
T.R. 

SİİRT UNIVERSITY 

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

INVESTIGATION OF THE EFFECT OF CURCUMIN ON HELICOBACTER 

PYLORI 5’-METHYLTHIOADENOSINE/S-ADENOSYLHOMOCYSTEINE 

NUCLEOSIDASE WITH MOLECULAR DYNAMICS METHOD 

MASTER DEGREE THESIS 

Student: MAHDI IBRAHIM SAEED 

(163115004) 

Department of Physics 

Supervisor: Assoc. Prof. Ahmet YILDIRIM 

September - 2018 

SİİRT 





iii 

THESIS NOTIFICATION 

This thesis, which is prepared in accordance with the thesis writing rules, 

complies with the scientific code of ethics, in case of exploitation of others' works it is 

referred to in accordance with the scientific norms, I declare that any part of the thesis 

that there is no tampering with the used data is not presented as another thesis work at 

this university or another university. 

Signature 

Mahdi Ibrahim SAEED 



iv 

ACKNOWLEDGEMENT 

I would like to express here my gratitude to my dissertation advisor, Assoc. 

Prof. Ahmet YILDIRIM, who supported me to accomplish this research, for his 

guidance and help during the time of this study, and for his patience, encouragement.  

Special thanks go to Prof. Dr. Murat ERMAN President of University of Siirt for 

his help and support. Also, I thank to all Physics Department staff, who helped me to 

succeed in this work. 

Finally, thanks to all my family members and friends for their help and 

encouragement to complete my study successfully.  

Mahdi Ibrahim SAEED 

SİİRT-2018 



v 

DEDICATION 

To my parents. 

To my sister and brothers. 

To my wife for supporting me step by step. 

To all of my children. 

To all of my great teachers, who taught me and brought me up to this level. 



 

vi 

CONTENTS 

Page 

CONTENTS ................................................................................................................... vi 

LIST OF FIGURES ..................................................................................................... viii 

ABBREVIATIONS LIST ............................................................................................... x 

ÖZET...............................................................................................................................xi 

ABSTRACT ................................................................................................................... xii 

1. INTRODUCTION ...................................................................................................... 1 

2. LITERATURE REVIEW .......................................................................................... 2 

3. MATERIALS AND METHODS ............................................................................... 6 

3.1. Protein .................................................................................................................... 6 

3.1.1. Amino acid ...................................................................................................... 6 
3.1.2. Protein Structure and Function ....................................................................... 7 
3.1.3. Ligand ........................................................................................................... 10 

3.1.4. Curcumin ...................................................................................................... 11 
3.1.5. Protein-ligand complex ................................................................................. 11 

3.1.6. Helicobacter pylori 5'-methylthioadenosine/S-adenosyl homocysteine 

nucleosidase ............................................................................................................ 12 
3.2. Molecular Dynamics Simulations ........................................................................ 13 

3.2.1. Equations of motion ...................................................................................... 14 

3.2.2. Force Field .................................................................................................... 15 
3.2.3. Analysis of trajectories ................................................................................. 18 
3.2.3.1. Root Mean Square Displacement (RMSD) ............................................... 18 

3.2.3.2. Root Mean Square Fluctuation (RMSF) .................................................... 19 
3.2.3.3. Dynamical Cross-Correlations ................................................................... 19 
3.2.3.4. Linear mutual information ......................................................................... 19 

3.2.4. Simulation details ......................................................................................... 20 

4. RESULTS AND DISCUSSION ............................................................................... 22 

4.1. Docking Results ................................................................................................... 22 
4.2. RMSD Analysis ................................................................................................... 22 
4.3. The Number of Hydrogen Bonds ......................................................................... 24 

4.4. RMSF Analysis .................................................................................................... 25 

4.5. Secondary Structure Analysis .............................................................................. 27 

4.6. Comparison of Dynamical Cross Correlations .................................................... 28 
4.7. Linear Mutual Information Results ...................................................................... 29 

4.8. Comparison of Generalized Correlations ............................................................ 30 

5. CONCLUSIONS ....................................................................................................... 32 

REFERENCES .............................................................................................................. 33 



 

vii 

APPENDIX .................................................................................................................... 42 

CURRICULUM VITAE............................................................................................... 49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 

LIST OF FIGURES 

Page 

Figure 3.1. Amino acid structure ...................................................................................... 6 

Figure 3.2. 20 standard amino acids ................................................................................. 7 

Figure 3.3. The primary structure of a protein .................................................................. 8 

Figure 3.4. The secondary structure of a protein .............................................................. 9 

Figure 3.5. The tertiary structure of a protein....................................................................9 

Figure 3.6. The quaternary structure of a protein............................................................10 

Figure 3.7. Chemical structure of curcumin....................................................................11 

Figure 3.8. A schematic diagram ofa protein-ligand complex........................................12 

Figure 3.9. HpMTAN-curcumin complex.......................................................................13 

Figure 3.10. Molecular dynamics basic algorithm..........................................................14 

Figure 3.11. Bonded interactions, a) Bond, b) Angle, c) Proper dihedral and d) Improper 

dihedral..............................................................................................................15 

Figure 3.12. Van der Waals potential ............................................................................. 17 

Figure 4.1. RMSDs for all trajectories of curcumin bound to (a) chain A of HpMTAN-A 

complex, (b) chain B of HpMTAN-B complex, c) chain A of HpMTAN-AB 

complex and (d) chain B of  HpMTAN-AB complex. Black, green and blue 

colors are shown Trajectory 1, Trajectory 2 and Trajectory 3, respectively .... 23 

Figure 4.2. Overall RMSDs for all trajectories of  (a) HpMTAN-WT, (b) HpMTAN-A 

complex, c) HpMTAN-B complex and (d) HpMTAN-AB complex. Black, 

green and blue colors are shown Trajectory 1, Trajectory 2 and Trajectory 3, 

respectively........................................................................................................24 

Figure 4.3. The number of Hydrogen bonds formed between (a) HpMTAN and 

curcumin bound to chain A of HpMTAN-A complex, (b) HpMTAN and 

curcumin bound to chain B of HpMTAN-B complex, c) HpMTAN and 

curcumin bound to chain A of HpMTAN-AB complex and (d) HpMTAN and 

curcumin bound to chain B of HpMTAN-AB complex. Black, green and blue 

colors are shown Trajectory 1, Trajectory 2 and Trajectory 3, respectively.....25 

Figure 4.4. Cα atom RMSFs for all trajectories of (a-b) HpMTAN-WT, (c-d) 

HpMTAN-A complex, (e-f) HpMTAN-B complex and (g-h) HpMTAN-AB 

complex. Left and right panel represent chain A and chain B of the structures, 

respectively. Black, green and blue colors are shown Trajectory 1, Trajectory 2 

and Trajectory 3, 

respectively........................................................................................................26 



 

ix 

Figure 4.5. Secondary structure of (a-b) HpMTAN-WT, (c-d) HpMTAN-A complex, (e-

f) HpMTAN-B complex and (g-h) HpMTAN-AB complex. Left and right 

panel represent chain A and chain B of the structures, 

respectively........................................................................................................28 

Figure 4.6. Dynamical cross-correlation map obtained from concatenated trajectories for 

(a) HpMTAN-WT, (b) HpMTAN-A complex, (c) HpMTAN-B complex and 

(d) HpMTAN-AB complex. A negative value indicates an anticorrelation 

between residue fluctuations whereas a positive value indicatesconcerted 

motion in the same direction (red color) .......................................................... 29 

Figure 4.7. LMI metric obtained from concatenated trajectories for (a) HpMTAN-WT, 

(b) HpMTAN-A complex, (c) HpMTAN-B complex and (d) HpMTAN-AB 

complex. 1 means correlated motions (red) and0 means no correlation between 

residue fluctuations (blue) ................................................................................ 30 

Figure 4.8. Generalized correlation map obtained from concatenated trajectories for (a) 

HpMTAN-WT, (b) HpMTAN-A complex, (c) HpMTAN-B complex and (d) 

HpMTAN-AB complex. 1 means correlated motions (red) whereas 0 means no 

correlation between residue fluctuations (blue) ................................................ 31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

x 

ABBREVIATIONS LIST 

 

Abbreviation Explanation 

MD : Molecular dynamics 

MTAN : 5’-methylthioadenosine/S-adenosylhomocysteine nucleosidase  

HpMTAN : Helicobacter pylori 5’-methylthioadenosine/S-adenosylhomocysteine 

nucleosidase 

MTA : 5ʹ-methylthioadenosine  

SAH : S-adenosylhomocysteine  

LPO : Lipid peroxid faction  

Vbond  : Bond stretching potential 

Vangle : Angle potential 

Vimproper : Proper dihedral potential 

RMSD : Root Mean Square Displacement 

RMSF : Root Mean Square Fluctuation 

DCC : Dynamical Cross-Correlation  

LMI : Linear Mutual Information 

PME : Particle-Mesh Ewald  

DCCM : Dynamical Cross‐Correlation Map 

GCM  : Generalized Correlation Map 

  

Symbol  Explanation 

nm  : nanometer 

Å : Angstrom 

M : Mol 
α : Alpha 
β : Beta 
ns : nanosecond 
kcal : kilocalorie 
Σ 

 
: Sum 

  

  

  

 

 

 

 

 

 

 

 

 



 

xi 

ÖZET 

 

  YÜKSEK LİSANS TEZİ 

 

KURKUMİNİN HELİKOBAKTER PİLORİ 5’-METHYLTHIOADENOSINE/S-

ADENOSYLHOMOCYSTEINE NUCLEOSIDASE ÜZERİNE ETKİSİNİN 

MOLEKÜLER DİNAMİK YÖNTEMİ İLE İNCELENMESİ 
 
 

Siirt Üniversitesi Fen Bilimleri Enstitüsü 

Fizik Anabilim Dalı 

 

Danışman: Doç. Dr. Ahmet YILDIRIM 

 

2018, 48 Sayfa 

 

 
Helikobakter pilori  (H. pilori), gastrik ülsere ve mide enfeksiyonlarına neden olan bir bakteridir. 

