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Terapötik proteinlerin, peptitlerin, nükleik asitlerin, hormonların ve enzimlerin 

saflaştırılması veya ayrılması için etkin olarak kullanılan immobilize metal afinite 

kromatografisinde (IMAK), çeşitli fonksiyonel ligandlar ile metal iyonlarının 

etkileşimleri, bu yöntem ile ayrılması sağlanacak olan biyomakromoleküllerin 

bağlanma davranışlarını etkilemektedir. Birinci sıra geçiş metal iyonları (Zn2+, Ni2+, 

Cu2+, ve Fe3+), elektronca zengin (O, N, S içeren) iminodiasetik asit, nitrilotriasetik 

asit ve triskarboksimetil etilen-diamin gibi moleküllerle iyon dipol etkileşimleri 

üzerinden koordinasyon bağı kurarlar ve bunun sonucunda kararlı kompleksler 

oluştururlar.  

 

Bu tez çalışmasında, immobilize metal afinite kromatografisinde yer alan 

etkileşimler dikkate alınarak, bilgisayarlı ortamda fonksiyonel ligand ve seçilen 

metal iyonları etkileşimlerinin modellenmesi ve etkin ayırma yöntemlerinin 

geliştirilmesi amaçlanmıştır. N-metakriloil-L-histidin metil ester (MAH) fonksiyonel 

ligand ve Zn2+ iyonları şelatlayıcı iyon olarak seçilmiştir. MAH monomeri Avogadro 
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programı kullanılarak bilgisayarlı ortamda çizilmiştir. İnsan insulin ve at kalbi 

sitokrom c, seçilen metal-ligand ile etkileşime girecek hedef moleküller olarak 

seçilmiştir. Otomatik moleküler yaklaşım yazılımı olan AutoDock 4.2, MAH 

monomerinin ve Zn2+ ile şelatlanmış MAH monomerinin, insan insulin ve at kalbi 

sitokrom C ile moleküler yaklaşım etkileşimlerinin incelenmesi için kullanılmıştır. Bu 

amaçla, sırasıyla, Zn2+ iyonlarına bir, iki ve üç molekül MAH bağlanmıştır. Yapılan 

moleküler yaklaşım çalışmaları sonucunda, bir molekül MAH monomerine bağlı 

Zn2+ iyonları ile en düşük bağlanma enerjisi elde edilmiştir. İnsan insülini için en 

düşük bağlanma enerjisi (- 4.14) kcal/mol ve at kalbi sitokrom C için en düşük 

bağlanma enerjisi (-4.92) kcal/mol olarak hesaplanmıştır.  

 

 

Anahtar Kelimeler: IMAK, MAH, insulin, sitokrom C, bilgisayarlı yöntemler. 
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ABSTRACT 

 

CHARACTERIZATION OF METAL IONS INTERACTIONS IN 

IMMOBILIZED METAL ION AFFINITY CHROMATOGRAPHY BY 

USING COMPUTATIONAL TOOLS 

 

 

Dima SALHA 

MASTER OF SCIENCE, Department of Bioengineering 

 

 

Supervisor: PROF. DR. Adil DENIZLI 

Co- Supervisor: Dr. A. Müge ANDAÇ ÖZDİL 

May 2017 

 

Immobilized metal ion affinity chromatography (IMAC) has become a widespread 

analytical and preparative separation method for therapeutic proteins, peptides 

nucleic acids, hormones, and enzymes. Many transition metals can perform stable 

complexes with electron rich compounds and may coordinate molecules containing 

O, N, and S by ion dipole interactions. Metal ion ligands are first-row transition metal 

ions (Zn2+, Ni2+, Cu2+, and Fe3+) incorporated by iminodiacetic acid, nitrilotriacetic 

acid, and tris (carboxymethyl) ethylene-diamine. 

In this study we applied computational docking method on the interactions that 

occur in immobilized metal ion affinity chromatography. N-Methacryloyl-L-histidine 

Methyl Ester (MAH) is used as functional ligand. Then Zn2+ ions is selected to be 

chelated through imidazole groups on the MAH. N-Methacryloyl-L-histidine Methyl 

Ester (MAH) was drawn and created using Avogadro which has auto optimization 

tool. Human insulin molecule and horse heart cytochrome C are selected as targets 

to be interacted with our functional ligand. Automated docking software AutoDock 
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4.2 was used for docking of MAH molecules with human insulin and cytochrome C 

respectively. Thereafter, Zn2+ ion bound to one, two and three N-methacryloyl-L-

histidine methyl ester (MAH) are studied and compared separately. By chelating 

Zn2+ ion to one MAH molecule and using human insulin as a target protein, the 

lowest binding energy (- 4.14) kcal/mol is found.  Similarly, when horse heart 

cytochrome C is used as a target protein the lowest binding energy is (-4.92) 

kcal/mol by chelating Zn2+ ion to one MAH molecule. 

 

Keywords: IMAC, MAH, insulin, cytochrome C, computational methods 
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Abbreviations 

 

IMAC                Immobilized metal ion affinity chromatography 
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1. INTRODUCTION 

 

There is an ever-increasing necessity for studying structures and interactions of 

proteins which aim to achieve protein production in industrial and academic scales 

for a variety of applications. These include biopharmaceutical production, 

exploratory research, drug discovery initiatives, biotechnology products, target 

validation, and high-throughput screening. Consequently, there is an absolute 

requirement for the development of rapid, cost-effective methodologies which 

facilitate the purification of such products in the absence of contaminants, such as 

superfluous proteins and endotoxins [1]. Immobilized metal ion affinity 

chromatography (lIMAC) is an efficient method for purification of biomolecules in 

both analytical and large-scale modes [2-5]. This kind of chromatography is based 

on the selective interaction of immobilized metal ions with proteins through their 

surface-exposed amino acid residues such as histidine, cysteine and tryptophan [6-

9]. Many transition metals can form stable complexes with electron-rich compounds 

and may coordinate molecules containing O, N and S by ion dipole interactions [10]. 

As ligands for affinity separation, there are many benefits offered by immobilized 

metal ions. They are robust, small, inexpensive, physically and chemically stable, 

and can be easily coupled to matrices at high density resulting in high-capacity 

adsorbents [11]. The overall research strategy for the design of sterilizable, durable 

and highly selective affinity ligands contains five parts (Figure 1): 

1) Identification of a target site and design of appropriate ligand which is 

complementary to the target based on X-ray crystallographic studies of 

complexes between the natural target protein and the biological ligand. 

2) Solid phase synthesis and evaluation of related ligands. 

3) Screening of the ligand library for binding the target protein by affinity 

chromatography. 

4) Using in silico molecular modeling and docking of the ligand into the target 

protein to support selection and characterization of the lead ligand, (an 

affinity constant K d in the range of 10-3 to 10-8 M between the protein and the 

immobilized ligand generally proves usable). 
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5) Optimization of the adsorbent and chromatographic parameters for the 

purification of the target protein.  

By using this strategy, a nontoxic, chemically defined, fully synthetic and 

inexpensive affinity ligand can be obtained and used for the purification of high-

value biopharmaceutical products [12]. 

The computational prediction of molecular complexes (molecular docking) is an 

important element for the understanding of functional relationships on molecular 

level [13]. In the field of molecular modeling, docking is a method which predicts the 

preferred orientation of one molecule to a second when bound to each other to form 

a stable complex. Knowledge of the preferred orientation in turn may be used to 

predict the strength of association or binding affinity between two molecules using 

for example scoring function [14].  Various software packages are commercially 

available to perform molecular modeling and docking. These software packages 

have a choice of energy minimization and automated docking programs that permit 

one to calculate, visualize and hypothesize about the energy and orientation of 

molecules in their three-dimensional state and when complexed with putative 

ligands [12].   

The realistic prediction of protein–ligand complex structures (protein–ligand 

docking) is of major importance because only a small fraction of real and putative 

protein–ligand interactions in a cell can be determined experimentally. Modeling the 

interaction of two molecules is not an easy task. Many forces are involved in the 

intermolecular association, including hydrophobic, van der Waals, or stacking 

interactions between aromatic amino acids, hydrogen bonding, and electrostatic 

forces. Modeling the intermolecular interactions in a ligand-protein complex is 

difficult since there are many degrees of freedom as well as insufficient knowledge 

of the effect of solvent on the binding association. The process of docking a ligand 

to a binding site tries to mimic the natural course of interaction of the ligand and its 

receptor via the lowest energy pathway [15]. 

In this study, we applied computational docking method on the interactions that 

occur in immobilized metal ion affinity chromatography. N-Methacryloyl-L-histidine 

Methyl Ester (MAH) is used as functional ligand. Then Zn2+ ions is selected to be 

chelated through imidazole groups on the MAH. Human insulin molecule and horse 
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heart cytochrome c are selected as targets to be interacted with our functional 

ligand.  This docking study is carried out by using automated docking software 

AutoDock 4.2., and the results are visualized by using Pymol and Chimera 

programs. 

 

 

 

Figure 1. Research strategy for the design of de novo affinity ligands. 
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2. GENERAL INFORMATION 

 

2.1. Affinity Chromatography 

2.1.1. History of affinity chromatography  

Affinity chromatography is a particular variant of chromatography in which the 

unique biological specificity and reversibility of the target analyte and ligand 

interaction is utilized for the separation [16]. 

The first article which published by the German scientist, Emil Starkenstein in 1910 

described the concept of resolving macromolecule complexes via their interactions 

with an immobilized substrate. This manuscript discussed the influence of chloride 

on the enzymatic activity of liver α-amylase and was the corner stone of the early 

beginnings of this approach by several researchers [17]. 

Affinity chromatography was first used in the isolation of enzymes in 1953 by 

lLerman, who isolated ltyrosinase on a column of cellulose with ethereally bound 

resorcinol residues. In subsequent year's affinity chromatography was employed 

only rarely, the reason clearly being the character of the insoluble supports that did 

not offer sufficient possibilities for complex formation between the product to be 

isolated and the attached laffinant [18]. Affinity chromatography is still developing. 

It has played a central role in many “lOmics” technologies, such as genomics, 

proteomics and metabolomics [17]. 

 

2.1.2. Fundamental principles of affinity chromatography 

Affinity chromatography separates proteins on the basis of a reversible interaction 

between a protein (or group of proteins) and a specific ligand coupled to a 

chromatography matrix. The technique offers high selectivity, hence high resolution, 

and usually high capacity for the protein(s) of interest. Purification can be in the 

order of several thousand-fold and recoveries of active material are generally very 

high [19]. 
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Figure 2. Schematic representation of the main steps in affinity chromatography 

[19].   

 

2.1.3. General formats of affinity chromatographic applications 

In the following figure, we can see the format that is used for both traditional and 

high pressure affinity chromatographic applications, in order to separate 

biomolecules. 
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Figure 3 The format that is used for both traditional and high pressure affinity 

chromatographic applications [20]. 

 

The first step includes the injection of the sample in the affinity column, under 

conditions that let the target or the analyte of interest to bind to the immobilized 

ligand in a strong way. An aqueous buffer with pH and ionic strength, that simulates 

the inherent conditions of the ligand and its target, is regularly used in this kind of 

applications. During the use of the buffer, the elution of compounds in the sample, 

which do not interact much or at all with the ligand, is occurring and as a result a 

non-retained peak can be obtained [20]. 

 

Later, the dissociation of the target from the affinity ligand takes place by using an 

elution buffer. An essential requirement of this step is the alteration of the sample 

composition in the mobile phase in order to enable the elution of the target. This 

can be achieved either by adding a competing agent which is responsible for the 

displacement of the target from the column or by changing the pHlconditions. The 

collection of the released target during this elution procedure is also possible and 

this target can be analyzed later in order to provide more information. The direct 

monitoring of the elution target, by using an lHPLC support in the affinity column, is 

also feasible by an on-line method. 

