first three PC map direction of motions and major 

generated conformations with respect to the first, second, and third PCs. (Figure 3.43 B-

D). The projection of trajectories on PC1 and PC2 gives a two-dimensional map of 

generated conformations. (Figure 3.43 B) 

The two-dimensional map of projected conformations for PC1-PC3 and PC2-PC was also 

generated. (Figure 3.43 C and D) 

However, in order to reveal, which secondary segments structure are involved in the motion 

related to a specific PC, the RMS displacement of GDP γ-dimer for PC1, PC2, and PC3 

was evaluated.  

The RMS displacements of the H6-H7 region (Asn207-Leu243) of chain B with vector 3 

and chain A of vector 1 are ~ 1.1 Å, and 0.7 Å, respectively, which compares to the highest 

fluctuation of the three vectors with 1.5 Å as significant value. (Figure 3.44) 

The T5 (Pro173-Gln184) loop with vector 1 and vector 2 of chain A has an RMS 

displacement around 1.2 Å. (Figure 3.44) 

The C-terminal helices of H11 (Ser385-Lys400) and H12 (Asp419-Ala437), contribute to 

structural motion with vector 1 of chain A and vector 3 of chain B; their RMS displacements 

are 1 Å - 1.2 Å.  

The M loop (Thr274-289Thr) also shows high motion with chain B with vectors 1 and 3 

for ~ 1.1 Å. The large RMS motion of 1.2 Å can be seen with the H2 helix (Arg72-Asn79), 
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the H2 helix has shown to contribute to the collective motion of the γ-tubulin, but the exact 

role of the region is not well understood yet. (Figure 3.44) 

  

 

Figure 3.43 Result of PC Analysis on the GDP-bound γ-tubulin dimer in ZnCl2 simulation. 

(A) Eigenvalue spectrum: the index of the number of eigenvalues which are ordered from 

the strongest to weakest contribution to variances (mean square displacement) on X-axis, 

and the Y-axis gives the proportion of variances for each eigenvalue. (B-D) The two-
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dimensional trajectory projection of the PC plots show the projection of the motion of the 

conformations obtained from 150 ns to 200 ns of the Cα motions along with the first three 

principal components (PC1 and PC2, PC2, and PC3, PC1 and PC3). The colored circle 

represents the generated conformations during the last 50 ns of MD simulation.  

 

Figure 3.44 The plot of the RMS displacement per each Cα atoms of a GDP-bound γ-

tubulin dimer in ZnCl2 simulation for the first three eigenvectors. (A) The RMS 

displacement of atoms of vector 1 colored in red. (B) The RMS displacement of atoms of 

vector 2 colored in blue. (C) The RMS displacement of atoms of vector 3 colored in green. 
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3.2.2 MD Simulation of GTP-bound γ-Tubulin Dimer 

For the GTP-bound simulation of the γ-dimer, in the presence of NaCl, MgCl2, and ZnCl2, 

the RMSD of the two chains of the GTP-bound γ-tubulin dimer shows that the structures 

of dimer under three experiments are stable. (Figure 3.45) 

The RMSD of backbone atoms of chain A in NaCl simulation increased to ~2 Å at 50 ns, 

and after that for the rest of the simulation was stable without any major fluctuation. The 

RMSD of chain A in MgCl2 and ZnCl2 simulations have shown almost a similar value of  

~ 2.5 Å after 80 ns, and until the end of simulations at 200 ns were stable, they had the 

value of 2.4 Å to 2.5 Å, and converged at ~ 80 ns. (Figure 3.45 A) 

Chain B for NaCl simulation converged at 150 ns, and the convergence point of ZnCl2 and 

MgCl2 simulations is at 130 ns. (Figure 3.45 B) 

 

Figure 3.45: The RMSD of backbone atoms of chain A and chain B of the GTP-dimer of 

γ-tubulin. (A) The RMSD of chain A. (B) chain B. The MgCl2 is colored in black, ZnCl2 

in red, and NaCl in green.  
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3.2.2.1 Does GTP Induces the Straight Conformation in GTP-Bound γ-Dimer 

There is no study about the impact of the cations on the GTP bound γ-dimer on converting 

the curved to straight conformation with the γ-tubulin dimer, considering the impact of 

cations. It was shown that impact GDP was not effective enough to induce a straight 

conformation in γ-tubulin. (Figure 3.29-3.32) 

The dCOM values for the H7 helix and the S6 strand was evaluated for chains A and B of 

three simulations. The dCOM between H7 and S6 is considered as a curved for ≤ 1.60 nm, 

and straight for more than 1.70 nm; the intermediate conformation is between 1.60 nm  

- 1.70 nm. (Table 2.3) 

Chain A in MgCl2 adapts an intermediate conformation as the dCOM of the H7 helix from 

the S6 strand fluctuates between 1.62 nm - 1.64 nm from 150 ns to 200 ns. The dCOM of 

H7 helix (Phe225-Leu231) from S6 strand (Cys201-Asp206) for chain A in ZnCl2 

simulation is 1.60 nm from 150 ns to 165 ns, then until 200 ns it is ~ 1.57 nm, which adapts 

a curved conformation. The dCOM H7 helix and the S6 strand for chain A in NaCl 

simulation is 1.55 nm from 150 ns - 165 ns and decreases to around 1.52 nm until 200 ns. 