H. pilori, metiyonin ve purin kurtarma yolları, futalosin yolu ve poliamin biyosentezi gibi çoğu bakteriyel 

metabolik işlemlerde 5′-methylthioadenosine/S-adenosylhomocysteine nucleosidase (MTAN) proteinine 

ihtiyaç duyar. MTAN proteini, bakteriyel metabolizmada ve bakteriler arası iletişimde önemli bir rol 

oynadığı için, H. pilori gelişimini önlemede önemli bir hedef inhibitör olabilir. Doğal bir bileşik olan 

kurkumin, H. pilori gelişimine karşı etkili bir inhibitör olarak varsayılabilir. 

Bu çalışmada, Moleküler Dinamik simülasyon yöntemiyle HpMTAN’ın konformasyonel yapısı 

ve dinamikleri üzerine kurkumin’in etkisini araştırdık. Kurkumin, HpMTAN’ın tek bir zincirine ve her iki 

zincirine bağlıyken, HpMTAN’ın davranışlarını karşılaştırdık. Elde edilen sonuçlara göre; kurkuminin 

yaklaşık olarak -8 kcal/mol’lük yüksek bir bağlanma enerjisiyle HpMTAN’a bağlandığı ve aktif sitedeki 

bazı rezidülerle Hidrojen bağı oluşturduğu tespit edildi. Ayrıca, HpMTAN’a kurkumin bağlanması büyük 

konformasyonel değişiklere ve rezidü dalgalanmalarına neden olmadığı ancak HpMTAN’ın ara ve iç 

zincir korelasyonlarını arttırdığı gözlemlenmiştir. 

Anahtar Kelimeler: Helikobakter pilori, Kurkumin, Moleküler dinamik, MTAN 
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Helicobacter pylori (H. pylori) is a bacteria that causes gastric ulcers and stomach infections. H. 

pylori requires the protein 5′-methylthioadenosine/S-adenosylhomocysteine nucleosidase (MTAN) for 

many bacterial metabolic processes including the methionine and purine salvage pathways, the futalosine 

pathway, and polyamine biosynthesis. Since MTAN plays an important role in bacterial metabolism and 

communication, it can be an important inhibitor target to prevent H. pylori growth. A natural compound 

curcumin can be considered as potent inhibitor against H. pylori growth. 

In this study, we investigated the effect of curcumin on the conformational structure and 

dynamics of HpMTAN using Molecular Dynamics simulations. We compared the behavior of HpMTAN 

when curcumin is bound to single and both chain(s) of HpMTAN. Our results reveal that curcumin has a 

high binding energy of around -8 kcal/mol with HpMTAN and forms Hydrogen bonds with some active 

site residues. In addition, it was observed that curcumin binding to HpMTAN does not cause large 

conformational changes and large residue fluctuations, however, it arises both inter and intra chain 

correlations of HpMTAN. 

Keywords: Curcumin, Helicobacter pylori, Molecular dynamics, MTAN 
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1. INTRODUCTION 

 

In 1982, Australian scientists Robin Warren and Barry Marshall reported the 

existence of Helicobacter pylori (H. pylori) bacteria in gastric ulcers and stomach 

infections. It was not previously known as H. pylori but was called Campylobacter 

pylori. H. pylori is a helix shaped and gram-negative bacterium. Many studies revealed 

that H. pylori infection can cause many diseases including gastritis (Dooley et al., 1988) 

and peptic ulcer (Kashiwagi, 2003). H. pylori requires the protein 5′-

methylthioadenosine/S-adenosylhomocysteine nucleosidase (MTAN) for many 

important bacterial metabolic processes such as the purine and methionine salvage 

pathways, the futalosine pathway, and polyamine biosynthesis (Li et al. 2011; Mishra 

and Ronning 2012; Ronning et al. 2010). However, to our knowledge, no extensive 

investigation on the conformational structure and dynamics of H. pylori MTAN 

(HpMTAN) has been yet performed with Molecular Dynamics (MD) simulations. 

MD simulation is a computer simulation method for studying the physical 

motions of atoms in a protein or protein-ligand complex. In a biological system, the 

interactions between the atoms or residues of the protein can be simulated with 

molecular mechanics simulations. MD simulation provides information on the time 

dependent behavior of a molecular system and allows for the investigation into the 

conformational and dynamical changes of the molecular system during simulation time. 

MD simulations have become an important tool for understanding the protein molecules 

and their interactions with other small/large molecules and the importance of natural 

products in drug discovery during last few decades. 

In recent years, many researchers have focused on natural anti-inflammatory 

agents such as curcumin and sulphorane (Maroon et al., 2010). They also reported from 

some experimental studies that curcumin might have antimicrobial, anti-cancer, anti-

inflammatory and antioxidant effects. Therefore, it is crucial to understand the 

inhibitory and other effects of curcumin on the protein molecules. In this study, we 

investigated the effect of curcumin on the conformational structure and dynamics of 

HpMTAN using MD simulations. We compared the behavior of HpMTAN when 

curcumin is bound to single chain and both chains compare with unligated HpMTAN. 
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2. LITERATURE REVIEW 

 

Over three decades have passed since the primary discovery of H. pylori by two 

Australians, Warren and Marshall (1988). Helicobacter pylori is a Gram-negative 

bacterium that causes gastric ulcers and stomach infections. H. pylori contamination 

was distinguished as a significant factor in numerous illnesses, including peptic ulcer, 

gastritis and many gastric malignancies (Kashiwagi, 2003; Dooley et al., 1989; 

Plummer et al., 2004). In spite of the fact that contamination rate is falling in developed 

nations (Sipponen, 1997), it is still high in developing countries (Bardhan, 1997). H. 

pylori is identified with 85% of gastric and 95% of duodenal ulcers diseases and is a 

critical hazard factor for gastric malignancies (De Falcoet al., 2015; Kuipers, 1995). H. 

pylori is generally seen in asymptomatic people with healthy stomachs, proposing that 

the bacterium is the stomach commensally. 

Previous investigations have noted that gastritis tends to increment with going 

older (Siurala et al., 1968; Ihamaki et al., 1979; Villako et al., 1976; Correa et al., 1976). 

Similar patterns have been seen for H. pylori contamination that utilized indirect 

strategies for evaluation (Graham et al., 1988; Kaldor et al., 1986; Jones et al., 1986). 

H. pylori is vulnerable to a wide range of antimicrobial medicine (McNulty et 

al., 1985). However, a small numbers are active in vivo (Marshall et al., 1988; McNulty 

et al., 1986). A significant age tendency for the prevalence’s of H. pylori disease and 

gastritis were found in the subjects who had not utilised either anti-biotics or bismuth. 

Numerous methods are accessible for the analysis of H. pylori disease in gastric 

biopsy specimens (Dooley, 1988). The detection of H. pylori by culture is the most 

precise method, but it has a tendency to be insensitive. The histological stain is the 

strategy utilized most generally for the determination of H. pylori infection. A few 

studies advise the routine hematoxylin-eosinstain, while other suggests the warthin -

Starry silver stain (Marshall et al., 1988) or the Giemsa stain (Paull, 1988).  

Antibiotic treatments for H. pylori disease turned out to be further difficult, with 

even triple and fourfold treatments being regularly unsuccessful as medication 

resistance has developed (Selgrad, 2011). Modern antibiotics agents are required for H. 

pylori diseases with novel targets and systems of activity. 

Recently, Li et al., 2011, established that HpMTAN proteins perform a crucial 

part in another possible menaquinone biosynthetic pathway.  They revealed that, not at 

all like E. coli and T. thermophillus, C. jejuni and H. pylori biosynthesize menaquinone 
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though an in-between step that needs MTAN to catalyse the hydrolysis of 6-amino-6-

deoxyfutalosine. These tasks imply that MTAN represents an objective for mixes fit for 

influencing bacterial digestion and bacterial correspondence (Parveen, 2011; Hiratsuka 

et al., 2008; Seto et al., 2008). Indeed, recently, Wang et al 2012, revealed that 

influential inhibitors of MTAN inhibit the development of H. pylori.  

The bacterial MTANs are double substrate compounds hydrolyzing 5ʹ-

methylthioadenosine (MTA) and S-adenosylhomocysteine (SAH) to produce 5-

methylthioribose or S-ribosylhomocysteine, and adenine. In most microscopic 

organisms, MTAN is associated with methionine reusing, quorum sensing and 

polyamine synthesis, but is not critical for cell survival or growth (Miller, 2001; 

Parveen, N., 2011, Gutierrez et al., 2009). The multi-functionality of MTAN arises 

because of its substrate promiscuity, which puts MTAN at the central point of a scope of 

metabolic procedures. 

Bacteria usually communicate with each other in their atmosphere through a 

system called “quorum sensing” (Fuqua et al., 1994). Numerous exercises, for instance 

biofilm development, symbiosis, and virulence, antibiotic generation, are controlled by 

quorum sensing systems (Miller and Bassler, 2001). 

Menaquinone is a block imposed on this pathway and crucial for electron 

movement in the maturities of gram-positive and anaerobic gram-negative bacteria by 

inhibition of the MTANs would likely be deadly to the organisms (Suttie, 2009; Popp et 

al., 1989; Kurosu, 2010). 