Combinations of both on-line and off-line methods with detection methods like 

absorbance, fluorescence or mass spectrometry are also possible. lThe 
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regeneration of the column before the next application can be made by passing 

through the original application buffer, after the elution of the target [21]. 

The scheme in the figure above is known as the on/off or step elution mode of 

affinity chromatography and it is responsible for the capture and the elution of the 

target [9]. This has been used in a wide range of applications not only in order to 

isolate compounds but also for the preparation procedure of the sample, especially 

in applications regarding biomedical and pharmaceutical analyses. The main 

reasons for this choice are the fact that this issue can be characterized as simple, 

selective, flexible, and relatively easy to use [22]. In addition, the automation of the 

format is easy when affinity columns, which are suitable for lHPLC applications or 

as a part of lHPLC systems, are used. Ultimately, this issue can be also used in 

order to detect analytes directly. In the step of elution mode, on-linel absorbance or 

fluorescence detectors are used for this reason. Apart from these, mass 

spectrometric applications and post column reactors can also be used [23]. 

 

2.1.4. Biomolecules purified by affinity chromatography 

In 1951, antibodies were first purified using affinity chromatography when Campbell 

et al. used affinity chromatography to isolate rabbit anti-bovine serum albumin 

antibodies. For their purification, bovine serum albumin was used as the affinity 

ligand on a cellulose support. Two years later, this technique was expanded to 

purify mushroom tyrosinasel using an immobilized inhibitor of the enzyme 

(lazophenoll). Since then, affinity chromatography is commonly used to purify 

biomolecules such as enzymes, antibodies, recombinant proteins, and other 

biomolecules [17]. 

Affinity lchromatography is a powerful tool for the purification of substances in a 

complex biological mixture. It can also provide separation of denatured and native 

forms of the same substance. Consequently, biomolecules which are difficult to 

purify have been obtained using lbioselective adsorbents, e.g. immobilized metal 

ions (Ni2+ and Zn2+) used to purify proteins containing zinc finger domains with 

natural affinity to divalent ions. The relative specificity degree of the affinity 

chromatography is due to the exploitation of biochemical properties inherent in 

certain molecules, instead of using small differences in physicochemical properties 
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(such as size, form and ionic charge, which are employed by other chromatographic 

methods) [24]. 

 

2.1.5. Immobilization of affinity ligands 

When designing an affinity chromatography method for biomolecule purification, 

immobilization of the affinity ligand is also very important. Care must be taken when 

immobilizing an affinity ligand to ensure that the affinity ligand can actively bind the 

desired target after the immobilization procedure. Activity of the affinity ligand can 

be affected by multi-site attachment, orientation of the affinity ligand, and steric 

hindrance [17]. See Figure 4. 

  

Figure 4. Immobilization of affinity ligands [17]. 

 

By contrast, most affinity purification strategies – especially those involving 

antibodies and other proteins – depend upon covalent chemical conjugation of 

ligands to the solid support matrix. Affinity ligands that have broad applicability are 
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commercially available in a variety of ready-to-use, pre-immobilized forms. 

Examples include Protein A agarose resin for general antibody purification and 

streptavidin magnetic beads for purifications involving biotinylated molecules. 

Affinity chromatography utilizes the specific interactions between two molecules for 

the purification of a target molecule. A ligand having affinity for a target molecule is 

covalently attached to an insoluble support and functions as bait for capturing the 

target from complex solutions. The affinity ligand can be any molecule that will bind 

the target without also binding other molecules in the solution [25]. 

 

Ideally, immobilization methods which specifically avoid attaching the affinity ligand 

via functional groups within the binding site(s) are used. Undoubtedly, when 

performing affinity purifications, it is important to ensure the affinity ligands are 

immobilized so that the binding regions are exposed and free to interact and bind 

with the target molecules [17]. 

 

Affinity ligands have evolved from antibodies, enzymatic substrates, nucleic acids, 

cofactors, lcoenzymes, llectins, hormones, effectors, and inhibitors to a great 

diversity of small, low molecular weight peptides, lpolypeptides, and other organic 

structures. These newer classes of ligands can be made using biosynthetic and 

wholly synthetic methods. Common to all selection strategies is the need to begin 

with a variety of structures from which to discover candidate affinity ligands [26]. 

 

Affinity ligands can be covalently immobilized, adsorbed onto a surface via 

lbiospecific or nonspecific interactions, entrapped within a pore, or coordinated with 

a metal ion as in metal-ion affinity chromatography (IMAC).  

One of the most common methods of attaching an affinity ligand to a solid support 

material is covalent immobilization. There is a wide range of coupling chemistries 

available when considering covalent immobilization methods. IAmine, lhydroxyl, 

lsulfhydryl, lcarboxyl, and laldehyde groups have been used to link affinity ligands 

onto support materials [17]. 
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2.2. Immobilized Metal Ion Affinity Chromatography 

2.2.1. General Concepts of IMAC 

Immobilized metal ion affinity chromatography (lIMAC) firstly introduced by lPorath, 

lCarlsson, Olsson and lBelfrage [27], is another type of affinity chromatography 

which has been showing huge growth when used in biomedical analysis [20]. IIMAC 

was first designated as “metal chelate chromatography” [28] and later metal ion 

interaction chromatography and ligand-exchange chromatography before gaining 

its current term as immobilized metal ion affinity chromatography [29]. 

 

IMAC introduces a new approach for selectively interacting materials on the basis 

of their affinities for chelated metal ions [30]. Metal ion coordination with biological 

molecules is well suited to affinity adsorption due to its specificity and stability [31]. 

IMAC is centered on the interactions between immobilized metal ions and specific 

target groups from the protein surface, such as amino acids, peptides, proteins, and 

nucleic acids [20]. Moreover, it has been widely approved that concerning amino 

acids, tryptophan, histidine and cysteine residues play the most crucial role in the 

binding of proteins in IIMAC, due to their strong interaction with metal-ions [32]. In 

IIMAC a matrix is used and the metal ions are immobilized within a column through 

the use of chelating groups like liminodiacetic acid, lnitrilotriacetic acid, 

lcarboxymethylatedaspartic acid, and lL-glutamic acid. Metal ions that are often 

chelated to these groups include Ni2+, Zn2+, Cu2+
 and Fe2+ [32]. 

 

IIMAC was originally named as “metal chelate chromatography” because it was first 

developed for the separation and isolation of metal and histidine containing 

proteins. In this case, the sample is passed through an IIMAC column, and firstly 

the targets that can bind to the immobilized metal ions are retained and later a 

competing agent is added or the pH is changed in order for the targets to be eluted. 

In spite of the use of IIMAC for the purification of proteins, recently there is a wide 

variety of other areas where it can be applied [20]. 

 

To begin with, lTakeda, lMatsuoka and lGotoh report the employment of lIMAC for 

the detection of drugs such as ltetracyclines, quinolones, macrolides, lβ-lactams, 
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and laminoglycosides. Furthermore, lFelix et al. investigate the use of lIMAC for 

detection of biomarkers in the serum, urine, and tissues in order for diseases to be 

diagnosed. In this last case, the use of lIMAC has been combined with mass 

spectrometry in surface-enhanced laser desorption/ionization (SELDI). Finally, in 

their work Sun, lChiu and He examine lIMAC prior to mass spectrometry analysis 

for the enrichment of lphosphoproteins [20]. 

 

Another recent interest of the researchers towards the immobilized metal ion affinity 

chromatography includes the refinement of lIMAC for protein purification. lIMAC has 

not been used a lot for large scale protein purification, thus researchers are highly 

interested in the investigation of the above and more specifically of unexpected 

conditions, for example what happens if there is a leakage of metal ions from lIMAC 

columns. In this case, the metal ions may interfere with the purity of the protein 

raising concern for the researchers. Another issue of concern is the removal of the 

histidine tag from the recombinant protein when lIMAC is used to isolate 

recombinant histidine-tagged proteins, and its possible co-elution with other 

proteins from the specific sample. As a result of the above, there is a great potential 

for improvements as far as lIMAC applications are concerned. The development of 

new chelating ligands for lIMAC, as well as methods to control better the selectivity 

of lIMAC while proteins are isolated from samples, are two examples of new issues 

that should be investigated towards lIMAC applications [20]. 

 

2.2.2. Components of IMAC  

2.2.2.1. Metal Ions 

 

A search of the literature on IMAC reveals a bewildering array of metal ions that 

have been used in this technique (e.g. Ag+, Al3+, Ca2+, Co2+, Cr3+, Cu2+, Eu3+, Fe3+, 

Hg2+, La3+, Mn2+, Nd3+, Ni2+, Yb3+, Zn3+). The reason for this is that the nature of the 

metal ion (and indeed its chelator) influences the selectivity and affinity of the 

protein interaction [33]. 
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The choice of the metal ion immobilized on the iIMAC ligand relies on the 

application. While trivalent lcations such as Al3+, Ga3+, and Fe3+ or tetravalent Zr4+ 

are preferred for capture of lphosphoproteins and lphosphopeptides, divalent Cu2+, 

Ni2+, Zn2+, and Co2+ ions are used for purification of lHis-tagged proteins. 

Combinations of a ltetradentate ligand that ensures strong immobilization, and a 

metal ion that leaves two coordination sites free for interaction with biopolymers 

(Ni2+, Co2+) has gained most acceptance and produces similar recovery and purity 

of eluted protein [34]. 

 

Although still not fully understood, the interaction used in IMAC depends on the 

formation of coordinated complexes between metal ions and electron donor groups 

on the protein surface. Some amino acids are especially suitable for binding and 

histidine is the one that exhibits the strongest interaction, as electron donor groups 

on the imidazole ring in histidine readily form coordination bonds with the 

immobilized transition metal. Cysteines can also contribute to binding if free 

sulfhydryl group are available in the appropriate, reduced state. Although also 

aromatic side chains of Trp, Phe and Tyr can interact with metal ions the actual 

protein retention in IMAC is based primarily on the availability of histidyl residues. 

Since many proteins contain these amino acids, it might be expected that all 

proteins are capable of binding to metal chelate columns. However, the residues 

must be located at the surface of the protein for successful coordination and the 

strength of interaction will depend on the number of such coordinations. 

 

The borderline acids, containing Co2+, Zn2+, Cu2+ and Ni2+, coordinate favorably with 

aromatic nitrogen atoms "borderline bases" and also with sulfur atoms "soft bases". 

The retention strength of the borderline metal lcations, as chelated by 

liminodiacetate (IDA), follows the order Cu(II)>Ni(II)>Zn(II) ~Co(II). It may be noted 

that use of chelated metal ions displaying the highest protein retention does not 

necessarily translate into the best protein separation, since very high retention 

could also lead to increased adsorption of impurities [35]. 
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2.2.2.2. Chelating Ligand 

Metal chelators bound to chromatographic media fix the metal ion to a solid support, 

enabling the separation process to take place [33]. Chelating ligands are relatively 

inexpensive and capable of high metal ion loadings, which permit high protein-

binding capacities. Moreover, the matrices can be re-used many times and can 

easily be regenerated by adding a buffer containing the specific metal ion. The 

ligands are stable over a wide range of temperatures and solvent conditions 

although reducing and chelating agents must be avoided as these readily displace 

chelated metal ion. The loss of metal ions is more pronounced at lower pH values. 

Apart from leading to reduced adsorption capacity, metal ions that leak from the 

sorbent can cause damage to the target proteins by metal-catalyzed reactions [34]. 

 

Several factors have been taken into consideration during the design of chelating 

ligands. Increasing the dentation number of the chelator will increase its affinity and 

reduce unwanted metal ion leakage from the column. Comparing with this, the need 

to provide free coordination sites for the protein with binding capacity and affinity 

increasing as the number of these sites increases. Furthermore, metal ion transfer 

must be avoided, i.e. the chelating ligand must bind the metal ion sufficiently tightly 

so as not to be stripped by proteins in the mixture to be purified [33]. 