The curved conformation is dominant with this chain as well. (Figure 3.46 A) 

In chain B, dCOM of H7 and S6 fluctuates in the range of 1.58 nm to 1.60 nm for the last 

50 ns, and curved conformation is dominant in MgCl2. The dCOM with chain B in ZnCl2 

simulation various from 1.63 nm - 1.65nm, adapting an intermediate conformation. The 

dCOM of the chain B simulation of NaCl simulation decrease from 1.61 nm - 1.52 nm from 

150 ns to 160, being 165 nm at 165 ns and with some small fluctuations at the range of 0.01 

nm - 0.02 nm reaching 1.68 nm at 175 ns. Then it gradually decreases to 1.53 nm until 195 
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ns. From 195 ns to 200 ns, it is ~ 1.57 nm. The dominant conformation in chain B in NaCl 

is a curved conformation except for 168 ns to 175 ns, which adapts an intermediate 

conformation. (Figure 3. 46 B) 

On the basis of evaluated simulations of the GTP-bound γ-tubulin dimer, curved and 

intermediate conformations are dominant. The straight state was not detected, and this is 

an indication that the GTP or allosteric model was not achieved to change the curved states 

to a straight conformation. Based on the allosteric model, the curved to straight transition 

depends on the allosteric impact of the GTP nucleotide, which was not observed here.[1] 

 

Figure 3.46: The dCOM of H7 helix and S6 strand for GTP-γ-tubulin dimer of three 

simulations. (A) Chain A simulation. (B) Chain B. The color in MgCl2, ZnCl2, and NaCl 

simulations are blue, red, and green, respectively.  

 

200 ns conformation of γ-tubulin dimer in MgCl2 was superimposed on both curved (1SA0) 

and straight (1JFF) β-tubulins. As it was described, the dominant conformation with chain 

A of MgCl2 was an intermediate conformation. (Figure 3.47 A) 
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The conformation of H7 and H6 helices of chain A is aligned to the H7 and the H6 helices 

of the curved β-tubulin. The conformations of intermediate domain strands of the S7 

(Phe268-Tyr273), S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-His381) are not 

fully aligned to the curved conformation of β-tubulin. (Figure 3. 47) 

Chain B of γ-tubulin in MgCl2 simulation adapts a curved conformation as its H7 helix 

(Phe225-Leu243) is aligned with the H7 helix of the curved β-tubulin. The conformation 

of the H6 helix (Asn207-Asp216) and intermediate domain strands of the S7 (Phe268-

Tyr273), S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-His381) are aligned to the 

curved β-tubulin. (Figure 3.47) 

 

Figure 3.47: Superimposition of 200 ns conformation of the GTP-bound γ-tubulin dimer 

in MgCl2 simulation on β-tubulin. (A) The 200 ns in blue superimposed on curved β-
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tubulin (1JFF) in green. (B) The 200 ns in blue superimposed on straight β-tubulin (1JFF) 

in red. 

 

The conformation of a γ-dimer in ZnCl2 simulation at 200 ns was superimposed on both 

curved (1SA0) and straight β-tubulins (1JFF). (Figure 3.48) 

With chain A in ZnCl2 simulation, the H10 helix (Pro330-Arg343) is aligned well to the 

H10 helix of the curved β-tubulin. Instead, conformations of the H6 and S7 to S10 

intermediate domain strands are not similar to the H6 or intermediate domain strands of 

curved or straight conformation as the whole protein adapt an intermediate conformation. 

The conformation of the H7 helix (Phe225-Leu243) is not fully aligned to H7 helix of 

straight or curved β-tubulin, which is a feature of the intermediate conformation. Chain A 

has H7 and S6 dCOM around 1.61 nm, and it can be said it adapts an intermediate 

conformation. (Figure 3.48)  

An intermediate conformation is dominant in chain B, as well. The conformation of 

intermediate domain strands, S7, S8, S9, S10, and H10 helix, are aligned to the 

conformation of H10 and intermediate domain strands of the curved β-tubulin. The H7 and 

H6 helices are aligned to the H7 and H6 helices of the straight conformation of β-tubulin. 