An examined has been done on the adaptation and dynamics of holo and apo 

HpMTAN and evaluated the impact of protonation of residue aspartate 198 (D198), 

which is the active site of MTAN is by all accounts of significant importance, by 

performing as a hydrogen-bond acceptor for the ligand by utilization of molecular 

dynamics simulations. The outcomes demonstrate that protonation of the active site of 

HpMTAN can cause a conformational change from a closed state to an open state even 

without substrate, through interchange mechanical coupling (Tekpinar et al., 2015). 

MTAN is a promising inhibitor target (Schramm, 2007; Gutierrez et al., 2009) 

since it is exogenous to people and is essential in bacterial digestion and 

correspondence, it has been demonstrated that inhibition of MTAN can prevent 

development of H. pylori (Mishra and Ronning 2013; Wang et al., 2012). This has 

prompted various structural examinations on MTANs in various living beings (Bao et 

al., 2013; Gutierrez et al. 2009; Haapalainen et al., 2013).  
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An exceptional feature of MTANs is their homo-dimer structure. HpMTAN 

likewise isn’t a special case, and each chain of HpMTAN has ten strand β-sheets, six α-

helices and a solitary 310 helix. Of these, α helix 6 close to the active site is of 

significant importance. In the closed shape, the helix has a fold from residues 203 – 211, 

which transforms into a loop in MTAN's open frame. Another remarkable feature is an 

D198 residue which is saved across numerous species such as E. coli, S. aureus, S. 

pneumoniae, H. influenzae, S. typhimurium, M. tuberculosis, T. pallidum, and H. pylori 

(Lee et al., 2003). 

D198 is placed in the active site of HpMTAN, close to α-helix 6. It has been 

suggested that D198 behaves as a proton donor, and its protonation states are 

fundamental in the course of catalysis. Transfer of a proton from D198 residue to the N7 

residue position of the adenine ring leads to de-linking of the N-glycosidic bond 

(Appleby et al., 1999; Lee et al., 2001). Finally, adenine ring gives back its proton to 

D198 residue. These occasions bring up an intriguing issue with respect to the impact of 

protonation on the structure and dynamics of HpMTAN and its catalytic part (Wang et 

al., 2014). Both ligand binding and protonation processes could cause dynamic site 

opening by various mechanisms.  

On the other hand, valuable immunization for H. pylori has not been 

accomplished in people yet (Rad et al., 2007). In this sense, it is necessary to discover 

alternative treatments, especially identified with nourishment, for example, plant extract 

that contain various polyphenols, which have appeared to diminish infection (Bengmark 

et al., 2009). Various investigations have stated that curcumin has an extensive variety 

of biological effects including antimicrobial, cancer prevention agent, and antitumor 

(Ruby et al., 1995). Likewise, curcumin has some immunosuppressive applications 

(Gao et al., 2004). Including appearance of cytokines, for example, IL-1 and TNF-α 

(Chan M., 1995; Moon D., 2006). Then again, curcumin improved phagocytise action of 

macrophages. Many of bacterial cells in the contaminated creature stomach 

demonstrated that curcumin supplementation diminished the whole amount of H. pylori 

(Vetvicka et al., 2016).  A mouse investigation demonstrated that orally-given curcumin 

caused critical restraint of gastric infection brought by H. pylori disease (Santos et al., 

2015).  

Long period in vivo or pre-clinical examinations are either less or not that much 

successful (Di Mario et al., 2007). Low dissolvability, poor absorption and less bio-

availability are likely the key reasons behind this inadequacy. Since curcumin is useful 
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against H. pylori impact, extra examinations are important to build up curcumin as a 

simple medicinal answer for a possibly problematical infections (Sarkar, 2016). 

Previous reports have demonstrated that curcumin can obstruct NF-κB actuation 

in H. pylori-contaminated gastric epithelial cells in vivo mouse case (Foryst-Ludwing et 

al., 2004). The assessment demonstrated that curcumin was compelling in diminishing 

the irritation of the gastric mucosa of H. pylori-infected mice, which was affirmed 

(Santos et al., 2015). 

Additionally late investigation in rats utilizing histology and in human being, 

serology, showed that treatment with curcumin completely enhanced gastric 

inflammation related with H. pylori disease regardless of persistence of the bacterium, 

supporting the discoveries of this examination (Sintara et al., 2015; Di Mario et al., 

2007). Nevertheless, these information are not affirmed (Kundu et al., 2011)  that 

recommended the curcumin acted two courses amid insurance against H. pylori disease, 

by destroying H. pylori and in addition possibly focusing on molecules engaged in the 

H. pylori-brought gastric diseases as proposed by Goel and coworkers (Goel et al., 

2008).  

There are two primary approaches by which H. pylori may cause gastric 

irritation. Initially, the organism might interact with surface epithelial cells, delivering 

either cell harm or the freedom of epithelial-inferred chemokines. The epithelial 

chemokine reaction might be especially essential in the beginning times of H. pylori-

prompted inflammation, with the epithelium acting as a pivotal first line of protection 

against microbial disease. Secondly, H. pylori-inferred items may access the beneath 

mucosa, accordingly straight forwardly invigorating host non-particular and particular 

immune responses involving the release of a range of cytokine messengers (Bodger, 

1998). 
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3. MATERIALS AND METHODS 

 

3.1. Protein  

 

A protein molecule is a very large and complex molecule that play many critical 

roles in the alive body. The majority of the work in cells is done by proteins and they are 

required for the structure, function, and the body’s tissues and organ’s regulation. 

 

3.1.1. Amino acid 

 

Proteins consist of many smaller units called amino acids, which make long 

chains by attaching each one to another. Amino acids are defined as organic compounds 

and they contain both a carboxyl as well as an amine group (Figure 3.1). 

 

 

Figure 3.1. Amino acid structure (Anonymous, 2018a). 

 

The amino acids have around 20 natural types (Figure 3.2). The combination of 

these amino acids make a protein and their sequences determine the protein’s structure 

and function. 
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Figure 3.2. 20 standard amino acids (Anonymous, 2018a). 

 

3.1.2. Protein Structure and Function 

 

The three-dimensional structure of a protein is represented by its amino acid 

sequence. Amino acids forming protein are attached to one another with a peptide bond. 

To perform their biological function in biological systems, proteins fold into one or 

more specific spatial conformations via non-covalent interactions such as hydrophobic 

bonds, hydrogen bonds, ionic bonds and Van der Waals interactions. 

The size of protein structures vary from tens to thousand amino acids (Brocchier, 

2005). The protein sizes are physically classified as nano particles because their sizes 

are between 1–100 nm.  

A protein may go through reversible structural changes to perform its biological 

function. The modified structures of the same protein are called as different 
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conformations, and transitions between them are known as conformational changes. 

Protein structure has four levels, which are primary, secondary, tertiary, and quaternary 

structure (Richardson, 1981). 

The linear sequence of amino acids in the polypeptide chain is called protein 

primary structure (Figure 3.3). The primary structure is usually formed by covalent 

bonds, which are made through the procedure of protein biosynthesis. 

 

 

Figure 3.3. The primary structure of a protein (Anonymous, 2018b). 

 

The secondary structure emerges after synthesis; when polypeptide chains of a 

protein are folded or pleated into different shapes (Figure 3.4). α-helices and β-sheets 

are the most famous secondary structural elements. In additional to them, there are 

turns, bends and coils but they are less structured motifs. Hydrogen bond is the main 

bond in a secondary structure, which allow holding together, overall giving the shape 

great stability. 
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                      Figure 3.4. The secondary structure of a protein (Anonymous, 2018b).  

 

Tertiary structure; the three-dimensional structure of a protein, entailing and 

shaping of a several secondary structure is tertiary structure, which holds together by 

four different bonds and interactions (Figure (3.5). In these structures, besides to 

hydrogen bonding, amino acid side chains of the several secondary structures initiate to 

interact with each other in various techniques, such as ionic interactions, hydrophobic 

interactions, and disulfide bonds (Bromberg and Dill, 1994).  

 

 

Figure 3.5. The tertiary structure of a protein (Anonymous, 2018b). 

 

Quaternary structure of a protein is a shaped one by two or more polypeptide 

chains linked together to form a multi-subunit complex (Figure 3.6). Frequently, a 



 

10 

 

protein may be composed of a couple of polymer chains, each one with its very own 

tertiary structure. Positions of those chains with respect to each other establish 

quaternary protein structure (Dill et al., 1995). 

 

 

Figure 3.6. The quaternary structure of a protein (Anonymous, 2018b). 

 

3.1.3. Ligand 

 

Ligand refers to an ion and a molecule that binds to a biomolecule to form a 

complex structure. Ligand binding to a receptor protein changes the chemical 

conformation by affecting the 3-dimensional structure of the receptor. Ligands include 

substrates, inhibitors, activators, and neurotransmitters.  In DNA-ligand complex 

studies, the ligand can be a small molecule, ion (Teif, 2005) or protein (Teif, 2010) 

which binds to the double helix of DNA. 

The strength of binding is known as affinity, and describes a tendency or 

strength of the impact. Binding affinity is completed now not simplest by means of host-

guest interactions, but additionally by way of solvent effects, which have a dominant 

and steric role forming non-covalent binding in solution (Baron, 2010). 
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3.1.4. Curcumin 

 

Curcumin is one of three curcuminoids group in turmeric, which are natural 

phenols in charge of turmeric’s yellow color (Figure 3.7). It is recognized to have 

numerous pharmacologic properties and is broadly utilized as a herbal medicine, for 

instance, for peptic diseases in ayurvedic medicine (Balachandran et al., 2005). It is red 

at basic pH and strongly yellow at acidic pH. This sparingly water dissolvable and 

lipophilic particle have two perfumed rings associated by two unsaturated carbonyl 

gatherings. The particle is balanced out by hydrogen bond with the focal hydroxyl group 

(Surth, 2002; Kewitz et al., 2013). 