 

The greater number of the chelating groups used in lIMAC are lmultidentate 

chelating compounds providing the strength of the complex formed by the protein, 

metal ion and chelating group. The composition of the eluent buffer employed varies 

greatly when one is trying to find optimal conditions for a given protein separation, 

and in many cases, is the main factor of the specificity reached in some lIMAC 

based purification protocols. These chelating substances are attached on the 

sorbent surface via spacers "linkage groups" which can differ in length and 

composition.  

 

The final structure formed after the metal ion is chelated by the chelating group 

must allow some free coordination sites in the metal ion for the adsorption or binding 

of proteins or solvent molecules. Variation in the number of free coordination sites 
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may in part expound why some chelating substances (IDA, lIminodiacetic acid; 

lNitrilotriacetic acid, NTA, etc.) exhibit different lselectivities and adsorption activities 

towards a given target protein. In the three-dentate IDA, the metal will bind to the 

nitrogen atom and the two lcarboxylate oxygens, leaving three sites for protein or 

solvent molecules "using Ni". In the same way, the tetradentate NTA is supposed 

to bind the chelating resin can have an important effect on metal ion with an extra 

carboxylate oxygen; this could give it a superior metal chelating strength, but on the 

other hand a weaker protein retention power [36]. Another feature of the 

ltetradentate chelator would be a minor risk of metal leaching [37]. Fig.5 shows a 

model of the most commonly used chelators, IDA and NTA bound to Ni (II) atoms. 

 

ITACN has recently been introduced and used with a range of ‘soft’ metal ions. This 

chelator exhibits remarkable metal-binding stability at low pH, where other chelators 

would exhibit loss of the metal. This extended pH range could be used to gain 

further selectivity. Thelpentadentate TED offers very tight metal ion binding and 

highly selective protein binding. Furthermore, the strength of metal ion binding to 

TED can be exploited as a second column to remove potentially leached metal ions 

from other lIMAC eluates [33]. 
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Figure 5. Schematic representation of IDA and NTA metal chelation [33]. 

 
2 
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Table 1. Abbreviation, names and functional structures of chelators. 

 

 

N-methacryloyl-L-histidine methyl ester (MAH) was developed as a functional 

ligand for affinity separation of proteins by introducing functional imidazole groups 

into polymer structure without any leakage [38]. MAH was used as the metal-

coordinating monomer due to the affinity of imidazole nitrogen donor atoms towards 

metal ions [39].  

 

2.2.2.2.1. Synthesis of N-Methacryloyl-L-histidine Methyl Ester (MAH) 

The synthesis of MAH was adapted from the procedure reported by ref [35].  Briefly, 

5.0 g of L-histidine methyl ester and 0.2 g of hydroquinone were dissolved in 100 

mL of dichloromethane solution. This solution was cooled down to 8 °C, 12.7 g 

triethylamine was added followed by pouring slowly. 5.0mL of methacryloyl chloride 

and then the mixture was stirred magnetically for 2 h. At the end of this chemical 

reaction, amino acid methyl ester and triethylamine were extracted with 10% HCl. 

The product and methacryloyl chloride in dichloromethane were evaporated in a 

rotary evaporator and separated by column chromatography with chloroform/ethyl 

acetate mixture. The purified product was crystallized from ethyl acetate and 

cyclohexane. The structure of MAH was confirmed by NMR spectroscopy. The 

proton NMR spectrum of MAH monomer was taken in CDCl3 on a JEOL GX- 

400MHz instrument. The residual non-deuterated solvent tetramethylsilane (TMS) 

served as an internal reference. Chemical shifts are reported relative to TMS [38]. 
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Figure 6. Synthesis of N-Methacryloyl-L-histidine Methyl Ester (MAH) monomer 

[38]. 

 

2.2.2.3. Media 

Basically, the requirements of the support in IMAC are the same as also apply to 

affinity chromatography; easy to derivatize, exhibit no unspecific adsorption and 

have good physical, mechanical and chemical stability. Beaded agarose is the 

support predominantly used [34]. 

 

The first commercially available IIMAC medium was IDA-lSepharose (AP Biotech). 

Today, many IDA chelating media are available, including modified forms of 

lSepharose (AP Biotech), agarose, polystyrene, polystyrene/divinylbenzene 

(lPoros-Perseptive lBiosystems), poly (lalkalhydroxy-methacrylate), silica and even 

magnetic polystyrene beads (lDynabeads, lDynal Inc.). Among these types most 

are available as loose media and lpre-packed columns for either low pressure or 

high performance liquid chromatography [33]. 

 

2.3. IMAC Applications 

Initially developed for purification of native proteins with an intrinsic affinity to metal 

ions, IIMAC has turned out to be a technology with a very big field of applications. 

On the chromatographic purification side, the range of proteins was expanded from 

the primary lmetalloproteins to antibodies, recombinant His-tagged proteins and 

phosphorylated proteins. IIMAC is being used in proteomics approaches where 

fractions of the cellular protein pool are enriched and analyzed differentially 

(lphosphoproteome, lmetalloproteome) by mass spectrometric techniques; here, 
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IIMAC formats can be traditionally bead based or the ligand can be used on 

functionalized surfaces such as SELDI "surface-enhanced laser 

desorption/ionization" chips. Other chip-based applications include surface 

lplasmon resonance "SPR" and allow the immobilization of His-tagged proteins for 

quantitative functional and kinetic investigations. Besides, the IMAC principle has 

been used as an inhibitor depletion step prior to PCR amplification of nucleic acids 

from complex samples such as blood in a technology called lChelex [40]. 

 

Nowadays, the IHis6 tag, consisting of six consecutive histidine residues, is one of 

the most commonly used tags for facilitated purification of recombinant proteins. 

The number of free coordination sites of the immobilized metal ion determines how 

many lhistidines that can bind concurrently. However, more histidine residues will 

enhance the probability for the correct orientation desired for coordination 

interactions. Since abundant neighboring histidine residues are uncommon among 

naturally occurring proteins, loligo-histidine affinity handles form the basis for high 

selectivity and efficiency, often providing a one-step isolation of proteins at over 

190% purity. An ideal affinity tag should enable effective but not too strong binding, 

and allow elution of the desired protein under mild, nondestructive conditions. In the 

case of recombinant IE. coli many host proteins strongly adhere to the IIMAC 

matrices and are eluted with the target proteins. Consequently, new approaches for 

selecting improved histidine tags have focused on elution of the target protein in the 

contaminant-free window [34]. 

 

2.4. Importance of Using Computational Simulation 

To better understand the basis of the activity of any molecule with biological activity, 

it is important to know how this molecule interacts with its site of action, more 

specifically its conformational properties in solution and orientation for the 

interaction. Molecular recognition in biological systems relies on specific attractive 

and/or repulsive interactions between two partner molecules. This study seeks to 

identify such interactions between ligands and their host molecules, typically 

proteins, given their three-dimensional (3D) structures. 
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Therefore, it is important to know about interaction geometries and approximate 

affinity contributions of attractive interactions. In addition, it is necessary to be aware 

of the fact that molecular interactions behave in a highly non-additive fashion.  

 

Molecular interactions including protein-protein, protein-nucleic acid, enzyme-

substrate, drug-protein, and drug-nucleic acid play significant roles in many 

essential biological processes, such as signal transduction, transport, gene 

expression control, cell regulation, antibody–antigen recognition, enzyme inhibition, 

and even the assembly of multi-domain proteins. 

These interactions very often cause the formation of stable protein–protein or 

protein-ligand complexes that are essential to achieve their biological functions. The 

tertiary structure of proteins is necessary to understand the binding mode and 

affinity between interacting molecules. In the other hand, it is often hard and 

expensive to obtain complex structures by experimental methods, such as X-ray 

crystallography or NMR. Therefore, docking computation is considered a significant 

approach for understanding the protein-protein or protein-ligand interactions [41-

43]. The number of three-dimensional protein structures determined by 

experimental techniques grows concurrently with structure databases such as 

Protein Data. 

 

Molecular modeling encompasses all theoretical methods and computational 

technics used to model or mimic the behavior of molecules. The technics are used 

in the fields of computational chemistry, computational biology and materials 

science for studying molecular systems ranging from small chemical systems to 

large biological molecules and material assemblies. The simplest calculations can 

be performed by hand, but inevitably computers are required to perform molecular 

modeling of any reasonably sized systems the common feature of molecular 

modeling technics is the atomistic level description of the molecular systems, the 

lowest level of information is individual atoms (or a small group of atoms). This is in 

contrast in quantum chemistry (also known as electronic structure calculations) 

where electrons are considered explicitly. The benefit of molecular modeling is that 
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it reduces the complexity of the system allowing many more particles (atoms) to be 

considered during simulations [44]. 

       

Bank (IPDB) and Worldwide Protein Data Bank (lwwPDB) have over 880000 protein 

structures, many of which play important roles in critical metabolic pathways that 

may be considered as potential therapeutic targets and specific databases 

containing structures of binary complexes become available, in addition to 

information about their binding affinities, such as in IPDBBIND [45], IPLD [46], 

lAffinDB [47] and lBindDB [48], molecular docking procedures improve, getting 

more significance than ever [49]. 

 

Molecular docking is regarded as a widely-used computer simulation procedure to 

predict the conformation of a receptor-ligand complex, where the receptor is usually 

a protein or a nucleic acid molecule and the ligand is either a small molecule or 

another protein (Figure 7). 

 

 

Figure 7. Elements in molecular docking. 

 

2.5. Importance of Docking Studies for Immobilized Metal Ion Affinity 

Chromatography 

The focus of molecular docking is to computationally simulate the molecular 

recognition process. Molecular docking aims to achieve an optimized confirmation 

for both the ligand and protein and relative orientation between protein and ligand 

such that the free energy of the overall system is minimized [44].  

In Immobilized metal ion affinity chromatography (IIMAC) the electron-rich 

compounds can form stable complexes with many transition metal ions, and IO, IN 
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and IS containing molecules can bind to those ions by ion dipole interactions. Given 

these molecules with 3D conformations in atomic detail, it is important to know if 

the molecules bind to each other and, if it is so, what does the formed complex look 

like("docking") and how strong is the binding affinity (that can be related to the 

scoring functions. 

In this context, computational modelling of interactions between functional ligands 

and metal ions has a great importance in terms of effectiveness and productivity of 

chromatographic separation system. It can contribute to the improvement of the 

efficiency of immobilized affinity chromatography methods. In addition, it can open 

the way to applicability of other molecules in affinity methods. 

 

2.6. AutoDock Program 

IAutoDock is a suite of automated docking tools. It is designed to predict how small 

molecules, such as drug candidates or substrates, bind to a receptor of known 3D 

structure. IAutoDock uses Monte Carlo simulated annealing and lLamarckian 

genetic algorithm to create a set of possible conformations. ILGA is used as a global 

optimizer and energy minimization as a local search method.  Current distributions 

of IAutoDock consist of two generations of software: IAutoDock 4 and IAutoDock 

Vina [50]. 

IAutoDock 4 actually consists of two main programs: 

1) AutoDockl performs the docking of the ligand to a set of grids describing the 

target protein;  

2) autogridl pre-calculates these grids. In addition to using them for docking, 

the atomic affinity grids can be visualized. This can help, for example, to 

guide organic synthetic chemists design better binders [24]. 

A graphical user interface called IAutoDockTools, or IADT for short, is developed in 

order to allow to set up which bonds will be treated as rotatable in the ligand and to 

analyze dockings [50]. 

IAutoDock has applications in: 
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1. IX-ray crystallography 

2. structure-based drug design 

3. lead optimization 

4. virtual screening (IHTS) 

5. combinatorial library design 

6. protein-protein docking 

7. Chemical mechanism studies [50]. 

AutoDock 4 is free and is available under the IGNU General Public License.  