(Figure 3.48)  

The conformation of NaCl simulation at 200 ns was superimposed on both curved (1SA0) 

and straight β-tubulins (1JFF). Chain A is adapted a curved conformation. The 

conformation of the H7 (Phe225-Leu243) helix is relatively aligned to the conformation of 
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the H7 helix of the curved β-tubulin. The conformation of the H6 (Asn207-Asp216) and 

H10 helices (Pro330-Arg343) are aligned to H6 and H10 helices of the curved β-tubulin. 

The shapes of S8 (Tyr317-Gln325), S9 (Ile356-Ser361), S10 (Ser374-His381) were aligned 

with the same counterpart in the curved β-tubulin as a references structure. Chain B in NaCl 

simulation adapts the curved conformation. The conformation of the H6 (Asn207-Asp216), 

H7 (Phe225-Leu243), and H10 (Pro330-Arg343) helices are aligned with the same 

counterpart in the curved β-tubulin. (Figure 3.49) 
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Figure 3.48 Superimposition of 200 ns conformation of the dimer of GTP-bound γ-tubulin 

in ZnCl2 simulation on β-tubulin. (A) γ-tubulin dimer at 200 ns colored in pink for chain A 

and yellow in chain B superimposed on curved β-tubulin (1JFF) in green. (B) γ-tubulin 

dimer at 200 ns colored in pink for chain A and yellow in chain B superimposed on straight 

β-tubulin (1JFF) in red. 
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Figure 3.49 Superimposition of a conformation of the GTP-bound γ-tubulin dimer in NaCl 

simulation on β-tubulin. (A) γ-tubulin dimer at 200 ns colored in cyan for chain A and deep 

cyan in chain B superimposed on curved β-tubulin (1JFF) in green. (B) γ-tubulin dimer at 

200 ns colored in cyan for chain A and deep cyan in chain B superimposed on straight β-

tubulin (1JFF) in red. 

 

3.2.2.2 Study of Changes of High-Affinity Metal Binding Sites in the Presence of GTP 

The GTP binding sites were monitored for finding the cations interact GTP. Every 10 ns 

conformations of the last 50 ns of MD trajectories of the γ-tubulin dimer were extracted. 

All interacting cations inside the GTP binding site were founded, and then their distances 

from Og and Ob of the GTP were measured. (Figure 3.50) 
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In each chain of the NaCl simulation, two Na+ cations are interacting at a close distance of 

~ 2.4 Å with respect to O1g atom of the GTP in chains A and ~2.3 Å with respect to O2b 

atom of the GTP in chain B. The interaction between Na+ of chain A with O1g atom of 

GTP and Na+ of chain B with O2b atom of the GTP is stable at 2.4 Å for 50 ns from 150 

ns to 200 ns. (Figure 3.50) 

In MgCl2 simulation, two Mg+2 in chain A and one Mg2+ in chain B are found in interaction 

at 3.9 Å - 4 Å with respect to O1g and O3g atoms of the GTP, respectively. Their 

interactions are stable at 4 Å distances. (Figure 3.50)  

In ZnCl2, one Zn+2 was found in stable interaction without any large fluctuations from 150 

ns to 200 ns with the GTP; its interaction with O3g was stable around 4 Å. This interaction 

from 194 to 200 ns is at a distance of 5 Å. (Figure 3.50)  

 

 

Figure 3.50 The distances between GTP and accommodated cations of Mg+2, Zn+2, and 

Na+. The cations with their codes are labeled, and their distances with respect to oxygen 
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atoms connect to the β phosphate or γ phosphate of GTP are measured for the last 50 ns 

from 150 ns to 200 ns.  

 

Interactions between Mg2+- O1g, Mg2+- O3g, Zn2+- O3g, and Na+- O1g was almost stable 

at the GTP binding site. (Figure 3.50 and 3.41) 

Some other cations were found in interactions with the GTP with large fluctuations. They 

are in the binding site ~ 10 ns to 20 ns of trajectories and then leave it. The Zn+2 cation is 

found in interaction with O1g atom of the GTP with chain A at 4 Å from 150 ns to 175 ns; 

it gradually detaches from the binding site. One Zn+2 after 190 ns enters the binding site 

and until 200 ns made stable interactions at 3.9 Å with O1b atom of the GTP at chain A. 

Na+ was found at 3.7 Å from O2g of chain A from 150 ns to 163 ns and then left the binding 

site, and another Na+ interacts at 3.6 Å from O1g of chain A from 165 ns to 195 ns. (Figure 

3.51) 
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Figure 3.51 The distances between GTP and accommodated cations of Mg+2, Zn+2, and 

Na+ founded with large fluctuations. The distances with respect to oxygen atoms connected 

to the β - γ phosphate of GTP are measured for the last 50 ns from 150 ns to 200 ns in three 

MD simulations.  