 

 

               Figure 3.7. Chemical structure of curcumin (Kim et al., 2015). 

 

3.1.5. Protein-ligand complex 

 

Protein-ligand interactions play an important role in controlling of cellular 

processes such as assembly of organelles, enzyme catalysis, signaling, expression, 

diverse control functions, energy transduction, replication and storage of the genetic 

material. In addition, protein-ligand interactions are responsible for the mechanism of 

many medicine therapies.  A schematic diagram for a protein-ligand complex is given in 

Figure 3.8. 
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Figure 3.8. A schematic diagram of a protein-ligand complex (Anonymous, 2018c). 

 

3.1.6. Helicobacter pylori 5'-methylthioadenosine/S-adenosyl homocysteine 

nucleosidase  

 

H. pylori is a type of bacteria that is responsible for around 90% of gastric and 

duodenal ulcer sickness. It is also an important risk factor for gastric malignancies (De 

Falco et al., 2015; Kuipers, 1995). H. pylori needs the protein MTAN for many bacterial 

metabolic processes including the methionine and purine salvage pathways, the 

futalosine pathway, and polyamine biosynthesis (Li et al., 2011; Mishra and Ronning 

2012; Ronning et al., 2010). 

In addition to bacterial metabolic processes, MTAN is involved in the quorum 

sensing of a number of bacterial species and H. pylori is one of them. Quorum sensing 

controls many activities such as antibiotic production, biofilm formation, symbiosis and 

virulence (Miller and Bassler, 2001).  

Since MTAN plays an important role in bacterial metabolism and 

communication, it can be an important inhibitor target to prevent H. pylori growth 

(Mishra and Ronning 2013; Wang et al., 2012). Even though there are several 

experimental studies on HpMTAN, to our knowledge, no extensive investigation on 

interactions of HpMTAN with curcumin has been performed with MD simulations. 

The crystal structure of MTAN is a homo-dimer structure and each chain of 

MTAN consists of ten strand β-sheets, a single 310-helix, and six α-helices (Figure 3.9). 
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Figure 3.9. HpMTAN-curcumin complex. 

 

3.2. Molecular Dynamics Simulations 

 

MD simulation is a computer simulation method that provides detailed 

information on the physical motions of atoms and/or residues within a biological 

molecule such as protein and nucleic acid. MD calculates the time dependent behavior 

of a molecular system and can provide not only detailed information on the fluctuations 

and conformational changes of the system but also an accurate estimation of the binding 

free energy of the protein-ligand interactions. Thus, MD simulations have become an 

essential technique for drug-design studies.   

In MD simulations, the Newton’s equation of motion is used to calculate the 

time evolution of a system. The trajectories corresponding to the dynamical motions of 

the atoms in the system are obtained from the simulation. The trajectory file consists of 

a sequence of coordinate frames that contain the time varying atomic coordinates for the 

system during the simulation. Each set of coordinates is defined as one frame in time. 

Therefore, a trajectory allows for the investigation into the conformational and 

dynamical changes of the system over time. The basic MD algorithm is given in Figure 

3.10. 
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           Figure 3.10. Molecular dynamics basic algorithm (Hospital et al., 2005). 

 

3.2.1. Equations of motion 

 

MD simulation method in physical perspective is based on the equations of 

motion which comes from solution of Newton’s second law. Just by knowing the force 

on each atom, the velocity, acceleration, and position of each atom in the system can 

easily be found. By integrating of the Newton’s second law then yields a trajectory 

which brings up to the velocities as well as positions and accelerations of the particles 

accordingly to the time change. Using MD simulations and by repeating small time step 

femtosecond iterations millions of times, dynamics of solvated proteins are measured up 

to the hundreds of nanosecond time scale.  

Newton’s second law or the equation of motion is given by 

𝐹𝑖 = 𝑚𝑖𝑎𝑖           (3.1) 

where 𝐹𝑖 is the force exerted on particle 𝑖, 𝑚𝑖 is the mass of particle 𝑖 and 𝑎𝑖 is the 

acceleration of particle 𝑖. Negative gradient of a conservative potential V equals to the 

force for each atom (Eq. 3.2) 

�⃗� = − ∇⃗⃗⃗𝑉           (3.2) 

These two equations are united to yield 
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−
𝑑𝑉

𝑑𝑟𝑖
= 𝑚𝑖

𝑑2𝑟𝑖

𝑑𝑡2
          (3.3) 

where 𝑟𝑖 is the position of atom 𝑖. As seen from Eq. 3.3, one needs potential (force field) 

to calculate the time development of acceleration, velocities and positions of a 

molecule. 

 

3.2.2. Force Field 

 

MD simulation consists of the numerical solution of the traditional equations of 

motion. For this purpose, the force acting on the atoms is required which can be derived 

from a potential energy function. The potential energy function is also known as force 

field. The force field is broken down into terms characterizing diverse types of 

interactions in a bimolecular system. These interactions can be divided into two general 

categories: non-bonded interactions and bonded interactions. 

Bonded interaction contains the proper dihedral, bond, angle and improper 

dihedral interaction terms (Figure 3.11). 

 

 

Figure 3.11. Bonded interactions, a) Bond, b) Angle, c) Proper dihedral and  

d) Improper dihedral (Kouza, 2013). 

 

Bond stretching potential:    

𝑉𝑏𝑜𝑛𝑑 = 𝑘𝑏(𝑏 + 𝑏0)2          (3.4) 
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where 𝑘𝑏 is force constant of bond, 𝑏 is the length of the bond between two atoms, and 

𝑏0 is the equilibrium bond length between two atoms.  

Angle potential: 

𝑉𝑎𝑛𝑔𝑙𝑒 = 𝑘𝜃(𝜃 + 𝜃0)2          (3.5) 

where 𝑘𝜃 is force constant of angle, 𝜃 is the angle between two atoms, and 𝜃0 is the 

equilibrium angle between two atoms. However, dihedral potentials are categorized into 

two types. 

Proper dihedral potential: 

Proper dihedral potential depends on the interactions of four consecutive bonded 

atoms. The contributions of torsional angle changes to the potential energy of the 

system are calculated by equation 3.6 (Figure 3.11.c) 

𝑉𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 = 𝑘∅[1 + cos(𝑛∅ − 𝛿)]        (3.6) 

where 𝑘∅ is proper dihedral force constant, 𝜃 is current the torsion angle, 𝑛 is 

multiplicity or the periodicity of the rotation (the number of cycles per 360o rotation 

about the dihedral), and 𝛿 is an phase angle for the dihedral angle that defines minimum 

energy. 

Improper dihedral potential: 

Improper dihedral potential, which is used to force atoms to keep in a plain, is 

based on quartet atoms as proper dihedral and given by three atoms centered around a 

fourth atom (Figure 3.11.d). 

𝑉𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 = 𝑘ψ(ψ + ψ0)2         (3.7) 

where 𝑘ψ, ψand ψ0 are force constant, instantaneous and equilibrium improper dihedral 

angle, respectively. 

Non-bonded interactions consist of the Van der Waals and electrostatic 

interaction terms.  
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Van der Waals potential:  

Van der Waals or Lennard-Jones potential (Jones, 1924) describes the 

interaction between two non-bonded atoms. It is given by 

𝑉𝐿𝐽 = 4𝜀 [(
𝜎

r
)

12

− (
𝜎

r
)

6

] = 𝜀[(
rm

r
)

12

− 2 (
rm

r
)

6

]      (3.8) 

where ε is a parameter characterizing the depth of the potential well and a measure of 

how strongly the two particles attract each other, σ is refers to the minimal distance 

between the interacting particles, where potential equals to zero. r is the distance from 

any atom to any other atom in the simulation and rm is the distance, where the potential 

reach a minimum (−𝜀) when 𝑟𝑚 = 21/6𝜎 ≈ 1.122𝜎. 

The first term of Van der Waals potential, which is repulsive term, is due to the 

overlap of the molecular orbitals (Pauli repulsion) at short ranges. The second term 

refers to attraction at long ranges. 

 

 

Figure 3.12. Van der Waals potential (Anonymous, 2018d). 

 

Coulomb potential: 

Coulomb potential describes the potential energy of interaction between two 

charged atoms. 

𝑉𝑒𝑙𝑒𝑐 = ∑
𝑞𝑖𝑞𝑗

4𝜋𝜀0 𝑟𝑖𝑗
𝑖𝑗           (3.9) 
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where 𝑞𝑖 and 𝑞𝑗 are the partial charges of atom 𝑖and 𝑗 respectively, 𝜀0 is the permittivity 

of vacuum, and 𝑟𝑖𝑗indicate the distance between atoms 𝑖 and 𝑗.  

The total potential energy of a molecular system, which is the sum of bonded 

and non-bonded energy terms, defines the molecular mechanical force field and given 

by 

𝑉 = 𝑉𝑏𝑜𝑛𝑑 + 𝑉𝑎𝑛𝑔𝑙𝑒 + 𝑉𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 + 𝑉𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 + 𝑉𝑣𝑑𝑤 + 𝑉𝑒𝑙𝑒𝑐   (3.10) 

The functional forms of molecular mechanical force fields are similar to Eq. 