AutoDock 4.2 is faster than earlier versions, and it allows side chains in the 

macromolecule to be flexible. As before, rigid docking is blindingly fast, and high 

quality flexible docking can be achieved in around a minute. Up to 140,000 rigid 

dockings can be done in a day on one CPÚ [50]. 

AutoDock 4.2 now has a free energy scoring function that is centered on a linear 

regression analysis, the AMBÉR force field, and an even larger set of various 

protein-ligand complexes with known inhibition constants than it is used in 

IAutoDock 3.0. The best model was cross-validated with a separate set of IHIV-1 

protease complexes, and confirmed that the standard error is around 2.5 kcal/mol. 

This is enough to discriminate between leads with milli-, micro- and nano-molar 

inhibition constants [50]. 

AutoDock is free software. The introduction of IAutoDock 4 includes three major 

improvements: 

1- The docking results are more reliable and accurate. 

2- It can optionally model flexibility in the target macromolecule. 

3- It enables AutoDock 's use in evaluating protein-protein interactions. 

IAutoDock 4.0 can be compiled to take advantage of new search methods from the 

optimization library, IACRO, developed by IWilliam E. Hart at ISandia National Labs 

[50]. 
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IAutoDock is being used in academic, governmental, non-profit and commercial 

settings. It has now been distributed to more than 29000 users around the world. In 

January of 2011, a search of the IISI Citation Index showed more than 2700 

publications have cited the primary IAutoDock methods papers [50]. 

IAutoDock is now distributed under the IGPL open source license and is freely 

available for all to use. Some companies may wish to license IAutoDock under a 

separate license agreement because of the restrictions of incorporating GPL 

licensed software into other codes for the purpose of redistribution, [50]. 

AutoDock has been widely-used and there are many examples of its successful 

application in the literature; in 2006, AutoDock was the most cited docking software. 

It is very fast, provides high quality predictions of ligand conformations, and good 

correlations between predicted inhibition constants and experimental ones. 

AutoDock has also been shown to be useful in blind docking, where the location of 

the binding site is not known. Plus, AutoDock is free software and version 4 is 

distributed under the GNU General Public License; it easy to obtain, too [50]. 

 

2.7. Avogadro Program 

IAvogadro is an advanced molecule editor and visualizer designed for cross-

platform use in computational chemistry, bioinformatics, molecular modeling, 

materials science, and related areas. It offers flexible high quality rendering and a 

strong plugin architecture [51]. 

 Cross-Platform: Molecular builder- editor for Windows, Línux, and Mac OS 

X. 

 Free, Open Source: Easy to install and all source code is available under the 

GNUlGPL. 

 International: Translations into Chinese, French, German, Italian, Russian, 

Spanish, and others. 

 Intuitive: Built to work easily for students and advanced researchers both. 

 Fast: Supports multi-threaded rendering and computation. 
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 Extensible: Plugin architecture for developers, including rendering, interactive 

tools, commands, and Python scripts. 

 Flexible: Features include Open Babel import of chemical files, input generation 

for multiple computational chemistry packages, biomolecules, and 

crystallography [51]. 

 

2.8. Chimera program 

UCSF lChimera is a highly extensible, interactive molecular visualization and 

analysis system. lChimera can read molecular structures and associated data in a 

large number of formats, display the structures in a variety of representations, and 

produce high quality images and animations suitable for publication and 

presentation. Furthermore, Chimera offers tools to show   density   maps   and   

analyze   microscopy   data, display   multiple sequence alignments, with crosstalk 

between the sequences and structures; utilize   symmetry information   for   the 

display   of   higher order   structures, and enable analysis of molecular dynamics 

trajectories and docking results [52].  

lChimera is distributed with full documentation and a number of tutorials, and can 

be downloaded free of charge for academic, government, nonprofit, and personal 

use. lChimera is available for several   platforms, including   Windows, MacOS X,  

and  Linux [52]. 

Chimera is supported and developed by the Resource for Biocomputing, 

Visualization, and Informatics and is funded by the NIH National Center for 

Research Resources [52]. 

 

2.9. lPyMOL Program 

PyMOL is a free cross-platform molecular graphics system made possible through 

recent advances in hardware, internet, and software development technology. 

lPyMOL provides most of the capabilities and performance of traditional molecular 

graphics packages written in C or IFORTRAN. 

lPyMOL was originally designed to:  
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1) visualize multiple conformations of a single structure [trajectories or docked 

ligand ensembles]  

2) interface with external programs,  

3) provide professional strength graphics under both Windows and Unix,  

4) prepare publication quality images, 

5) and suit into a tight budget.  

PyMOL is one lone scientist's answer to the frustration he encountered with existing 

visualization and modeling software as a practicing computational scientist. Anyone 

who has studied the remarkable complexity of a macromolecular structure will likely 

agree that visualization is essential to understanding structural biology. 

Nevertheless, most researchers who use visualization packages ultimately run up 

against limitations inherent in them which make it difficult or impossible to get 

exactly what you need. Such limitations in a closed−source commercial software 

package cannot be easily surmounted, and the same is still true for free programs 

which aren't available in source form. 

Although lPyMOL is far from perfect and lacks such desirable features like a general 

(undo) capacity, it now has many helpful capabilities for the practicing research 

scientist.  

PyMOL was created in an efficient but highly pragmatic manner, with heavy 

emphasis on delivering powerful features to end users. Expediency has almost 

always taken precedence over elegance, and adherence to established software 

development practices is inconsistent. PyMOL is about getting the job done now, 

as fast as possible, by whatever means were available. PyMOL succeeds in 

meeting important needs today [53]. 

 

2.10. Insulin 

Insulin (from the Latin, insula meaning island) is a peptide hormone produced by 

beta cells in the pancreas, and by Brockmann body in some teleost fish [54]. It 

regulates the metabolism of carbohydrates and fats by promoting the absorption of 
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glucose from the blood to skeletal muscles and fat tissue and by causing fat to be 

stored rather than used for energy. Insulin also inhibits the production of glucose by 

the liver [55]. 

Except in the presence of the metabolic disorder diabetes mellitus and metabolic 

syndrome, insulin is provided within the body in a constant proportion to remove 

excess glucose from the blood, which otherwise would be toxic. When blood 

glucose levels fall below a certain level, the body begins to use stored glucose as 

an energy source through glycogenolysis, which breaks down the glycogen stored 

in the liver and muscles into glucose, which can then be utilized as an energy 

source. As a central metabolic control mechanism, its status is also used as a 

control signal to other body systems (such as amino acid uptake by body cells). In 

addition, it has several other anabolic effects throughout the body. 

When control of insulin levels fails, diabetes mellitus can result. As a consequence, 

insulin is used medically to treat some forms of diabetes mellitus. Patients with type 

1 diabetes depend on external insulin (most commonly injected subcutaneously) for 

their survival because the hormone is no longer produced internally [56]. Patients 

with type 2 diabetes are often insulin resistant and, because of such resistance, 

may suffer from a "relative" insulin deficiency. Some patients with type 2 diabetes 

may eventually require insulin if dietary modifications or other medications fail to 

control blood glucose levels adequately. Over 40% of those with Type 2 diabetes 

require insulin as part of their diabetes management plan. 

 

2.10.1. Structure of Insulin 

Like most of the other hormones, insulin is a protein comprising of 2 polypeptides 

chains A (with 21 amino acid residues) and B (with 30 amino acid residues) [Figure 

8]. Chains A and B are linked by disulphide bridges. In addition, A-chain contains 

an intra-chain disulphide bridge linking residue  6 and 11. The structure of insulin is 

shown in the figure below. C-chain, which connects A and B chains is liberated 

along with insulin after breakdown of proinsulin. Insulin monomers aggregate to 

form dimers and hexamers [57]. Zn hexamer is composed of three insulin dimmers 

associated in threefold symmetrical pattern. 
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Insulin is produced and stored in the body as a hexamer (a unit of six insulin 

molecules), while the active form is the monomer. The hexamer is an inactive form 

with long-term stability, which serves as a way to keep the highly reactive insulin 

protected, yet readily available. The hexamer-monomer conversion is one of the 

central aspects of insulin formulations for injection. The hexamer is far more stable 

than the monomer, which is desirable for practical reasons; however, the monomer 

is a much faster-reacting drug because diffusion rate is inversely related to particle 

size. A fast-reacting drug means insulin injections do not have to precede mealtimes 

by hours, which in turn gives people with diabetes more flexibility in their daily 

schedules [58]. 

 

Figure 8. Structure of Insulin. 

 

2.11. Cytochrome C 

The cytochrome complex, or cyt C is a small hemeprotein found loosely associated 

with the inner membrane of the mitochondrion. It belongs to the cytochrome c family 

of proteins. Cytochrome C is a highly water soluble protein, unlike other 

cytochromes and is an essential component of the electron transport chain, where 

it carries one electron. It is capable of undergoing oxidation and reduction, but does 

not bind oxygen. It transfers electrons between Complexes III (Coenzyme Q – Cyt 



28 
 

C reductase) and IV (Cyt C oxidase). In humans, cytochrome c is encoded by the 

CYCS gene [59]. 

Ambler [60] recognized four classes of cyt C: 

• Class I includes the lowspin soluble cyt C of mitochondria and bacteria, with the 

haem attachment site towards the Nterminus, and the sixth ligand provided by a 

methionine residue about 40 residues further on towards the Cterminus. The 

proteins contain three conserved "core" helices which form a "basket" around the 

haem group with one haem edge exposed to the solvent. 

• Class II includes the highspin cyt C' and a number of lowspin cytochromes, e.g. 

cyt c556. The haem attachment site is close to the Cterminus. The protein fold 

comprises a four-helix bundle [61]. 

• Class III comprises the low redox potential multiplehaem cytochromes: cyt c7 

(trihaem), c3 (tetrahaem), and high molecular weight cyt C (HMC; hexadecahaem), 

with only 30-40 residues per haem group. The haem c groups, all bisHis 

coordinated, are structurally and functionally nonequivalent and present different 

redox potentials in the range 0 to -400 mV [62]. 

• Class IV was originally created to hold the complex proteins that have other 

prosthetic groups as well as haem c, e.g. flavocytochrome c and cytochromes cd. 

Alternatively, Moore and Pettigrew [60] have suggested that Class IV cyt C are 

tetrahaem proteins containing both bisHis and HisMet coordinated haems, with a 

3D structure exemplified by that of the photosynthetic reaction center (PRC) cyt C, 

and form a structurally homogeneous family. 

2.11.1. Cytochrome C Structure 

Mitochondrial cytochromes c is the most extensively studied electron-transfer 

proteins. For example, the cytochrome c amino acid sequences have been 

determined for organisms including humans, chimps, rhesus monkeys, spider 

monkeys, horses, donkeys, zebras, cows, pigs, sheep, camels, great whales, 

elephant seals, dogs, hippos, bats, rabbits, bull frogs, starfish and fruit flies. 

Cytochrome c is easily separated from its mitochondrial environment because of its 

solubility in water. Furthermore, cytochrome c is weakly associated with the inner 
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membrane space. Cytochrome c is readily available in pure and native form, 

although it is expensive. The crystal structures of mitochondrial cytochrome c from 

several sources have been determined to atomic resolution (Figure 9). The 

interpretation of the physiochemical properties of cytochrome c is facilitated by the 

knowledge of conformation [63]. 

Cytochrome c (MW 12, 400) consists of a single polypeptide chain of 104 amino 

acid residues and covalently attached to a heme group. Cytochrome c has 19 

positively charged lysine residues, plus two arginines also positively charged, but 

only 12 acidic residues (aspartic or glutamic acids). Cytochrome c is very basic with 

an isoelectric point near pH 10. Isoelectric point is the pH at which the number of 

positive charges and the number of negative charges of a compound are equal [64]. 