 

The interactions of the cations with N7 atom of the GTP in three simulations were evaluated 

for both chains to address the new high-affinity binding site. The minimum distance 

between N7 atom of GTP with chain A from Mg+2 cations in the MgCl2 simulation and N7 

atom of the GTP with chain B from Zn+2 cations is ~ 2.1 Å from 150 ns to 200 ns without 

high fluctuations. The N7 atom of chain A in NaCl simulation was in a stable interaction 

with Na+ at 4 Å from 163 ns until 200 ns. Other N7 atoms of the GTP, including N7 atom 

of the GTP in chain B of MgCl2 simulation, chain A in ZnCl2
, and chain B of NaCl 

simulations, were found at a minimum distance from 8 Å - 11 Å from Mg+2, Zn+2, and Na+, 

respectively. (Figure 3.52 A) 

In the GDP simulations, two stable interactions at a distance of 2.3 Å were found between 

N7 of chain B with Mg2+ and Zn2+ cations, respectively. In chain A of divalent simulations 

and both chains of Na+ simulation, the minimum distance of interaction between N7 and 

cations is more than 6 Å. (Figure 3.52 B) 

Apart from the oxygen atoms of the β-γ phosphate belonging to the GTP/GDP, the N7 

atoms of the GDP and GTP in the binding site can interact closely with the divalent cations 

and, therefore, potentially act as a high-affinity metal site.[52-54] 
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Figure 3.52 The minimum distances between accommodated cations into the GTP 

binding site from the N7 atoms of purin ring. The distances with respect to N7 are 

measured for the last 50 ns from 150 ns 200 ns of all three simulations. (A) GTP-bound 

dimer. (B) GDP-bound dimer. 

 

In order to evaluate the role of GTP and MgCl2 in collective motions of the protein, PCA 

was performed on the GTP-MgCl2 dimer. 

The PC1 covers 25% of the variability in the motions of the γ-tubulin under the impact of 

GTP and Mg+2 cations. (Figure 3.53 A) 

The second and third PC is covering 11.19% and 6.24% of the variance with a displacement 

of the Cα atoms of the protein. (Figure 3.53 B-D) 

The projections of trajectory on the first three PCs show that different conformers are 

spread out between PC1-PC2, PC2-PC3, and PC1-PC3 axis. The projection shows that 

there are a considerable number of different conformations. The motions related to each 
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PC gives information about the overall collective motion of the γ-tubulin that has a 

biological function. In GTP-Mg-dimer; the H6-H7 region, which includes the H6 helix, 

H6-H7 loop, and the core helix of the H7, has shown RMS displacement with chain A for 

1 Å and 2 Å with PC vector 1 of chain B. (Figure 3.54) 

Also, the M and T3 loops have shown large motions with PC vector 1 of chain A; their 

RMS motion is 2.6 Å. The M loop has a significant role in lateral interactions in the 

protofilament. However, the biological role of the T3 loop needs more investigation in 

order to be revealed. The H11 and H12 helices have relatively large RMS displacement 

here with a value of 1.5 Å. This shows the significance of the C-terminal domain in the 

collective motion and biological function of the γ-tubulin. (Figure 3.54) 

 

Figure 3.53 Result of PC Analysis on the GTP-bound γ-tubulin dimer in MgCl2 simulation. 

(A) Eigenvalue spectrum: the index of the number of eigenvalues which are ordered from 
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the strongest to weakest contribution to variances (mean square displacement) on X-axis, 

and the Y-axis gives the proportion of variances for each eigenvalue. (B-D) The two-

dimensional trajectory projections of the PC plot show the projection of the motion of the 

conformations obtained from 150 ns to 200 ns of the Cα atoms along with the first three 

principal components (PC1 and PC2, PC2, and PC3, PC1 and PC3). The colored circle 

represents the generated conformations during the last 50 ns of MD simulation.  

 

Figure 3.54 The plot of the RMS displacement per each Cα atoms of a GTP-γ-tubulin 

dimer in MgCl2 simulation for the first three eigenvectors. (A) The RMS displacement for 

atoms of vector 1 colored in red. (B) The RMS displacement for atoms of vector 2 

colored in blue. (C) The RMS fluctuation for atoms of vector 3 colored in green.  
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3.3 Discussions 

The superimposition of the homo-sapiens γ-tubulin dimer on yeast γTuSC dimer shows 

lateral interactions and orientations of the two γ-dimers are not achieved through the 

contribution of similar secondary structure segments. Lateral interactions of Homo-sapiens 