3.10 but the force constants, Van der Waals parameters and partial charge assignment 

for the different force fields may differ (Wang and McCammon, 2012). The force fields 

commonly used in molecular modeling of biological macromolecules are AMBER 

(Cornell et al., 1995), Charmm (MacKerell et al., 1998), GROMOS (Oostenbrink  et al., 

2004) and OPLS (Jorgensen, et al., 1996). 

 

3.2.3. Analysis of trajectories 

 

To investigate conformational and dynamical properties of the systems studied 

we performed the analyses below by using the trajectories obtained from MD 

simulations. 

 

3.2.3.1. Root Mean Square Displacement (RMSD) 

 

The RMSD is the measure of the average change in displacement of certain 

atoms for a particular frame in a molecule with respect to a reference frame (mostly 

initial frame) after roto-translational least-squares fitting to a reference frame. It is 

expressed as 

𝑅𝑀𝑆𝐷(𝑡) = √
1

𝑁
∑ (𝑟𝑖

ref − 𝑟𝑖(t))2𝑁
𝑖=1       (3.11) 

Here, 𝑁 is the number of atoms (in our case only 𝐶𝛼 atoms), 𝑟𝑖
ref is the position of 𝑖𝑡ℎ 

reference 𝐶𝛼 atom and 𝑟𝑖(t) is the position of 𝐶𝛼 atom 𝑖 at time 𝑡. 
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3.2.3.2. Root Mean Square Fluctuation (RMSF) 

 

The flexibility of residues in the protein can be measured by RMSF by aligning 

each snapshot (frame) to the average structure of the protein. RMSF is defined by 

𝑅𝑀𝑆𝐹(𝑖) = √
1

𝑇
∑ (𝑟𝑖(t) − 〈𝑟𝑖〉)2𝑇

𝑡=1       (3.12) 

where 𝑟𝑖 is the position of 𝑖𝑡ℎatom, 〈𝑟𝑖〉 refers to the average position of 𝑟𝑖 during 

simulation time and T is the number of total frames in simulation. 

 

3.2.3.3. Dynamical Cross-Correlations 

 

Dynamical cross-correlation (DCC) between 𝑖𝑡ℎ(𝑟𝑖) and 𝑗𝑡ℎ(𝑟𝑗) residues can be 

calculated from a set of frames (𝑡𝑛) of a trajectory after fitting to a reference frame as 

defined by the following equation, 

𝐷𝐶𝐶𝑖𝑗 = 〈𝛥𝑟𝑖  ∙ 𝛥𝑟𝑗〉 =
1

𝑇
∑ Δ𝑟𝑖(𝑡𝑛) ∙ Δ𝑟𝑗(𝑡𝑛)𝑇

𝑛      (3.13) 

where T is the number of total frames in simulation. The normalized DCCs (nDCCs) is 

defined as 

𝑛𝐷𝐶𝐶𝑖𝑗 =
𝐷𝐶𝐶𝑖𝑗

[𝐷𝐶𝐶𝑖𝑖𝐷𝐶𝐶𝑗𝑗]
1/2       (3.14) 

nDCC varies between [-1,1], where -1 refers to a fully anticorrelated motion between 

𝐶𝛼 atoms of two residues (i.e. motion in opposite direction), 0 indicates no correlation 

and 1 refers to a fully correlated motion. We used Bio3D package to calculate nDCCs 

from MD trajectories (Grant, 2006).  

 

3.2.3.4. Linear mutual information 

 

LMI is another useful method to calculate motional correlations between residue 

pairs. LMI values vary from 0 to 1. 0indicates no correlation while 1 indicates complete 

correlation. LMI can be calculated as follows (Lange and Grubmuller, 2006):  

𝐿𝑀𝐼𝑖𝑗 =
1

2
[ln (det 𝐶𝑖) + ln (det 𝐶𝑗) −  ln (det 𝐶𝑖𝑗)]    (3.15) 
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Here, 𝐶𝑖 = 〈𝑥𝑖
𝑇𝑥𝑖〉 and 𝐶𝑖𝑗 = 〈(𝑥𝑖, 𝑥𝑗)

𝑇
(𝑥𝑖, 𝑥𝑗)))〉 while𝑥𝑖 = 𝑟𝑖 − 〈𝑟𝑖〉. 𝑟𝑖 represents 

position vector of atom𝑖. We used g_correlation program to calculate linear and 

generalized correlations of each system based on the LMI (Lange and Grubmuller, 

2006). 

It should be noted that correlations between perpendicular motions are captured 

by the LMI but not the DCC method. Anticorrelations between residue pairs are not 

estimated by the LMI method. 

 

3.2.4. Simulation details 

  

Experimental HpMTAN complex was obtained from the Protein Data Bank 

(Westbrook et al, 2002) under accession code 4WKP (Wang et al, 2015) All MD 

simulations were carried out using the MD software package GROMACS (Lindahl et al, 

2011) with a leap-frog stochastic dynamics integrator (van Gunsteren and Berendsen, 

1990), AMBER99SB-ILDN force field (Lindorff‐Larsen et al, 2010), TIP3P water 

model (Jorgensen et al., 1983), LINCS algorithm (Hess et al., 1997) for bond 

constraints. The energy minimization was performed using the steepest descent 

algorithm. The solvation procedure carried out using a layer of at least 1.2 nm between 

the box edge and the solutes, in a rhombic dodecahedron box for periodic boundary 

conditions. The ion concentration of 0.15 M NaCl was applied to neutralize the systems 

and obtain physiologically relevant salt concentrations. The Parrinello-Rahman barostat 

(Parrinello and Rahman, 1981) was employed to maintain a pressure of 1 bar with 

coupling time of 0.1 ps and a compressibility of 4.5 × 10−5 bar. The temperature was 

coupled to 300 K, using the V-rescale thermostat (Bussi et al., 2007) with a coupling 

constant of 0.1 ps. The particle-mesh Ewald (PME) method (Beutler et al., 1994) was 

used to treat long range electrostatic interactions, beyond the cut-off distance of 1.0 nm. 

A time step of 2 fs was chosen for integration of the equations of motions. Each 

simulation was carried out for 200 ns. PYMOL program (Schrodinger, 2010) was used 

for visualizations of structures. 

Curcumin was parameterized with the general AMBER force field (Wang et al, 

2004) and AM1-BCC Charges (Jakalian et al, 2002) using AmberTools12 (Wang et al, 

2006). GROMACS topology file of curcumin were generated from the Acpype tool (da 
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Silva and Vranken, 2012) and provided as appendix material. Autodock vina (Trott and 

Olson, 2010) was used for docking simulations of curcumin. 

We have used a naming convention for our simulations; HpMTAN-WT means 

unligated structure, HpMTAN-A and HpMTAN-B represents the ligation state of chain 

A and chain B, respectively. HpMTAN-AB is used for the ligation state of the two 

chains.  
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4. RESULTS AND DISCUSSION 

 

4.1. Docking Results 

 

In the crystal structure, HpMTAN is bounded by ligand 2-(2-hydroxyethoxy) 

ethylthiomethyl-DADMe-Immucillin-A. Ligand structure used for docking was 

obtained from CREDO database (Schreyer and Blundell, 2013). Firstly, we compared 

the docked ligand with the crystal structure ligand and found that the RMSD of the 

ligand bound to chain A and chain B of HpMTAN was 0.50 Å and 1.54 Å, respectively. 

A ligand pose at ≤2 Å heavy-atom RMSD with respect to the crystallographic pose is 

acceptable (Cole et al., 2005). The same docking procedure was carried out for 

curcumin obtained from Pubchem (Kim et al., 2016). The best docking score of 

curcumin bound to both chain A and chain B of HpMTAN was -8.3 kcal/mol and -7.5 

kcal/mol, respectively. 

 

4.2. RMSD Analysis 

 

 To check whether or not curcumin stays in the binding pocket of the protein 

during simulation, the all-atom RMSD of each curcumin with respect to a reference 

structure was calculated and plotted (Figure 4.1).  The results show that RMSDs level 

off at a value between 0.1 nm and 0.8 nm approximately; suggesting that curcumin in 

all the complexes doesn’t leave the binding site. The reason of the difference between 

ligand RMDSs of each complex are due to assigning random/different velocities to 

atoms for each trajectory. Moreover, even though curcumin bound to chain B of 

HpMTAN in the Trajectory 3 undergoes a different conformation after 150 ns (Figure 

4.1 C), it doesn’t exhibit conformational changes for the rest of the complexes. 
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Figure 4.1. RMSDs for all trajectories of curcumin bound to (a) chain A of HpMTAN-A complex, 

(b) chain B of HpMTAN-B complex, c) chain A of HpMTAN-AB complex and (d) 

chain B of HpMTAN-AB complex. Black, green and blue colors are shown Trajectory 

1, Trajectory 2 and Trajectory 3, respectively. 

 

To investigate the structural stability of HpMTAN complexes and wildtype 

HpMTAN, Cα atom RMSD of each structure with respect to wildtype HpMTAN was 

plotted (Figure 4.2). Overall RMSDs of all the structures level off and remain stable at ~ 

0.2 nm after 100 ns. The RMSD changes of unbound HpMTAN (Figure 4.2 A) and 

bound HpMTAN complexes (Figure 4.2 B-D) are very similar to each other and are not 

tremendous. This indicates that curcumin does not cause important conformational 

changes on HpMTAN. However, it should be noted that the longer simulation time such 

as microsecond may be needed to observe curcumin-induced conformational changes on 

HpMTAN, if they exist. 
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Figure 4.2. Overall RMSDs for all trajectories of  (a) HpMTAN-WT, (b) HpMTAN-A complex, c) 

HpMTAN-B complex and (d) HpMTAN-AB complex. Black, green and blue colors are 

shown Trajectory 1, Trajectory 2 and Trajectory 3, respectively. 