 

 

 Figure 9. The Crystal Structures of Mitochondrial Cytochrome C [63]. 
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3. EXPERIMENTAL 

 

3.1. Hardware and software 

The study was carried out on a Lenovo workstation with a 1.70 GHz processor, 4-

GB RAM, and 500-GB hard drive running a Windows operating system. 

Bioinformatics software, such as AutoDock4.2, and other programs were used in 

this study. 

 

3.2. Preparation of macromolecules 

 

Figure 10.  Ribbon Structures of Human Insulin (A), and Cytochrome C (B) [49]. 

ADT checks that the molecule has charges. If not, it adds Gasteiger charges to 

each atom. Remember that all hydrogens must be added to the macromolecule 

before it is chosen. If the molecule already had charges, ADT would ask if you want 

to preserve the input charges instead of adding Gasteiger charges. 

ADT also determines the types of atoms in the macromolecule. AD4 can 

accommodate any number of atom types in the macromolecule. 

 

B A 
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3.3. Preparation of ligand 

N-Methacryloyl-L-histidine Methyl Ester (MAH) is used as functional ligand. The 3D 

structure of MAH was not available in any databases. Hence, this molecule was 

drawn and created using Avogadro which has auto optimization tool.  
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Figure 11. N-Methacryloyl-L-histidine Methyl Ester (MAH) drawn by 

Avogadro. 

 

3.4. AutoDock 

Graphical User Interface called AutoDockTools, or ADT, is used to help us 

easily set up the two molecules for docking, and when the dockings are 

completed also lets the user interactively visualize the docking results in 3D. 

 

3.4.1. Editing a PDB file 

Protein Data Bank (PDB) files can have a variety of potential problems that 

need to be corrected before they can be used in AutoDock. These potential 

problems include missing atoms, added waters, more than one molecule, chain 

breaks, alternate locations etc. 

AutoDockTools (ADT) is built on the Python Molecule Viewer (PMV), and has 

an evolving set of tools designed to solve these kinds of problems. In particular, 

two modules, editCommands and repairCommands, contain many useful 

tools which permit you to add or remove hydrogens, repair residues by adding 



33 
 

missing atoms, modify histidine protonation, modify protonation of intrachain 

breaks, etc. 

 

3.4.2. Preparing a ligand file for AutoDock. 

AutoDock ligands have partial atomic charges for each atom. We also 

distinguish between aliphatic and aromatic carbons: names for aromatic 

carbons start with ‘A’ instead of ‘C’. AutoDock ligands are written in files with 

special keywords recognized by AutoDock. The keywords ROOT, ENDROOT, 

BRANCH, and ENDBRANCH establish a “torsion tree” object or torTree that 

has a root and branches. The root is a rigid set of atoms, while the branches 

are rotatable groups of atoms connected to the rigid root. The keyword 

TORSDOF signals the number of torsional degrees of freedom in the ligand. 

The TORSDOF for a ligand is the total number of possible torsions in the ligand 

minus the number of torsions that only rotate hydrogens. TORSDOF is used in 

calculating the change in free energy caused by the loss of torsional degrees 

of freedom upon binding. 

 

3.4.3. Docking 

Automated docking was used to determine appropriate binding orientations and 

conformations of various ligands at the macromolecule. Autodock 4.2 was used 

for docking of MAH molecules with human insulin and cytochrome c 

respectively, and Lamarckian Genetic Algorithm (LGA) was used to determine 

the globally optimized confirmation. Polar hydrogen atoms were added, and 

Kollman charge, atomic solvation parameters, and fragmental volumes were 

assigned to the protein using Autodock tools. The grid spacing was 0.375 Å for 

each spacing; each grid map consisted of 126 × 126 × 126 grid points. During 

each docking experiment, 10 runs were performed, and the population size was 

set at 150; maximum number of evaluation, 2,500,000; maximum number of 

generations, 27,000; rate of gene mutation, 0.02; and cross-over rate, 0.8. The 

remaining parameters were set as default. A root mean square deviation 

(RMSD) tolerance for each docking was set at 2.0 Å. Every ligand molecule 

had 0.2983 coefficients of torsional degrees of freedom for docking. At the end 
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of docking, a cluster analysis was performed. For docking of each ligand, all the 

confirmations were clustered together and ranked by the lowest binding energy. 

These docked complexes were subjected to further analysis. 

 

3.4.4. Analyzing AutoDock Results-Reading Docking Logs 

Reading a docking log or a set of docking logs is the first step in analyzing the 

results of docking experiments. (By convention, these results files have the 

extension “.dlg”.) During its automated docking procedure, AutoDock outputs a 

detailed record to the file specified after the –l parameter. The output includes 

many details about the docking which are output as AutoDock parses the input 

files and reports what it finds. For example, for each AutoGrid map, it reports 

opening the map file and how many data points it read in. 

When it parses the input ligand file, it reports building various internal data 

structures. After the input phase, AutoDock begins the specified number of 

runs. It reports which run number it is starting; it may report specifics about each 

generation. After completing the runs, AutoDock begins an analysis phase and 

records details of that process. At the very end, it reports a summary of the 

amount of time taken and the words ‘Successful Completion’. The level of 

output detail is controlled by the parameter (loutlev) in the docking parameter 

file. For dockings using the IGA-LS algorithm, loutlev 0 is recommended. The 

key results in a docking log are the docked structures found at the end of each 

run, the energies of these docked structures and their similarities to each other. 

The similarity of docked structures is measured by computing the root-mean-

square-deviation, lrmsd, between the coordinates of the atoms. The docking 

results consist of the IPDBQ of the ICartesian coordinates of the atoms in the 

docked molecule, along with the state variables that describe this docked 

conformation and position. 

3.4.5 Analyzing AutoDock Results-Visualizing Docked Conformations 

The ‘best’ docking result can be considered to be the conformation with the 

lowest (docked) energy. Alternatively, it can be selected based on its rms 

deviation from a reference structure. At the end of each docking run, AutoDock 

outputs a result which is the lowest energy conformation of the ligand it found 
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during that run. This conformation is a combination of translation, quaternion 

and torsion angles and is characterized by intermolecular energy, internal 

energy and torsional energy. The first two of these combined give the ‘docking 

energy’ while the first and third give ‘binding energy.’ AutoDock also breaks 

down the total energy into a vdW energy and an electrostatic energy for each 

atom. 

 

3.4.6. Analyzing AutoDock Results-Clustering Conformations 

An AutoDock docking experiment usually has several solutions. The reliability 

of a docking result depends on the similarity of its final docked conformations. 

One way to measure the reliability of a result is to compare the rmsd of the 

lowest energy conformations and their rmsd to one another, to group them into 

families of similar conformations or “clusters.” 

The ldpf keyword, analysis, determines whether clustering is done by 

AutoDock. It is also possible to cluster conformations with IADT. By default, 

IAutoDock clusters docked results at 0.5 Å lrmsd. This process involves 

ordering all of the conformations by docked energy, from lowest to highest. The 

lowest energy conformation is used as the seed for the first cluster.  

Next, the second conformation is compared to the first. If it is within the rmsd 

tolerance, it is added to the first cluster. If not, it becomes the first member of a 

new cluster. This process is repeated with the rest of the docked results, 

grouping them into families of similar conformations. 

 

3.5. Visualization 

The visualization of structure files was carried out using the graphical interface 

of the ADT program, PyMol molecular graphics system and Chimera molecular 

visualization and analysis system. 
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4. RESULTS AND DISCUSSION 

 

AutoDock 4.2 was used to dock ligands to identify the active entities and 

determine the binding sites in target proteins. Lamarckian Genetic Algorithm 

(LGA) for docking was implemented with defined parameters for determining 

the docking performance. The output of molecular docking was clustered to 

determine the binding free energy (BE) and optimal docking energy 

conformation that is considered as the best docked structure, as well as to 

elucidate their binding state in the receptor.  

 

4.1. Docking of One molecule of N-Methacryloyl-L-histidine Methyl Ester 

(MAH) at Human Insulin Molecule  

4.1.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (19 / 19 

total atoms). 

Outputting structurally similar clusters, ranked in order of increasing energy. 

The docking experiments were carried out at 298.15 K.  

4.1.1.1. Clustering Histogram 

Table 4.1. Clustering Histogram of docking of one molecule of (MAH) to 

human insulin molecule. 

Cluster 

Rank 

Lowest Binding 

Energy (Kcal/mol) 

Run Mean Binding 

Energy (Kcal/mol) 

Number in 

Cluster 

1 -3.43 7 -3.43 1 

2 -3.35 5 -3.35 1 

3 -3.23 2 -3.23 1 

4 -3.12 3 -3.12 1 

5 -2.87 8 -2.87 1 

6 -2.81 1 -2.81 1 

7 -2.80 4 -2.80 1 
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8 -2.77 9 -2.77 1 

9 -2.75 6 -2.75 1 

10 -2.74 10 -2.74 1 

 

4.1.1.2. RMSD Table 

Table 4.2. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(Kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 7 -3.43 0.00 19.05 

2 1 5 -3.35 0.00 16.09 

3 1 2 -3.23 0.00 16.68 

4 1 3 -3.12 0.00 11.47 

5 1 8 -2.87 0.00 18.15 

6 1 1 -2.81 0.00 18.01 

7 1 4 -2.80 0.00 12.87 

8 1 9 -2.77 0.00 16.66 

9 1 6 -2.75 0.00 12.10 

10 1 10 -2.74 0.00 13.87 

 

The key results in a docking log are the docked structures found at the end of 

each run, the energies of these docked structures and their similarities to each 

other. The similarity of docked structures is measured by computing the root-

mean-square-deviation, rmsd, between the coordinates of the atoms. 

In Table 4.2, the similar rmsd values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of 

MAH-Insulin docking (-3.43 kcal/mol) was obtained for the 7th rank.  

 

4.1.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 1.00 (rmstol = 2.00 Angstrom) 
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4.1.3. Statistical Mechanical Analysis 

Partition function:  Q =    10.05                    at Temperature,        T = 298.15 K 

Free energy:          A ~ -1367.22 kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =    -2.99 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

 

4.1.4. Lowest Energy Docked Conformation 

Table 4.3. Lowest Energy Docked Conformation. 

Run 7 

Cluster Rank 1 

Number of conformations in this cluster 1 

RMSD from reference structure 19.050 A 

Estimated Free Energy of Binding -3.43 kcal/mol 

Estimated Inhibition Constant, Ki 3.07 uM (micro molar)  

[Temperature = 298.15 K] 

Final Intermolecular Energy -5.22 kcal/mol 

vdW + Hbond + desolv Energy -5.11 kcal/mol 

Electrostatic Energy -0.11 kcal/mol 

Final Total Internal Energy -1.30 kcal/mol 

Torsional Free Energy +1.79 kcal/mol 

Unbound System's Energy [= (2)] -1.30 kcal/mol 

 

Table 4.3 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -3.43 kcal/mol. The negative (-) sign of estimated 

free binding energy indicates that the binding of MAH monomer to insulin is 

favorable.   
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Figure 4.1. Visualization of docking one molecule of MAH at Insulin by using 

Chimera software. The electropositive regions are in blue, the electronegative  

regions are in red.  

In Figure 4.1, one molecule of MAH docking at Insulin was visualized by using 

Chimera software. The electropositive and electronegative regions of insulin 

are colored in blue and red, respectively.  

It was determined that MAH monomer well-fitted in the binding site of insulin 

and make two specific H-bonding interactions with insulin amino acid moieties. 