γ-dimer achieved through the contribution of the H8 and H10 helices of both chains, the C-

terminal tail for Tyr443-Trp446, and T7 loop Met249-Pro353. The H3, H9, H10, helices, 

and S2-S3 loop are involved in the lateral interactions in the yeast small complex, which 

are different from the homo-sapiens dimer. Also, the orientation of the H6-H7 helices, if 

considered as representative of two dimers, are different from homo-sapiens and yeast γ-

dimer. The orientation of the H6-H7 of the homo-sapiens dimer is vertical, while horizontal 

in yeast dimer. The template model of MTs nucleation depends on ring shape lateral 

orientation of 7 γ-monomers, but the protofilament model states even one acting γ-

monomer, regardless of exact orientation, nucleates MTs; these two models can be further 

investigated in a computational or a wet-lab study.  

The GTP binding site of the Homo-sapiens γ-tubulin consists of key residues essential for 

developing the GTPase activity. It has been shown that three oxygen atoms of the γ 

phosphate make H-bonds with both water molecules as well as the GTP, which is one of 

the major criteria for developing the GTPase activity and as a necessary step of the reaction. 

The existence of some residues such as Arg and Lys are crucial for GTPase reaction; among 

them, the Arg72, Gln12, Gln184 make close interaction to the GTP. It was observed that 

the side chain of the Arg72 in MgCl2 simulation lower its distances from 12 Å at 100 ns 

the Og atoms of the GTP to ~ 3 Å at 200 ns. However, more computational work is needed, 
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especially QM/MM-based modeling, to investigate the GTP and its interactions in the 

binding site aiming to discover the exact mechanism of the reaction. 

The average electrostatic energy between divalent cations of Zn+2, Mg+2, and each chain is 

more than four times as much as Na+ simulation, -1982.4 kJ/mol in MgCl2 and -2021.1 

kJ/mol in ZnCl2 simulation for chain A compared to the -453.5 kJ/mol in NaCl simulation. 

This was higher than the electrostatic interaction between cations and the monomer and is 

an indication that with the complexes of proteins, the higher number of monomers 

contribute to stronger electrostatic interactions with charged particles or molecules. 

The electrostatic and L-J energy between chains A and B of the γ-tubulin dimer in three 

unliganded simulations was calculated to assess how interaction energy is varied in each 

simulation. The electrostatic and L-J energy between the two chains of the monomer of γ-

tubulin was seen to be stronger and also with higher contributing atoms in the interface in 

simulations with Zn+2 and Mg+2 cations compared to the Na+. The electrostatic energy 

between γ-tubulin chain A and B fluctuating around -1500.2 kJ/mol, and -1400.5 kJ/mol in 

MgCl2 and ZnCl2 simulations, respectively, and about -1250.3 kJ/mol in NaCl simulation. 

The number of interactions between residues of chains A and B involving interface 

interaction at ≤ 4 Ǻ is higher by 100 in the MgCl2 simulation compared to two other 

simulations containing ZnCl2 and NaCl.  

The H10 helix is an essential secondary segment contributing to interactions in the interface 

between two γ-tubulin chains. Considering the contribution of the H10 helix, which was 

around -575 kJ/mol, and compared to -1500.2 kJ/mol (interaction energy between chain A 

and B), it concluded that ~ 1/3 of the electrostatic energy between chain A and B originates 
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from the contribution of both H10 helices in the chains interface. The H10 helix is part of 

the ID domain and undergoes strong rearrangement while the conversion occurred between 

the curved and straight conformation tubulin.  

For both chains, the curved and intermediate conformations were dominant and most 

observed. In GDP, GTP-liganded, and unliganded simulations, the curved was the most 

seen state of the protein. In unliganded simulations for chain A, the curved conformation 

was seen to be a dominant conformation for all three simulations. For almost the last 50 ns, 

the dCOM between H7 and S6 for chain A of γ-tubulin was fluctuating in the range of 1.58 

nm - 1.59 nm for all three simulations.  

In chain B of the γ-tubulin dimer, the intermediate conformation is dominant in NaCl and 

ZnCl2 simulations and a curved conformation in the MgCl2 simulation. The dCOM of H7 

helix and the S6 strand in the NaCl simulation was ~ 1.69 nm from 163 ns to 200 ns. In 

chain B of γ-tubulin in ZnCl2 simulation, the value of dCOM of H7 and S6 was ~ 1.7 nm 

from 170 ns to 180 ns, being at the range of 1.65 nm - 1.66 nm from 150 to 170 and 183 to 

200 ns. The dCOM of chain B in MgCl2 simulation was mostly changed around 1.58 nm - 

1.61 nm from 150 ns to 200 ns.  