 

4.3. The Number of Hydrogen Bonds 

 

We performed Hydrogen bond analysis to calculate the number of Hydrogen 

bonds formed between the curcumin and HpMTAN (Figure 4.3). Curcumin forms 

Hydrogen bonds with ASP198, GLU173, VAL154, ILE52 and ALA200. The mean of 

Hydrogen bonds are ~ 2 between HpMTAN and curcumin while curcumin is bound to 

chain A of HpMTAN-A complex (Figure 4.3 A). Whereas, it is ~ 1 in the case of 

HpMTAN-B complex (Figure 4.3 B). A similar result was obtained for HpMTAN-AB 

complex as well. Curcumin forms a different number of hydrogen bonds with each 

chain even if it is bound to both of them (Figure 4.3 C-D). It may be a result of different 

docking poses (conformation) of curcumin used for both chains of HpMTAN.   
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Figure 4.3. The number of Hydrogen bonds formed between (a) HpMTAN and curcumin bound to 

chain A of HpMTAN-A complex, (b) HpMTAN and curcumin bound to chain B of 

HpMTAN-B complex, c) HpMTAN and curcumin bound to chain A of HpMTAN-AB 

complex and (d) HpMTAN and curcumin bound to chain B of HpMTAN-AB complex. 

Black, green and blue colors are shown Trajectory 1, Trajectory 2 and Trajectory 3, 

respectively. 

 

4.4. RMSF Analysis  

 

Flexibility of residues contributing to protein structural fluctuations can be 

assessed by RMSF.  As shown in Figure 4.4, the RMSF plots of all the structures in four 

systems indicate similar distributions, suggesting that curcumin does not lead to high 

structural fluctuations. Helix-6 (residues 203-228) region in all the structures shows 

high fluctuations of greater than 0.2 nm. Moreover, the loop consisting of residues 100-

124 exhibits high fluctuations but those fluctuations are not as high as helix-6. The 

RMSF results imply that the fluctuations in helix-6 and loop region are related to the 

native behavior of the protein. 
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Figure 4.4. Cα atom RMSFs for all trajectories of (a-b) HpMTAN-WT, (c-d) HpMTAN-A complex, 

(e-f) HpMTAN-B complex and (g-h) HpMTAN-AB complex. Left and right panel 

represents chain A and chain B of the structures, respectively. Black, green and blue 

colors are shown Trajectory 1, Trajectory 2 and Trajectory 3, respectively. 
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4.5. Secondary Structure Analysis  

 

Ligand bound to protein may lead to structural changes during simulation time. 

Changes of α-helices and/or β-sheets structures affect intramolecular and intermolecular 

interactions of protein. Therefore, it is important to determine the secondary structural 

changes of the protein during simulation time. 

 We plotted the secondary structure changes of all the structures studied (Figure 

4.5). The results show that the most important secondary structures such as α-helices 

and β-sheets are conserved during simulation time, implying that curcumin does not 

cause any structural transitions such as from coil to helix and vice versa between 

secondary structures.  
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Figure 4.5. Secondary structure of (a-b) HpMTAN-WT, (c-d) HpMTAN-A complex, (e-f) 

HpMTAN-B complex and (g-h) HpMTAN-AB complex. Left and right panel 

represents chain A and chain B of the structures, respectively.  

 

4.6. Comparison of Dynamical Cross Correlations  

 

The dynamical cross‐correlation map (DCCM) is a widely used technique to 

detect correlations between protein residues. DCMMs of the C-alpha atom displacement 

indicate correlated and anti-correlated motions in the wild type structure and in all the 

complexes systems as shown in Figure 4.6. The results show that DCCMs of complex 

structures are similar to that of wildtype structure. DCMMs of all of the structures 

indicate complex and anti-correlated motions as well as correlated motions. From 
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DCMMs results, it is not clear whether or not any groups of residues are involved in 

correlated and anti-correlated motions due to curcumin binding. This may be due to 

linear nature of DCCM. 

 

Figure 4.6. Dynamical cross-correlation map obtained from concatenated trajectories for (a) 

HpMTAN-WT, (b) HpMTAN-A complex, (c) HpMTAN-B complex and (d) 

HpMTAN-AB complex. A negative value indicates an anticorrelation between residue 

fluctuations whereas a positive value indicates concerted motion in the same direction 

(red color). 

 

4.7. Linear Mutual Information Results 

 

Linear Mutual Information (LMI) is another important technique to study protein 

dynamics. As seen in Figure 4.7, there are some local correlations when curcumin binds 

to each chain of HpMTAN separately. Those local correlations between residues 100-

230 are very obvious in case of curcumin bound to chain B of HpMTAN (Figure 4.7 C). 

However, general correlations arise when curcumin is bound to both chains of 

HpMTAN (Fig 4.7 D).  Moreover, LMI maps show that there is no correlation between 

residues 125-150 of both chains of HpMTAN (Fig 4.7 D). As a result, LMI plots show 
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that curcumin may cause intra-domain and inter-domain allosteric interactions in 

HpMTAN. 

 

 

Figure 4.7. LMI metric obtained from concatenated trajectories for (a) HpMTAN-WT, (b) 

HpMTAN-A complex, (c) HpMTAN-B complex and (d) HpMTAN-AB complex. 1 

means correlated motions (red) and 0 means no correlation between residue fluctuations 

(blue). 

 

4.8. Comparison of Generalized Correlations 

 

Generalized correlation map (GCM) includes all the correlations, namely linear 

and nonlinear, in a structure. Therefore, it is a very useful method to investigate protein 

dynamics with this method as well. As shown in Figure 4.8, general correlations in all 

of the complexes have increased for both chains of HpMTAN. However, non-correlated 

motions appear between residues 125-150 of both chains of HpMTAN. This result is 

consistent with LMI results. The highest inter chain correlations are between residues of 

helix-6 (residues 203-228) in both chains. In addition, the highest intra chain 
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correlations are observed for helix-6 and residues 100-124 in both chains compared to 

wildtype HpMTAN as seen in Figure 4.8 D.  

 

 

Figure 4.8. Generalized correlation map obtained from concatenated trajectories for (a) HpMTAN-

WT, (b) HpMTAN-A complex, (c) HpMTAN-B complex and (d) HpMTAN-AB 

complex. 1 means correlated motions (red) whereas 0 means no correlation between 

residue fluctuations (blue). 
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5. CONCLUSIONS 

 

We investigated the effect of curcumin on the conformational structure and 

dynamics of HpMTAN using MD simulations. Our docking results reveal that curcumin 

has an energy of about -8 kcal/mol with HpMTAN and it forms Hydrogen bonds with 

the active site residues ASP198, GLU173, VAL154, ILE52 and ALA200, indicating 

that curcumin forms strong interactions with HpMTAN, and thus can inhibit the growth 

of H. pylori infection (Vetvicka et al., 2016). In addition, it was observed that curcumin 

binding to HpMTAN does not cause large conformational changes and large residue 

fluctuations.  

We evaluated both inter and intra chain correlations of the wildtype HpMTAN 

structure and HpMTAN-curcumin complex systems. We found that curcumin leads to 

positive intra chain correlations for both helix-6 and the residues 100-124 subunits of 

HpMTAN. The results show that while curcumin is bound to only one chain 

(HpMTAN-A or HpMTAN-B), it induces only local intra chain correlations. Whereas, 

in the case of curcumin bound to both chain (HpMTAN-AB), it leads to general 

correlations, namely inter and intra chain correlations and high inter chain correlations 

between helix-6 motifs of both chains, suggesting that these correlations may be 

allosteric interactions due to curcumin binding.  

On the basis of the results, we concluded that our study can provide insights into 

the dynamics and function of HpMTAN and useful pathway information for future 

studies of HpMTAN-curcumin complex. It also can help to understand the effect of 

curcumin on H. pylori eradication and reduction of gastric inflammation. 
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APPENDIX 

; curcumin.top created by acpype  

 

[ defaults ] 

; nbfunc        comb-rule       gen-pairs       fudgeLJ fudgeQQ 

1               2               yes             0.5     0.8333 

 

[ atomtypes ] 

;name   bond_type     mass     charge   ptype   sigma         epsilon       Amb 

 os       os          0.00000  0.00000   A     3.00001e-01   7.11280e-01 ; 1.68  0.1700 

 oh       oh          0.00000  0.00000   A     3.06647e-01   8.80314e-01 ; 1.72  0.2104 

 o        o           0.00000  0.00000   A     2.95992e-01   8.78640e-01 ; 1.66  0.2100 

 ca       ca          0.00000  0.00000   A     3.39967e-01   3.59824e-01 ; 1.91  0.0860 

 c3       c3          0.00000  0.00000   A     3.39967e-01   4.57730e-01 ; 1.91  0.1094 

 ce       ce          0.00000  0.00000   A     3.39967e-01   3.59824e-01 ; 1.91  0.0860 

 c        c           0.00000  0.00000   A     3.39967e-01   3.59824e-01 ; 1.91  0.0860 

 cf       cf          0.00000  0.00000   A     3.39967e-01   3.59824e-01 ; 1.91  0.0860 

 hc       hc          0.00000  0.00000   A     2.64953e-01   6.56888e-02 ; 1.49  0.0157 

 ha       ha          0.00000  0.00000   A     2.59964e-01   6.27600e-02 ; 1.46  0.0150 

 ho       ho          0.00000  0.00000   A     0.00000e+00   0.00000e+00 ; 0.00  0.0000 

 h1       h1          0.00000  0.00000   A     2.47135e-01   6.56888e-02 ; 1.39  0.0157 