One H-bonding interaction mainly occur between the imidazole group of MAH 

monomer and the carboxyl backbone of neighboring valine (VAL-18) amino 

acid of insulin. The other H-bonding interaction mainly occur between the amide 

group of MAH monomer and hydroxyl groups of neighboring tyrosine (TRY-14) 

residues of insulin (Figure 4.2). 
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Figure 4.2. Visualization of docking one molecule of MAH at Insulin by using 

Pymol software.  

 

4.2. Docking of One molecule of N-Methacryloyl-L-histidine Methyl Ester 

(MAH) Bound to Zn2+ Ion at Human Insulin Molecule  

4.2.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (20 / 20 

total atoms). 

Outputting structurally similar clusters, ranked in order of increasing energy. 

4.2.1.1. Clustering Histogram 

Table 4.4. Clustering histogram of docking one molecule of MAH-Zn2+ at 

human insulin molecule.   

Cluster 

Rank 

Lowest Binding 

Energy(kcal/mol) 

Run Mean Binding 

Energy(kcal/mol) 

Number in 

Cluster 

1 -4.14 7 -4.14 1 
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2 -3.84 6 -3.84 1 

3 -3.70 4 -3.50 3 

4 -3.59 10 -3.59 1 

5 -3.49 1 -3.49 1 

6 -3.37 3 -3.37 1 

7 -3.32 5 -3.32 1 

8 -3.18 2 -3.18 1 

Number of multi-member conformational clusters found = 1, out of 10 runs. 

4.2.1.2. RMSD Values 

Table 4.5. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 7 -4.14 0.00 10.68 

2 1 6 -3.84 0.00 15.06 

3 1 4 -3.70 0.00 16.84 

3 2 9 -3.50 1.31 16.77 

3 3 8 -3.30 1.59 16.94 

4 1 10 -3.59 0.00 16.39 

5 1 1 -3.49 0.00 15.74 

6 1 3 -3.37 0.00 12.19 

7 1 5 -3.32 0.00 17.06 

8 1 2 -3.18 0.00 11.87 

 

In Table 4.5, the similar RMSD values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of one 

molecule of MAH-Zn2+-Insulin docking (-4.14 kcal/mol) was obtained for the 7th 

rank.  

 

4.2.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 0.86 (rmstol = 2.00 Angstrom) 
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4.2.3. Statistical Mechanical Analysis 

Partition function:  Q =    10.06                    at Temperature,        T = 298.15 K 

Free energy:          A ~ -1367.78 kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =    -3.54 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

 

4.2.4. Lowest Energy Docked Conformation 

Table 4.6. Lowest Energy Docked Conformation 

Run 7 

Cluster Rank 1 

Number of conformations in this cluster 1 

RMSD from reference structure 10.679 A 

Estimated Free Energy of Binding - 4.14 kcal/mol 

Estimated Inhibition Constant, Ki 925.09 uM (micro molar)  

[Temperature = 298.15 K] 

Final Intermolecular Energy -5.93 kcal/mol 

vdW + Hbond + desolv Energy -5.76 kcal/mol 

Electrostatic Energy -0.17 kcal/mol 

Final Total Internal Energy -1.23 kcal/mol 

Torsional Free Energy +1.79 kcal/mol 

Unbound System's Energy [= (2)] -1.23 kcal/mol 

 

Table 4.6 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -4.14 kcal/mol. The negative (-) sign of estimated 

free binding energy indicates that the docking of one molecule of MAH 

monomer chelated with Zn2+ ions at insulin is favorable.  

In Figure 4.3, one molecule of MAH bound to Zn2+ ion docking at Insulin was 

visualized by using Chimera software. The electropositive and electronegative 

regions of insulin are colored in blue and red, respectively.  
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Figure 4.3. Visualization of docking one molecule of MAH bound to Zn2+ ion at 

Insulin by using Chimera software. The electropositive regions are in blue, the 

electronegative regions are in red.  

It was determined that one molecule of MAH monomer bound to Zn2+ ion well-

fitted in the binding site of insulin and make four specific (three H-bonding, one 

metal coordinating) interactions with insulin amino acid moieties. One H-

bonding interaction mainly occur between the imidazole group of MAH 

monomer and the carboxyl backbone of neighboring glutamine (GLN-4) amino 

acid of insulin. The other two H-bonding interaction mainly occur between the 

methyl carboxyl group of MAH monomer and amide groups of neighboring 

histidine (HIS-10) residues of insulin. The metal coordinating interaction 

through Zn2+ ion occur between the imidazole group of MAH monomer and 

imidazole group of neighboring histidine (HIS-10) residues of insulin (Figure 

4.4). 
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Figure 4.4. Visualization of docking of one molecule of MAH bound to Zn2+ ion 

at human Insulin molecule using Pymol software. 

 

4.3. Docking of Two molecules of N-Methacryloyl-L-histidine Methyl 

Ester (MAH) Bound to Zn2+ Ion at Human Insulin Molecule  

4.3.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (39 / 39 

total atoms). 

Outputting structurally similar clusters, ranked in order of increasing energy. 

4.3.1.1. Clustering Histogram 

Table 4.7. Clustering Histogram of docking two molecules of MAH-Zn2+ at 

human insulin molecule. 
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Cluster 

Rank 

Lowest Binding 

Energy(kcal/mol) 

Run Mean Binding 

Energy(kcal/mol) 

Number in 

Cluster 

1 -2.84 5 -2.84 1 

2 -2.44 9 -2.44 1 

3 -1.61 7 -1.61 1 

4 -1.55 1 -1.55 1 

5 -1.41 4 -1.41 1 

6 -1.37 2 -1.37 1 

7 -1.16 10 -1.16 1 

8 -0.84 8 -0.84 1 

9 -0.55 6 -0.55 1 

10 -0.52 3 -0.52 1 

 

4.3.1.2. RMSD Values 

Table 4.8. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 5 -2.84 0.00 12.09 

2 1 9 -2.44 0.00 9.19 

3 1 7 -1.61 0.00 18.75 

4 1 1 -1.55 0.00 9.09 

5 1 4 -1.41 0.00 15.09 

6 1 2 -1.37 0.00 12.33 

7 1 10 -1.16 0.00 8.20 

8 1 8 -0.84 0.00 7.33 

9 1 6 -0.55 0.00 8.85 

10 1 3 -0.52 0.00 18.39 

 

In Table 4.8, the similar rmsd values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of two 

molecules of MAH-Zn2+-Insulin docking (-2.84 kcal/mol) was obtained for the 

5th rank. 
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4.3.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 1.00 (rmstol = 2.00 Angstrom) 

4.3.3. Statistical Mechanical Analysis 

Partition function:  Q =    10.02                   at Temperature,        T = 298.15 K 

Free energy:          A ~ -1365.67 kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =   -1.43 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

 

4.3.4. Lowest Energy Docked Conformation 

Table 4.9. Lowest Energy Docked Conformation 

Run 5 

Cluster Rank 1 

Number of conformations in this cluster 1 

RMSD from reference structure 12.087 A 

Estimated Free Energy of Binding -2.84 kcal/mol 

Estimated Inhibition Constant, Ki 8.23  uM (micro molar)  

[Temperature = 298.15 K] 

Final Intermolecular Energy -7.02 kcal/mol 

vdW + Hbond + desolv Energy -6.89 kcal/mol 

Electrostatic Energy -0.13 kcal/mol 

Final Total Internal Energy -3.33 kcal/mol 

Torsional Free Energy +4.18 kcal/mol 

Unbound System’s Energy [= (2)] -3.33 kcal/mol 

 

Table 4.9 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -2.84 kcal/mol. The negative (-) sign of estimated 

free binding energy indicates that the docking of two molecules of MAH 

monomer chelated with Zn2+ ions at insulin is favorable.  
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In Figure 4.5, two molecules of MAH bound to Zn2+ ion docking at Insulin was 

visualized by using Chimera software. The electropositive and electronegative 

regions of insulin are colored in blue and red, respectively.  

  

Figure 4.5. Visualization of docking two molecules of MAH bound to Zn2+ ion 

at Insulin by using Chimera software. The electropositive regions are in blue, 

the electronegative regions are in red.  

It was determined that two molecules of MAH monomer bound to Zn2+ ion well-

fitted in the binding site of insulin and make specific H-bonding interactions with 

insulin amino acid moieties. The H-bonding interaction mainly occur between 

the imidazole group of MAH monomer bound to Zn2+ ion and the carboxyl 

backbone and benzyl groups of neighboring threonine (THR-27) and phenyl 

alanine (PHE-25) amino acid residues of insulin (Figure 4.6). 
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Figure 4.6. Docking of two molecules of MAH bound to zn2+ ion at human 

insulin molecule. 

 

4.4. Docking of Three molecules of N-Methacryloyl-L-histidine Methyl 

Ester (MAH) Bound to Zn2+ Ion at Human Insulin Molecule  

4.4.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (58 / 58 

total atoms). 

Outputting structurally similar clusters, ranked in order of increasing energy. 

4.4.1.1. Clustering Histogram 

Table 4.10. Clustering histogram docking of three molecules of (MAH) bound 

to zn2+ ion at human insulin molecule 
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Cluster 

Rank 

Lowest Binding 

Energy(kcal/mol) 

Run Mean Binding 

Energy(kcal/mol) 

Number in 

Cluster 

1 -0.92 6 -0.92 1 

2 -0.57 7 -0.57 1 

3 -0.55 2 -0.55 1 

4 +0.54 5 +0.54 1 

5 +0.85 8 +0.85 1 

6 +0.97 4 +0.97 1 

7 +1.71 9 +1.71 1 

8 +1.73 3 +1.73 1 

9 +1.89 10 +1.89 1 

10 +2.20 1 +2.20 1 

 

4.4.1.2. RMSD Values 

Table 4.11. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 6 -0.92 0.00 13.32 

2 1 7 -0.57 0.00 10.96 

3 1 2 -0.55 0.00 11.87 

4 1 5 +0.54 0.00 12.18 

5 1 8 +0.85 0.00 7.20 

6 1 4 +0.97 0.00 19.35 

7 1 9 +1.71 0.00 10.10 

8 1 3 +1.73 0.00 11.40 

9 1 10 +1.89 0.00 25.34 

10 1 1 +2.20 0.00 21.16 

 

In Table 4.11, the similar rmsd values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of 

three molecules of MAH-Zn2+-Insulin docking (-0.92 kcal/mol) was obtained for 

the 6th rank.  
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4.4.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 1.00 (rmstol = 2.00 Angstrom) 

 

4.4.3. Statistical Mechanical Analysis 

Partition function:  Q =    9.99                   at Temperature,        T = 298.15 K 

Free energy:          A ~ -1363.  45  kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =     0.79 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

4.4.4. Lowest Energy Docked Conformation 

Table 4.12. Lowest Energy Docked Conformation 

Run 6 

Cluster Rank 1 

Number of conformations in this cluster 1 

RMSD from reference structure 13.316 A 

Estimated Free Energy of Binding -0.92 kcal/mol 

Estimated Inhibition Constant, Ki 210.98 mM (millimolar)  

[Temperature = 298.15 K] 

Final Intermolecular Energy -7.19 kcal/mol 

vdW + Hbond + desolv Energy -6.83 kcal/mol 

Electrostatic Energy -0.35 kcal/mol 

Final Total Internal Energy -6.80 kcal/mol 

Torsional Free Energy +6.26 kcal/mol 

Unbound System's Energy [= (2)] -6.80 kcal/mol 

 

Table 4.12 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -0.92 kcal/mol. The negative (-) sign of estimated 

free binding energy indicates that the docking of three molecules of MAH 

monomer chelated with Zn2+ ions at insulin is favorable.  
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In Figure 4.7, three molecules of MAH bound to Zn2+ ion docking at Insulin was 

visualized by using Chimera software. The electropositive and electronegative 

regions of insulin are colored in blue and red, respectively.  