The dynamic cross-correlation between the H6-H7 segment of chain A from S8-H10 region 

exhibited almost zero correlation. The T5 loop of chain A, which has a switching role 

during converting curved and straight conformations was seen to have no positive or 

negative correlation with respect to the H6-H7 region of chain A or B. This rather shows 

motion of segments that participate in conformational rearrangement is independent of each 

other and might be dependent on other factors such as lateral interactions. 
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Two residues, Asp180 and Asp433 in MgCl2 and ZnCl2 simulations, were contributed to 

stable interactions at ~ 2 to 2.5 Å from Mg2+ and Zn2+ cations. These stable interactions 

might have biological impacts on γ-tubulin function inside the γ-ring. These two residues 

are located within the necessary region for the function of the γ-tubulin. The Asp433 of 

H12 located at C-ter and Asp180 belong to the T5 loop of the N-ter. Both T5 loop and H12 

helix play important roles in the nucleation of MTs and the functionality of the γ-tubulin. 

The H12 mutation impairs the MTs nucleation, and the function of T5 loop has been shown 

to switch between the curved and straight conformation.    

The principal component analysis is a useful method in structural biology. MD simulation 

generates several million conformations, each different from another one. The major 

conformational variances are not very clear and cannot even be examined by simple 

visualization tools due to a large number of produced conformers. On the other hand, the 

usefulness of the PCA method was proven in many studies that show consistency between 

the obtained results of the PCA with the analysis produced from wet lab-based experiments. 

The PCA is a useful method for evaluations of collecting motions that are involved in 

functionally related activities. Accordingly, it has been shown that biological functions of 

proteins such as substrate binding, product release, allosteric regulation, and hinge bending 

are examples of collective motion. These motions are different from local motions, which 

are not linked to the biological functions. Therefore the majority of the motions that are 

related to the functions of proteins are collective rather than local. Therefore the secondary 

segments with larger displacements in top-ranked PCA are contributing to the biological 

function of the proteins.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
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Around 1.5 Å and 1.Å displacement were observed with vector 1 in chain A of M loop and 

H10 helix, which show they are contributing to the collective motion. The significant 

fluctuation was measured with the PC vector one for H11 and H12 helices at the C-terminal 

of chain A. The role of both helices (H11 and H12) in the biological functions of the γ-

tubulin has been documented elsewhere, and here they show large displacement with vector 

one, as mentioned above. 

With chain B of unliganded γ-dimer in NaCl simulation, both H2 helix and M loop are 

found to have the displacement around 2 Å. The H6-H7 segment was also exhibited 

considerable displacement, which proves its role in the function of the γ-tubulin. 

In contrast to the simulations with the GTP-bond monomer, not only oxygen atoms of the 

α-β phosphate but GDP N7 atom has also made stable interactions with the cations at the 

binding site. This generates a new high-affinity binding site, which for the first time, is 

addressed. Cations in interaction with oxygen atoms of γ phosphate are involved in the 

hydrolysis of the nucleotide. However, the role of interaction with N7 is not known yet. 
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3.4 Conclusions 

In the homo-sapiens dimer, the strength of homo-monomers interactions was evaluated by 

monitoring the number of interactions, H-bonds, and calculating the L-J and electrostatic 

energy between them. In three simulations, the interface interactions were stronger in the 

MgCl2 and ZnCl2. The electrostatic energy between residues of chain A and B fluctuates at 

-1500.2 kJ/mol and -1400.5 kJ/mol in the MgCl2 and ZnCl2 simulations, respectively, and 

~ -1250.3 kJ/mol in the NaCl simulation. Also, the L-J energy between chains A and B is 

stronger in the MgCl2 ~ -840 kJ/mol; it fluctuates around -750 kJ/mol and -550 kJ/mol in 

ZnCl2 and NaCl simulations, respectively.  

The number of interactions and the H-bonds between chains A and B is higher in the MgCl2 

simulation by 100 interactions, and 10 H-bonds compared to either the NaCl or the ZnCl2, 

respectively. This is an indication that electrolytes affect the interactions in multi-monomer 

complexes, which were stronger in Mg+2 simulation. It was also shown that the H10 helix 

is one of the key helices involved in interactions at the interface.  

The main conformations in both chains of homo-sapiens γ-tubulin in three ionic conditions 

are the intermediate and curved conformations. Chain B of unliganded dimer almost always 

adapts the intermediate conformation in all simulations, and chain A in MgCl2, NaCl, and 

ZnCl2 simulations takes both curved and intermediate conformations. These findings 

support the model that the main driving force behind the conversion between curved and 

straight conformations cannot be GTP. The extent to which chain B in the NaCl and ZnCl2 

adapts intermediate conformation is similar to that of the GTP-bound  

γ-monomer, with the H7 and S6 dCOM value fluctuates between 1.60 nm - 1.65 nm.  
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The dynamic cross-correlation analysis has revealed secondary structure segments that 

contribute to straight and curved conversion are move rather independently.  