 

[ moleculetype ] 

;name            nrexcl 

 LIG              3 

 

[ atoms ] 

;   nr  type  resi  res  atom  cgnr     charge      mass       ; qtot   bond_type 

     1   os     1   LIG    O1    1    -0.325900     16.00000 ; qtot -0.326 

     2   os     1   LIG    O2    2    -0.325900     16.00000 ; qtot -0.652 

     3   oh     1   LIG    O3    3    -0.480100     16.00000 ; qtot -1.132 

     4   oh     1   LIG    O4    4    -0.480100     16.00000 ; qtot -1.612 

     5    o     1   LIG    O5    5    -0.541101     16.00000 ; qtot -2.153 

     6    o     1   LIG    O6    6    -0.541101     16.00000 ; qtot -2.694 

     7   ca     1   LIG    C1    7    -0.090300     12.01000 ; qtot -2.785 

     8   ca     1   LIG    C2    8    -0.090300     12.01000 ; qtot -2.875 

     9   c3     1   LIG    C3    9    -0.284400     12.01000 ; qtot -3.159 

    10   ca     1   LIG    C4   10    -0.145500     12.01000 ; qtot -3.305 

    11   ca     1   LIG    C5   11    -0.145500     12.01000 ; qtot -3.450 

    12   ca     1   LIG    C6   12     0.066600     12.01000 ; qtot -3.384 

    13   ca     1   LIG    C7   13     0.066600     12.01000 ; qtot -3.317 

    14   ca     1   LIG    C8   14    -0.092500     12.01000 ; qtot -3.410 

    15   ca     1   LIG    C9   15    -0.092500     12.01000 ; qtot -3.502 

    16   ce     1   LIG   C10   16    -0.007700     12.01000 ; qtot -3.510 

    17   ce     1   LIG   C11   17    -0.007700     12.01000 ; qtot -3.517 

    18   ca     1   LIG   C12   18     0.126600     12.01000 ; qtot -3.391 

    19   ca     1   LIG   C13   19     0.126600     12.01000 ; qtot -3.264 

    20    c     1   LIG   C14   20     0.578301     12.01000 ; qtot -2.686 

    21    c     1   LIG   C15   21     0.578301     12.01000 ; qtot -2.108 

    22   ca     1   LIG   C16   22    -0.172000     12.01000 ; qtot -2.280 

    23   ca     1   LIG   C17   23    -0.172000     12.01000 ; qtot -2.452 

    24   cf     1   LIG   C18   24    -0.276200     12.01000 ; qtot -2.728 

    25   cf     1   LIG   C19   25    -0.276200     12.01000 ; qtot -3.004 

    26   c3     1   LIG   C20   26     0.114700     12.01000 ; qtot -2.889 

    27   c3     1   LIG   C21   27     0.114700     12.01000 ; qtot -2.775 

    28   hc     1   LIG    H1   28     0.090700      1.00800 ; qtot -2.684 

    29   hc     1   LIG    H2   29     0.090700      1.00800 ; qtot -2.593 

    30   ha     1   LIG    H3   30     0.144000      1.00800 ; qtot -2.449 

    31   ha     1   LIG    H4   31     0.144000      1.00800 ; qtot -2.305 

    32   ha     1   LIG    H5   32     0.143500      1.00800 ; qtot -2.162 

    33   ha     1   LIG    H6   33     0.143500      1.00800 ; qtot -2.018 

    34   ha     1   LIG    H7   34     0.143000      1.00800 ; qtot -1.875 

    35   ha     1   LIG    H8   35     0.143000      1.00800 ; qtot -1.732 

    36   ha     1   LIG    H9   36     0.149000      1.00800 ; qtot -1.583 

    37   ha     1   LIG   H10   37     0.149000      1.00800 ; qtot -1.434 

    38   ha     1   LIG   H11   38     0.148000      1.00800 ; qtot -1.286 

    39   ha     1   LIG   H12   39     0.148000      1.00800 ; qtot -1.138 

    40   ho     1   LIG   H13   40     0.429000      1.00800 ; qtot -0.709 

    41   ho     1   LIG   H14   41     0.429000      1.00800 ; qtot -0.280 

    42   h1     1   LIG   H15   42     0.046700      1.00800 ; qtot -0.234 

    43   h1     1   LIG   H16   43     0.046700      1.00800 ; qtot -0.187 

    44   h1     1   LIG   H17   44     0.046700      1.00800 ; qtot -0.140 

    45   h1     1   LIG   H18   45     0.046700      1.00800 ; qtot -0.093 

    46   h1     1   LIG   H19   46     0.046700      1.00800 ; qtot -0.047 

    47   h1     1   LIG   H20   47     0.046700      1.00800 ; qtot 0.000 
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[ bonds ] 

;   ai     aj funct   r             k 

     1     12   1    1.3730e-01    3.1162e+05 ;     O1 - C6     

     1     26   1    1.4390e-01    2.5230e+05 ;     O1 - C20    

     2     13   1    1.3730e-01    3.1162e+05 ;     O2 - C7     

     2     27   1    1.4390e-01    2.5230e+05 ;     O2 - C21    

     3     18   1    1.3620e-01    3.2309e+05 ;     O3 - C12    

     3     40   1    9.7400e-02    3.0928e+05 ;     O3 - H13    

     4     19   1    1.3620e-01    3.2309e+05 ;     O4 - C13    

     4     41   1    9.7400e-02    3.0928e+05 ;     O4 - H14    

     5     20   1    1.2140e-01    5.4225e+05 ;     O5 - C14    

     6     21   1    1.2140e-01    5.4225e+05 ;     O6 - C15    

     7     10   1    1.3870e-01    4.0033e+05 ;     C1 - C4     

     7     14   1    1.3870e-01    4.0033e+05 ;     C1 - C8     

     7     16   1    1.4720e-01    3.0627e+05 ;     C1 - C10    

     8     11   1    1.3870e-01    4.0033e+05 ;     C2 - C5     

     8     15   1    1.3870e-01    4.0033e+05 ;     C2 - C9     

     8     17   1    1.4720e-01    3.0627e+05 ;     C2 - C11    

     9     20   1    1.5080e-01    2.7472e+05 ;     C3 - C14    

     9     21   1    1.5080e-01    2.7472e+05 ;     C3 - C15    

     9     28   1    1.0920e-01    2.8225e+05 ;     C3 - H1     

     9     29   1    1.0920e-01    2.8225e+05 ;     C3 - H2     

    10     12   1    1.3870e-01    4.0033e+05 ;     C4 - C6     

    10     30   1    1.0870e-01    2.8811e+05 ;     C4 - H3     

    11     13   1    1.3870e-01    4.0033e+05 ;     C5 - C7     

    11     31   1    1.0870e-01    2.8811e+05 ;     C5 - H4     

    12     18   1    1.3870e-01    4.0033e+05 ;     C6 - C12    

    13     19   1    1.3870e-01    4.0033e+05 ;     C7 - C13    

    14     22   1    1.3870e-01    4.0033e+05 ;     C8 - C16    

    14     32   1    1.0870e-01    2.8811e+05 ;     C8 - H5     

    15     23   1    1.3870e-01    4.0033e+05 ;     C9 - C17    

    15     33   1    1.0870e-01    2.8811e+05 ;     C9 - H6     

    16     24   1    1.3380e-01    4.7062e+05 ;    C10 - C18    

    16     34   1    1.0890e-01    2.8577e+05 ;    C10 - H7     

    17     25   1    1.3380e-01    4.7062e+05 ;    C11 - C19    

    17     35   1    1.0890e-01    2.8577e+05 ;    C11 - H8     

    18     22   1    1.3870e-01    4.0033e+05 ;    C12 - C16    

    19     23   1    1.3870e-01    4.0033e+05 ;    C13 - C17    

    20     24   1    1.4740e-01    3.0443e+05 ;    C14 - C18    

    21     25   1    1.4740e-01    3.0443e+05 ;    C15 - C19    

    22     36   1    1.0870e-01    2.8811e+05 ;    C16 - H9     

    23     37   1    1.0870e-01    2.8811e+05 ;    C17 - H10    

    24     38   1    1.0890e-01    2.8577e+05 ;    C18 - H11    

    25     39   1    1.0890e-01    2.8577e+05 ;    C19 - H12    

    26     42   1    1.0930e-01    2.8108e+05 ;    C20 - H15    

    26     43   1    1.0930e-01    2.8108e+05 ;    C20 - H16    

    26     44   1    1.0930e-01    2.8108e+05 ;    C20 - H17    

    27     45   1    1.0930e-01    2.8108e+05 ;    C21 - H18    

    27     46   1    1.0930e-01    2.8108e+05 ;    C21 - H19    

    27     47   1    1.0930e-01    2.8108e+05 ;    C21 - H20    

 

[ pairs ] 

;   ai     aj    funct 

     1      3      1 ;     O1 - O3     

     1      7      1 ;     O1 - C1     

     1     22      1 ;     O1 - C16    

     1     30      1 ;     O1 - H3     

     2      4      1 ;     O2 - O4     

     2      8      1 ;     O2 - C2     

     2     23      1 ;     O2 - C17    

     2     31      1 ;     O2 - H4     

     3     10      1 ;     O3 - C4     

     3     14      1 ;     O3 - C8     

     3     36      1 ;     O3 - H9     

     4     11      1 ;     O4 - C5     

     4     15      1 ;     O4 - C9     

     4     37      1 ;     O4 - H10    

     5     16      1 ;     O5 - C10    

     5     21      1 ;     O5 - C15    

     5     28      1 ;     O5 - H1     

     5     29      1 ;     O5 - H2     

     5     38      1 ;     O5 - H11    

     6     17      1 ;     O6 - C11    

     6     20      1 ;     O6 - C14    

     6     28      1 ;     O6 - H1     

     6     29      1 ;     O6 - H2     
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     6     39      1 ;     O6 - H12    