 

  

Figure 4.7. Visualization of docking three molecules of MAH bound to Zn2+ Ion 

at Insulin by using Chimera software. The electropositive regions are in blue, 

the electronegative regions are in red. 
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Figure 4.8. Docking of three molecules of MAH bound to zn2+ ion at human 

insulin molecule. 

It was determined that two molecules of MAH monomer bound to Zn2+ ion well-

fitted in the binding site of insulin and make specific hydrophobic and metal 

chelating interaction with insulin amino acid moieties. The metal chelating 

interaction mainly occur between the imidazole groups of MAH monomer bound 

to Zn2+ ion and the phenyl groups of neighboring tyrosine (TYR-14) amino acid 

residues of insulin. The hydrophobic interactions occurred between the methyl 

groups of MAH monomer and benzyl group of neighboring phenyl alanine 

(PHE-1) (Figure 4.8). 

 

4.9. Comparison between the lowest binding energy of MAH-Insulin 

dockings. 

AutoDock generates a set of different ligand binding poses and use a scoring 

function to estimate binding affinities for the generated ligand poses in order to 
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determine the best binding mode. Low binding energy has better docking score. 

Obviously, when Zn2+ ion is bound to one molecule of N-Methacryloyl-L-

histidine Methyl Ester (MAH), binding energy declines and becomes the lowest 

binding energy (-4.14 kcal/mol) of all dockings obtained in this study. The lower 

the free binding energy, the higher the binding affinity of MAH-Zn2+ towards 

insulin. It was concluded that one molecule of MAH monomer bound to Zn2+ is 

the most favorable metal chelated monomer docked at insulin (Diagram 4.1).  

 

Diagram 4.1. Column1 (MAH-Insulin). Column2 (MAH-Zn2+-Insulin). Column3 

(2MAH-Zn2+-Insulin). Column4 (3MAH-Zn2+-Insulin). 

 

4.5. Docking of One molecule of N-Methacryloyl-L-histidine Methyl Ester 

(MAH) at Horse Heart Cytochrome C 

4.5.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (19 / 19 

total atoms). 
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Outputting structurally similar clusters, ranked in order of increasing energy. 

4.5.1.1. Clustering Histogram 

Table 4.13. Clustering histogram of docking of one molecule of (MAH) at 

horse heart Cytochrome C 

Cluster 

Rank 

Lowest Binding 

Energy(kcal/mol) 

Run Mean Binding 

Energy(kcal/mol) 

Number in 

Cluster 

1 -3.91 4 -3.63 2 

2 -3.84 10 -3.84 1 

3 -3.64 1 -3.64 1 

4 -3.62 8 -3.22 2 

5 -3.57 5 -3.57 1 

6 -3.34 2 -3.34 1 

7 -3.22 6 -3.22 1 

8 -2.66 9 -2.66 1 

 

Number of multi-member conformational clusters found = 2, out of 10 runs. 

4.5.1.2. RMSD Values 

Table 4.14. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 4 -3.91 0.00 48.48 

1 2 3 -3.34 -3.22 49.10 

2 1 10 -3.84 0.00 43.01 

3 1 1 -3.64 0.00 50.41 

4 1 8 -3.62 0.00 31.66 

4 2 7 -2.82 1.53 31.26 

5 1 5 -3.57 0.00 52.42 

6 1 2 -3.34 0.00 58.03 

7 1 6 -3.22 0.00 60.31 

8 1 9 -2.66 0.00 60.68   
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In Table 4.14, the similar rmsd values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of 

MAH-Insulin docking (-3.91 kcal/mol) was obtained for the 4th rank. 

 

4.5.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 0.88 (rmstol = 2.00 Angstrom) 

 

4.5.3. Statistical Mechanical Analysis 

Partition function:  Q =    10.06                    at Temperature,        T = 298.15 K 

Free energy:          A ~ -1367.64 kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =    -3.40 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

 

4.5.4. Lowest Energy Docked Conformation 

Table 4.15. Lowest Energy Docked Conformation 

Run 4 

Cluster Rank 1 

Number of conformations in this cluster 2 

RMSD from reference structure 48.481 A 

Estimated Free Energy of Binding -3.91 kcal/mol 

Estimated Inhibition Constant, Ki 1.35 mM (milli molar) 

[Temperature = 298.15 K] 

Final Intermolecular Energy -5.70 kcal/mol 

vdW + Hbond + desolv Energy -5.60 kcal/mol 

Electrostatic Energy -0.11 kcal/mol 

Final Total Internal Energy -1.11 kcal/mol 

Torsional Free Energy +1.79 kcal/mol 

Unbound System's Energy  -1.11 kcal/mol 
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Table 4.15 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -3.91 kcal/mol. The negative (-) sign of estimated 

free binding energy indicates that the binding of one molecule of MAH monomer 

to Cytochrome C is favorable.  

 

In Figure 4.9, one molecule of MAH docking at Cytochrome C was visualized 

by using Chimera software. The electropositive and electronegative regions of 

Cytochrome C are colored in blue and red, respectively.  

 

 

Figure 4.9. Visualization of docking one molecule of MAH at Horse Heart 

Cytochrome C by using Chimera software. The electropositive regions are in 

blue, the electronegative regions are in red.  

It was determined that MAH monomer well-fitted in the binding site of 

Cytochrome C and make three specific H-bonding interactions with 
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Cytochrome C amino acid moieties. One H-bonding interaction mainly occur 

between the imidazole group of MAH monomer and the carboxyl backbone of 

neighboring glutamine (GLN-12) amino acid of Cytochrome C. The other H-

bonding interaction occur between the methyl carboxyl group of MAH monomer 

and amine groups of neighboring GLN-16 residues of Cytochrome C. The third 

H-bonding interaction occur between oxygen of MAH monomer and 

neighboring alanine (ALA-83) residues of Cytochrome C (Figure 4.10). 

 

 

 

 

Figure 4.10. Docking of one molecule of MAH at Horse Heart Cytochrome C. 
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4.6. Docking of One molecule of N-Methacryloyl-L-histidine Methyl Ester 

(MAH) Bound to Zn2+ Ion at Horse Heart Cytochrome C 

4.6.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (20 / 20 

total atoms). 

Outputting structurally similar clusters, ranked in order of increasing energy. 

4.6.1.1. Clustering Histogram 

Table 4.16. Clustering histogram docking of one molecule of n-methacryloyl-l-

histidine methyl ester (MAH) bound to zn2+ ion at horse heart Cytochrome C 

Cluster 

Rank 

Lowest Binding 

Energy(kcal/mol) 

Run Mean Binding 

Energy(kcal/mol) 

Number in 

Cluster 

1 -4.92 1 -4.92 1 

2 -4.72 2 -4.72 1 

3 -4.54 8 -4.54 1 

4 -4.27 9 -4.27 1 

5 -4.15 3 -4.15 1 

6 -3.76 6 -3.  69  2 

7 -3.72 10 -3.72 1 

8 -3.63 5 -3.63 1 

9 -3.54 4 -3.54 1 

 

Number of multi-member conformational clusters found = 1, out of 10 runs. 

 

4.6.1.2. RMSD Values 

Table 4.17. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 1 -4.92 0.00 53.32 

2 1 2 -4.72 0.00 43.30 
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3 1 8 -4.54 0.00 50.20 

4 1 9 -4.27 0.00 42.89 

5 1 3 -4.15 0.00 52.37 

6 1 6 -3.76 0.00 56.97 

6 2 7 -3.62 1.97 57.47 

7 1 10 -3.72 0.00 30.92 

8 1 5 -3.63 0.00 48.47    

9 1 4 -3.54 0.00 44.83 

 

In Table 4.17, the similar rmsd values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of one 

molecule of MAH-Zn2+-Cytochrome C docking (-4.92 kcal/mol) was obtained for 

the 1st rank. 

 

4.6.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 0.94 (rmstol = 2.00 Angstrom) 

4.6.3. Statistical Mechanical Analysis 

Partition function:  Q =    10.07                    at Temperature,        T = 298.15 K 

Free energy:          A ~ -1368.32 kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =    -4.09 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

 

4.6.4. Lowest Energy Docked Conformation 

Table 4.18. Lowest Energy Docked Conformation 

Run 1 

Cluster Rank 1 

Number of conformations in this cluster 1 

RMSD from reference structure 53.325 A 

Estimated Free Energy of Binding -4.92  kcal/mol 



60 
 

Estimated Inhibition Constant, Ki 248.69 uM (micromolar) 

[Temperature = 298.15 K] 

Final Intermolecular Energy -6.71 kcal/mol 

vdW + Hbond + desolv Energy -6.26 kcal/mol 

Electrostatic Energy -0.45 kcal/mol 

Final Total Internal Energy -0.79 kcal/mol 

Torsional Free Energy +1.79 kcal/mol 

Unbound System's Energy  -0.79 kcal/mol 

 

Table 4.18 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -4.92 kcal/mol. The negative (-) sign of estimated 

free binding energy indicates that the docking of one molecule of MAH 

monomer chelated with Zn2+ ions at Cytochrome C is favorable.  
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Figure 4.11. Visualization of docking one molecule of MAH bound to Zn2+ Ion 

at Horse Heart Cytochrome C by using Chimera software. The electropositive 

regions are in blue, the electronegative regions are in red. 

In Figure 4.11, one molecule of MAH bound to Zn2+ ion docking at Cytochrome 

C was visualized by using Chimera software. The electropositive and 

electronegative regions of Cytochrome C are colored in blue and red, 

respectively.  

It was determined that one molecule of MAH monomer bound to Zn2+ ion well-

fitted in the binding site of Cytochrome C and make specific H-bonding and 

metal coordinating interactions with Cytochrome C amino acid moieties. The H-

bonding interactions mainly occur between the imidazole, carboxyl and oxygen 

group of MAH monomer and the neighboring threonine (THR-47), tyrosine 

(TRY-48), lysine (LYS-53), glycine (GLY-41, GLY-45) amino acid of 

Cytochrome C, respectively. The metal coordinating interaction through Zn2+ 

ion occur between the imidazole group of MAH monomer and amide backbone 

of neighboring alanine (ALA-43) residues of Cytochrome C (Figure 4.12). 
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Figure 4.12. Docking of one molecule of MAH bound to zn2+ ion at horse heart 

Cytochrome C. 

4.7. Docking of Two Molecules of N-Methacryloyl-L-histidine Methyl 

Ester (MAH) Bound to Zn2+ Ions at Horse Heart Cytochrome C 

4.7.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (39 / 39 

total atoms). 

Outputting structurally similar clusters, ranked in order of increasing energy. 
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4.7.1.1. Clustering Histogram 

Table 4.19. Clustering histogram docking of two molecules of (MAH) bound to 

zn2+ ions at horse heart Cytochrome C 

Cluster 

Rank 

Lowest Binding 

Energy(kcal/mol) 

Run Mean Binding 

Energy(kcal/mol) 

Number in 

Cluster 

1 -2.88 10 -2.88 1 

2 -1.52 2 -1.52 1 

3 -1.48 1 -1.48 1 

4 -1.38 3 -1.38 1 

5 -1.33 4 -1.33 1 

6 -1.26 6 -1.26 1 

7 -1.15 7 -1.15 1 

8 -1.01 5 -1.01 1 

9 -0.98 9 -0.98 1 

10 -0.27 8 -0.27 1 

 

4.7.1.2. RMSD Values 

Table 4.20. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 10 -2.88 0.00 51.05 

2 1 2 -1.52 0.00 60.26 

3 1 1 -1.48 0.00 32.73 

4 1 3 -1.38 0.00 56.03 

5 1 4 -1.33 0.00 48.56 

6 1 6 -1.26 0.00 60.15 

7 1 7 -1.15 0.00 50.04 

8 1 5 -1.01 0.00 48.42 

9 1 9 -0.98 0.00 47.92    

10 1 8 -0.27 0.00 60.65 
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In Table 4.20, the similar rmsd values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of two 

molecules of MAH-Zn2+-Cytochrome C docking (-2.88 kcal/mol) was obtained 

for the 10th rank. 