The motion of Cα atoms of the H6-H7 region with respect to the H10 helix demonstrates 

no positive correlation but rather zero correlation, and this shows they move independently.  

The T5 loop was seen to have no positive correlation with respect to the H6-H7 region in 

both chains A and B.  

One of the key questions that can be addressed is the GDP role in inducing conformational 

changes compared to the role of GTP. Straight conformation was not observed in the GTP 

and GDP liganded simulations; the curved and intermediate conformations were the 

dominant conformations. It can be deduced that the curved or intermediate conformation 

was the major and active conformations in the active γ-ring responsible for the nucleation 

of MTs.  

In opposition to the allosteric model, there is not enough evidence from GDP and GTP  

simulations of γ-dimer to show they contribute curved to straight conversion. No significant 

differences were observed in terms of the H7 and the S6 dCOM in GDP-bound or GTP-

bound simulations. For instance, in chain A of GTP-bound γ-dimer, the intermediate and 

curved conformations with dCOM of H7 and S6 between 1.50 nm -1.68 nm were dominant 

in MgCl2 and ZnCl2.   

In both GDP and GTP simulations, the nucleotide-binding sites accommodated Mg+2, Zn+2 

as well as Na+. The exact location of the high-affinity site was found to interact closely to 

β-γ oxygens. This shows that the high-affinity metal site does not only depends on the 
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availability of the oxygen atoms of γ phosphate, but in GDP simulations, the oxygen atoms 

of β phosphate can also interact with cations. It has been shown that the N7 atom of GDP 

or GTP interacts with the divalent cations at 2 Å. Therefore, the purin ring of the GTP or 

GDP can also be another potential high-affinity metal-binding site with an unknown 

function.  

The interaction of Mg+2 with GDP contributes to larger interaction energy between GDP 

and the residues of the binding site, which was seen in the GTP binding as well. The IE 

between residues of chain A and GDP are -1122.3 kJ/mol, -944.4 kJ/mol, and -935.9 kJ/mol 

in MgCl2, ZnCl2, and NaCl simulations, respectively. Some residues have a larger 

contribution to the IE with GDP. For three simulations Gln12, Thr145, Cys13, Ser147, 

Gly143, and Gly144 were involved strongly in interaction with the GDP. The IE between 

Gln12, Thr145, Cys13, and Ser147, and GDP in MgCl2 simulation are -152.3 kJ/mol, 

 -133.8 kJ/mol, -117.0 kJ/mol, and -119.2 kJ/mol respectively. These values for the same 

residues of Gln12, Thr145, Cys13, Ser147 under ZnCl2 simulation are -85.1 kJ/mol, -159.6 

kJ/mol, -118.2 kJ/mol, -80.8 kJ/mol and for NaCl simulation are -177.1 kJ/mol, -32.5 

kJ/mol, -128.1 kJ/mol, -134.2 kJ/mol respectively. The interaction energy between the 

Arg72 with chain A of GDP-bound simulations are -64.1 kJ/mol, -2.5 kJ/mol, and -13.7 

kJ/mol for MgCl2, ZnCl2, and NaCl simulation, respectively.  

The functional motions of the proteins are of significant importance to structural biology. 

The collective motions determine the key displacement with the domains of the proteins 

during allosteric changes, binding of substrate, movement of the hinge regions, and the 

release of the product. The PCA was performed on three different simulations, unliganded 
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dimer in NaCl simulation, GTP-bond dimer in MgCl2, and GDP-bound dimer under ZnCl2 

simulation. In both GTP-bound and GDP-bound simulations, the H6-H7 region was found 

to be involved in collective motion. The role of the H6-H7 region in the straightness and 

curvature of the tubulin is known in β-tubulin. The H11 (Ser385-Lys400) and H12 

(Asp419-Ala437) helices at C-terminal domain of γ-tubulin, with chain A in GDP-bound 

in ZnCl2 and unliganded dimer in NaCl simulations, have shown large RMS displacement 

with their first PCA vector with 2 Å and 1 Å. In chain A of the unliganded dimer in NaCl, 

GDP-bound in ZnCl2, and GTP-bound in MgCl2 simulations, H2 and H3 helices were 

shown to be involved in collective motions, but their functional role has not yet been 

discovered. In the liganded dimer, the H10 helix M and T5 loops were found to contribute 

to the collective movements. The role of the T5 loop is considered as switching between 

the transition from curved to straight conformations. T3 (Ser94-Asn103), H2 (Arg72-

Asn79), and H3 (Trp104-Asp127) helices contributed to the collective motion, and their 

roles remain elusive.  
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3.6 Appendix 

 

Figure A1: (A) The dCOM between H7 and S6 from 150 ns to 200 ns for unliganded monomer in MgCl2. 