 

4.7.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 1.00 (rmstol = 2.00 Angstrom) 

4.7.3. Statistical Mechanical Analysis 

Partition function:  Q =    10.02                    at Temperature,        T = 298.15 K 

Free energy:          A ~ -1365.56 kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =    -1.33 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

4.7.4. Lowest Energy Docked Conformation 

Table 4.21. Lowest Energy Docked Conformation 

Run 10 

Cluster Rank 1 

Number of conformations in this cluster 1 

RMSD from reference structure 51.054 A 

Estimated Free Energy of Binding -2.88 kcal/mol 

Estimated Inhibition Constant, Ki 7.74 mM (millimolar) 

[Temperature = 298.15 K] 

Final Intermolecular Energy -7.06 kcal/mol 

vdW + Hbond + desolv Energy -6.91 kcal/mol 

Electrostatic Energy -0.14 kcal/mol 

Final Total Internal Energy -2.71 kcal/mol 

Torsional Free Energy +4.18 kcal/mol 

Unbound System's Energy  -2.71 kcal/mol 

 

Table 4.21 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -2.88 kcal/mol. The negative (-) sign of estimated 
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free binding energy indicates that the docking of two molecules of MAH 

monomer chelated with Zn2+ ions at Cytochrome C is favorable.  

  

Figure 4.13. Visualization of docking two molecules of MAH bound to Zn2+ Ion 

at Horse Heart Cytochrome C by using Chimera software, the electropositive 

regions are in blue. The electronegative regions are in red. 

In Figure 4.13, two molecules of MAH bound to Zn2+ ion docking at Cytochrome 

C was visualized by using Chimera software. The electropositive and 

electronegative regions of Cytochrome C are colored in blue and red, 

respectively.  

It was determined that two molecules of MAH monomer bound to Zn2+ ion well-

fitted in the binding site of Cytochrome C and make one specific H-bonding 

interaction with Cytochrome C amino acid moiety. The H-bonding interaction 

mainly occurs between the amide of MAH monomer and the neighboring 

oxygen of asparagine (ASN-103) residue of Cytochrome C (Figure 4.14).        
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Figure 4.14. Docking of two molecules of mah bound to zn2+ ions with horse 

heart Cytochrome C (yellow lines show the H-bonding interactions).  

 

4.8. Docking of Three Molecules of N-Methacryloyl-L-histidine Methyl 

Ester (MAH) Bound to Zn2+ Ions at Horse Heart Cytochrome C 

4.8.1. Cluster Analysis of Conformations 

Number of conformations = 10 

RMSD cluster analysis will be performed using the ligand atoms only (58 / 58 

total atoms). 

Outputting structurally similar clusters, ranked in order of increasing energy. 

4.8.1.1. Clustering Histogram 

Table 4.21. Clustering histogram of docking of three molecules of (mah) 

bound to zn2+ ions at horse heart cytochrome C. 
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Cluster 

Rank 

Lowest Binding 

Energy(kcal/mol) 

Run Mean Binding 

Energy(kcal/mol) 

Number in 

Cluster 

1 -0.37 1 -0.37 1 

2 -0.15 7 -0.15 1 

3 +0.34 10 +0.34 1 

4 +0.49 5 +0.49 1 

5 +0.51 6 +0.51 1 

6 +0.56 3 +0.56 1 

7 +0.83 8 +0.83 1 

8 +0.86 2 +0.86 1 

9 +1.11 4 +1.11 1 

10 +2.44 9 +2.44 1 

 

4.8.1.2. RMSD Values 

Table 4.23. RMSD Values and Binding Energies of Runs. 

Rank Sub-

Rank 

Run Binding 

Energy(kcal/mol) 

Cluster 

RMSD 

Reference       

RMSD 

1 1 1 -0.37 0.00 32.77 

2 1 7 -0.15 0.00 49.10 

3 1 10 +0.34 0.00 52.83 

4 1 5 +0.49 0.00 61.83 

5 1 6 +0.51 0.00 53.07 

6 1 3 +0.56 0.00 55.53 

7 1 8 +0.83 0.00 55.28 

8 1 2 +0.86 0.00 53.51 

9 1 4 +1.11 0.00 36.38 

10 1 9 +2.44 0.00 49.72 

 

In Table 4.23, the similar rmsd values were obtained for 10 runs, in which they 

were grouped into families of similar clusters. The lowest binding energy of 

three molecules of MAH-Zn2+-Cytochrome C docking (-0.37 kcal/mol) was 

obtained for the 1st rank. 
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4.8.2. Information Entropy Analysis for This Clustering 

Information entropy for this clustering = 1.00 (rmstol = 2.00 Angstrom) 

4.8.3. Statistical Mechanical Analysis 

Partition function:  Q =    9.99                    at Temperature,        T = 298.15 K 

Free energy:          A ~ -1363.58 kcal/mol   at Temperature,        T = 298.15 K 

Internal energy:     U =    0.66 kcal/mol      at Temperature,        T = 298.15 K 

Entropy:                 S =     4.58 kcal/mol/K   at Temperature,        T = 298.15 K 

 

4.8.4. Lowest Energy Docked Conformation 

Table 4.24. Lowest Energy Docked Conformation 

Run 1 

Cluster Rank 1 

Number of conformations in this cluster 1 

RMSD from reference structure 32.772 A 

Estimated Free Energy of Binding -0.37 kcal/mol 

Estimated Inhibition Constant, Ki 534.38 mM (millimolar) 

[Temperature = 298.15 K] 

Final Intermolecular Energy -6.64  kcal/mol 

vdW + Hbond + desolv Energy -6.26 kcal/mol 

Electrostatic Energy -0.37 kcal/mol 

Final Total Internal Energy -6.53 kcal/mol 

Torsional Free Energy +6.26 kcal/mol 

Unbound System's Energy  -6.53kcal/mol 

 

Table 4.24 listed the lowest energy docked conformation. The lowest binding 

free energy was estimated as -0.37 kcal/mol. The negative (-) sign of estimated 

free binding energy indicates that the docking of three molecules of MAH 

monomer chelated with Zn2+ ions at Cytochrome C is favorable.  
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Figure 4.15. Visualization of docking three molecules of MAH bound to Zn2+ 

Ion at Horse Heart Cytochrome C by using Chimera software, the 

electropositive regions are in blue. The electronegative regions are in red. 

In Figure 4.15, three molecules of MAH bound to Zn2+ ion docking at 

Cytochrome C was visualized by using Chimera software. The electropositive 

and electronegative regions of Cytochrome C are colored in blue and red, 

respectively.  

 



70 
 

  

Figure 4.16. Docking of three molecules of mah bound to zn2+ ions with horse 

heart Cytochrome C (yellow lines show the H-bonding interactions). 

It was determined that three molecules of MAH monomer bound to Zn2+ ion 

well-fitted in the binding site of Cytochrome C and make two specific H-bonding 

interaction with Cytochrome C amino acid moiety. One H-bonding interaction 

mainly occurs between the imidazole group of MAH monomer and the 

neighboring oxygen of asparagine (ASN-54) residue of Cytochrome C. The 

other H-bonding interaction occurs between the oxygen of MAH monomer and 

the neighboring amine group of (LYS-55) residue of Cytochrome C. (Figure 

4.16). 

 

4.9. Comparison between the lowest binding energy of MAH- Horse 

Heart Cytochrome C dockings 

AutoDock generates a set of different ligand binding poses and use a scoring 

function to estimate binding affinities for the generated ligand poses in order to 
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determine the best binding mode. Low binding energy has better docking score. 

Obviously, when Zn2+ ion is bound to one molecule of N-Methacryloyl-L-

histidine Methyl Ester (MAH), binding energy declines and becomes the lowest 

binding energy of all dockings obtained in this study. The lower the free binding 

energy, the higher the binding affinity of MAH-Zn2+ towards Cytochrome C. It 

was concluded that one molecule of MAH monomer bound to Zn2+ is the most 

favorable metal chelated monomer docked at Cytochrome C (Diagram 4.2).  

 

 

Diagram 4.2. Column1 (MAH- Cytochrome C). Column2 (MAH-Zn2+- 

Cytochrome C). Column3 (2MAH-Zn2+- Cytochrome C). Column4 (3MAH-

Zn2+- Cytochrome C). 
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5. CONCLUSION 

 

 In this study, we applied computational docking method on the 

interactions that occur in immobilized metal ion affinity chromatography. 

N-Methacryloyl-L-histidine Methyl Ester (MAH) is used as functional 

ligand. Then Zn2+ ions are selected to be chelated through imidazole 

groups on the MAH. N-Methacryloyl-L-histidine Methyl Ester (MAH) was 

drawn and created using Avogadro which has auto optimization tool. 

 Human insulin molecule and horse heart Cytochrome C are selected as 

targets to be interacted with our functional ligand. The protein human 

insulin (PDB ID: 3E7Y) and horse heart Cytochrome C (PDB ID: 1HRC) 

were retrieved from the RCSB protein databank (www.rcsb.org/pdb) and 

saved in pdb file format. 

 Automated docking software AutoDock 4.2 was used for docking of MAH 

molecules with human insulin and cytochrome c respectively. 

 Docking of one molecule of N-methacryloyl-L-histidine methyl ester 

(MAH) with human insulin molecule showed that the lowest binding 

energy is -3.43 kcal/mol, whereas docking of one molecule of N-

methacryloyl-L-histidine methyl ester (MAH) bound to Zn2+ ion with 

human insulin molecule is reduced the lowest binding energy. By 

chelating Zn2+ Ion, the lowest binding energy became - 4.14 kcal/mol. 

 Docking of two molecules of N-methacryloyl- L -histidine methyl ester 

(MAH) bound to Zn2+ ion with human insulin molecule showed that the 

lowest binding energy is -2.84 kcal/mol, whereas the lowest binding 

energy in docking of three molecules of MAH bound to Zn2+ ion to human 

insulin molecule is -0.92 kcal/mol. 

 Docking MAH bound to Zn2+ ion to human insulin molecule is the best 

result of dockings due to the lowest binding energy - 4.14 kcal/mol and 

the bonds between the ligand and the protein. 

 Docking of one molecule of n-methacryloyl- L -histidine methyl ester 

(MAH) with cytochrome c molecule showed that the lowest binding 

energy is -3.91 kcal/mol, whereas docking of one molecule of N-

methacryloyl- L -histidine methyl ester (MAH) bound to Zn2+ ion with 
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Cytochrome C molecule is reduced the lowest binding energy. By 

chelating Zn2+ Ion, the lowest binding energy became -4.92 kcal/mol. 

 Docking of two molecules of N-methacryloyl- L -histidine methyl ester 

(MAH) bound to Zn2+ ion with cytochrome c molecule showed that the 

lowest binding energy is -2.88 kcal/mol, whereas the lowest binding 

energy in docking of three molecules of MAH bound to Zn2+ ion to 

Cytochrome C molecule is -0.37 kcal/mol. 

 Docking MAH bound to Zn2+ ion to Cytochrome C molecule is the best 

result of dockings due to the lowest binding energy -4.92 kcal/mol and 

the bonds between the ligand and the protein. 

 This docking analysis reveals that the lowest binding energy increased 

by using more than one molecule of MAH bound to Zn2+ ion as functional 

ligand. 

 

The binding energy results are inconformity with the related literature [65-67]. 

In conclusion, this study is promising for improving IMAC research in the field 

of protein purification and separation. In addition to, the Autodock results of 

metal chelated and non-chelated ligands, which are MAH and MAH-Zn2+, can 

also be applied to affinity and molecular imprinted based purification and 

separation systems.   
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