(B) The RMSD of 200 ns of simulations of unliganded MgCl2 simulations.  

 

 

Figure A2: (A) The dCOM of H7 and S6 from 150 ns to 200 ns for unliganded monomer in ZnCl2 

simulations. (B) The RMSD of 200 ns of simulations of both sets of unliganded ZnCl2.  
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Figure A3: The dCOM of H7 and S6 from150 ns to 200 ns for unliganded monomer in NaCl simulations. 

(B) The RMSD of 200 ns of simulations of both sets of unliganded NaCl. 

 

 

Figure A4: (A) The dCOM between H7 from S6 from 150 ns to 200 ns for GTP-liganded monomer in 

MgCl2. (B) The RMSD of 200 ns of simulations of both sets of liganded MgCl2.  
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Figure A5: (A) The dCOM of H7 and S6 from 150 ns to 200 ns for GTP-liganded monomer in ZnCl2. (B) 

The RMSD of 200 ns of simulations of both sets of liganded ZnCl2.  

 

 

 

Figure A6 (A) The dCOM of H7 and S6 from 150 ns to 200 ns for GTP-liganded monomer in NaCl. (B) 

The RMSD of 200 ns of simulations of both sets of liganded NaCl.  
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Figure A7: The min distances between Mg+2 and O1g atom of GTP colored in green in set 1, and Mg+2 

with respect to O1g colored in blue in set 2 for GTP-liganded monomer. 

. 

 

 

Figure A8: The min distances between Zn+2 and O3g atom of GTP with set 1 colored in green, and Zn+2 

with respect to O1g colored in blue in set 2 for GTP-liganded monomer. 
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Figure A9: The distances between Na+ and O2a atom of GTP with set 1 colored in red, and Na+ with 

respect to O1g colored in green in set 2 for GTP-liganded monomer. 
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Figure A10: The conformation of unliganded γ-tubulin monomer at 173 ns superimposed on curved 

(1SA0) and straight (1JFF) conformation of β-tubulin. The Straight and curved β-tubulin colored in red and 

green and γ-tubulin in pink. 
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Figure A11: The conformation of set1 of GTP liganded monomer of ZnCl2 at 170 ns superimposed on 

curved (1SA0) and straight (1JFF) conformation of β-tubulin. The Straight and curved β-tubulin colored in 

red and green and γ-tubulin in pink. 

 

 

 

 

  

Figure A12: The electrostatic energy between cations and each domain of the γ-tubulin in set 1 of 

unliganded monomer simulations. The interaction energy between Mg2+ and protein coloured in blue, 

between Zn2+ and protein in orange and black for Na+ simulation.  
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Figure A13: The electrostatic energy between set 1 of GTP liganded monomer and cations for each 

domain of the γ-tubulin. The interaction energy between Mg+2 and protein coloured in blue, between 

Zn+2 and protein in orange and black for Na+ simulation.  
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Figure A14: The number of H-bond between the oxygen atoms of γ phosphate (O1g, O2g, 

and O3g of GTP) and GTP binding site of γ-tubulin. Number of H-bond in set 1 of GTP-

monomer simulation. The cut-off for both is set to 4 Å. Colored in blue, with ZnCl2
 

represented in red and green in NaCl simulation. 

 

Figure A15: The number of H-bond between the oxygen atoms of γ phosphate (O1g, O2g, 

and O3g of GTP) and GTP binding site of γ-tubulin. Number of H-bond in set 2 of GTP-

monomer simulation. The cut-off for both is set to 4 Å. Colored in blue, with ZnCl2
 

represented in red and green in NaCl simulation. 
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Figure A16: The number of interactions between the oxygen atoms of γ phosphate (O1g, 

O2g, and O3g of GTP) and GTP binding site of γ-tubulin. Number of H-bond in set 1 of 

GTP-monomer simulation. The cut-off for both is set to 4 Å. Colored in blue, with ZnCl2
 

represented in red and green in NaCl simulation. 
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Figure A17: The conformation of set 1 of γ-tubulin at 200 ns with interacting Zn+2 at ≤ 

4.5 Å. Zn+2 is colored in sphere red and interacting residues in a stick. The GTP in stick 

representation with its interacting Zn to O1g.  
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Figure A18: The conformation of set 1 of γ-tubulin at 200 ns with interacting Mg+2 at ≤ 

4.5 Å. Mg+2 is colored in sphere red and interacting residues in a stick. The GTP in stick 

representation with its interacting Mg to O1g.  

 

 

 

 

 

 

 

 