     7     18      1 ;     C1 - C12    

     7     20      1 ;     C1 - C14    

     7     36      1 ;     C1 - H9     

     7     38      1 ;     C1 - H11    

     8     19      1 ;     C2 - C13    

     8     21      1 ;     C2 - C15    

     8     37      1 ;     C2 - H10    

     8     39      1 ;     C2 - H12    

     9     16      1 ;     C3 - C10    

     9     17      1 ;     C3 - C11    

     9     38      1 ;     C3 - H11    

     9     39      1 ;     C3 - H12    

    10     22      1 ;     C4 - C16    

    10     24      1 ;     C4 - C18    

    10     32      1 ;     C4 - H5     

    10     34      1 ;     C4 - H7     

    11     23      1 ;     C5 - C17    

    11     25      1 ;     C5 - C19    

    11     27      1 ;     C5 - C21    

    11     33      1 ;     C5 - H6     

    11     35      1 ;     C5 - H8     

    12     14      1 ;     C6 - C8     

    12     16      1 ;     C6 - C10    

    12     36      1 ;     C6 - H9     

    12     40      1 ;     C6 - H13    

    12     42      1 ;     C6 - H15    

    12     43      1 ;     C6 - H16    

    12     44      1 ;     C6 - H17    

    13     15      1 ;     C7 - C9     

    13     17      1 ;     C7 - C11    

    13     37      1 ;     C7 - H10    

    13     41      1 ;     C7 - H14    

    13     45      1 ;     C7 - H18    

    13     46      1 ;     C7 - H19    

    13     47      1 ;     C7 - H20    

    14     24      1 ;     C8 - C18    

    14     30      1 ;     C8 - H3     

    14     34      1 ;     C8 - H7     

    15     25      1 ;     C9 - C19    

    15     31      1 ;     C9 - H4     

    15     35      1 ;     C9 - H8     

    16     22      1 ;    C10 - C16    

    16     30      1 ;    C10 - H3     

    16     32      1 ;    C10 - H5     

    17     23      1 ;    C11 - C17    

    17     31      1 ;    C11 - H4     

    17     33      1 ;    C11 - H6     

    18     30      1 ;    C12 - H3     

    18     32      1 ;    C12 - H5     

    19     27      1 ;    C13 - C21    

    19     31      1 ;    C13 - H4     

    19     33      1 ;    C13 - H6     

    20     25      1 ;    C14 - C19    

    20     34      1 ;    C14 - H7     

    21     24      1 ;    C15 - C18    

    21     35      1 ;    C15 - H8     

    22     40      1 ;    C16 - H13    

    23     41      1 ;    C17 - H14    

    24     28      1 ;    C18 - H1     

    24     29      1 ;    C18 - H2     

    25     28      1 ;    C19 - H1     

    25     29      1 ;    C19 - H2     

    26     10      1 ;    C20 - C4     

    26     18      1 ;    C20 - C12    

    32     36      1 ;     H5 - H9     

    33     37      1 ;     H6 - H10    

    34     38      1 ;     H7 - H11    

    35     39      1 ;     H8 - H12    

 

[ angles ] 

;   ai     aj     ak    funct   theta         cth 

     1     12     10      1    1.1920e+02    5.8400e+02 ;     O1 - C6     - C4     

     1     12     18      1    1.1920e+02    5.8400e+02 ;     O1 - C6     - C12    

     1     26     42      1    1.0882e+02    4.2543e+02 ;     O1 - C20    - H15    

     1     26     43      1    1.0882e+02    4.2543e+02 ;     O1 - C20    - H16    

     1     26     44      1    1.0882e+02    4.2543e+02 ;     O1 - C20    - H17    
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     2     13     11      1    1.1920e+02    5.8400e+02 ;     O2 - C7     - C5     

     2     13     19      1    1.1920e+02    5.8400e+02 ;     O2 - C7     - C13    

     2     27     45      1    1.0882e+02    4.2543e+02 ;     O2 - C21    - H18    

     2     27     46      1    1.0882e+02    4.2543e+02 ;     O2 - C21    - H19    

     2     27     47      1    1.0882e+02    4.2543e+02 ;     O2 - C21    - H20    

     3     18     12      1    1.1994e+02    5.8450e+02 ;     O3 - C12    - C6     

     3     18     22      1    1.1994e+02    5.8450e+02 ;     O3 - C12    - C16    

     4     19     13      1    1.1994e+02    5.8450e+02 ;     O4 - C13    - C7     

     4     19     23      1    1.1994e+02    5.8450e+02 ;     O4 - C13    - C17    

     5     20      9      1    1.2311e+02    5.6928e+02 ;     O5 - C14    - C3     

     5     20     24      1    1.2292e+02    5.7965e+02 ;     O5 - C14    - C18    

     6     21      9      1    1.2311e+02    5.6928e+02 ;     O6 - C15    - C3     

     6     21     25      1    1.2292e+02    5.7965e+02 ;     O6 - C15    - C19    

     7     10     12      1    1.1997e+02    5.6216e+02 ;     C1 - C4     - C6     

     7     10     30      1    1.2001e+02    4.0551e+02 ;     C1 - C4     - H3     

     7     14     22      1    1.1997e+02    5.6216e+02 ;     C1 - C8     - C16    

     7     14     32      1    1.2001e+02    4.0551e+02 ;     C1 - C8     - H5     

     7     16     24      1    1.2731e+02    5.3631e+02 ;     C1 - C10    - C18    

     7     16     34      1    1.1512e+02    3.9397e+02 ;     C1 - C10    - H7     

     8     11     13      1    1.1997e+02    5.6216e+02 ;     C2 - C5     - C7     

     8     11     31      1    1.2001e+02    4.0551e+02 ;     C2 - C5     - H4     

     8     15     23      1    1.1997e+02    5.6216e+02 ;     C2 - C9     - C17    

     8     15     33      1    1.2001e+02    4.0551e+02 ;     C2 - C9     - H6     

     8     17     25      1    1.2731e+02    5.3631e+02 ;     C2 - C11    - C19    

     8     17     35      1    1.1512e+02    3.9397e+02 ;     C2 - C11    - H8     

     9     20     24      1    1.1686e+02    5.2969e+02 ;     C3 - C14    - C18    

     9     21     25      1    1.1686e+02    5.2969e+02 ;     C3 - C15    - C19    

    10      7     14      1    1.1997e+02    5.6216e+02 ;     C4 - C1     - C8     

    10      7     16      1    1.2066e+02    5.4292e+02 ;     C4 - C1     - C10    

    10     12     18      1    1.1997e+02    5.6216e+02 ;     C4 - C6     - C12    

    11      8     15      1    1.1997e+02    5.6216e+02 ;     C5 - C2     - C9     

    11      8     17      1    1.2066e+02    5.4292e+02 ;     C5 - C2     - C11    

    11     13     19      1    1.1997e+02    5.6216e+02 ;     C5 - C7     - C13    

    12      1     26      1    1.1797e+02    5.2108e+02 ;     C6 - O1     - C20    

    12     10     30      1    1.2001e+02    4.0551e+02 ;     C6 - C4     - H3     

    12     18     22      1    1.1997e+02    5.6216e+02 ;     C6 - C12    - C16    

    13      2     27      1    1.1797e+02    5.2108e+02 ;     C7 - O2     - C21    

    13     11     31      1    1.2001e+02    4.0551e+02 ;     C7 - C5     - H4     

    13     19     23      1    1.1997e+02    5.6216e+02 ;     C7 - C13    - C17    

    14      7     16      1    1.2066e+02    5.4292e+02 ;     C8 - C1     - C10    

    14     22     18      1    1.1997e+02    5.6216e+02 ;     C8 - C16    - C12    

    14     22     36      1    1.2001e+02    4.0551e+02 ;     C8 - C16    - H9     

    15      8     17      1    1.2066e+02    5.4292e+02 ;     C9 - C2     - C11    

    15     23     19      1    1.1997e+02    5.6216e+02 ;     C9 - C17    - C13    

    15     23     37      1    1.2001e+02    4.0551e+02 ;     C9 - C17    - H10    

    16     24     20      1    1.2641e+02    5.3773e+02 ;    C10 - C18    - C14    

    16     24     38      1    1.1798e+02    4.2041e+02 ;    C10 - C18    - H11    

    17     25     21      1    1.2641e+02    5.3773e+02 ;    C11 - C19    - C15    

    17     25     39      1    1.1798e+02    4.2041e+02 ;    C11 - C19    - H12    

    18      3     40      1    1.0947e+02    4.0878e+02 ;    C12 - O3     - H13    

    18     22     36      1    1.2001e+02    4.0551e+02 ;    C12 - C16    - H9     

    19      4     41      1    1.0947e+02    4.0878e+02 ;    C13 - O4     - H14    

    19     23     37      1    1.2001e+02    4.0551e+02 ;    C13 - C17    - H10    

    20      9     21      1    1.1161e+02    5.3605e+02 ;    C14 - C3     - C15    

    20      9     28      1    1.0968e+02    3.9497e+02 ;    C14 - C3     - H1     

    20      9     29      1    1.0968e+02    3.9497e+02 ;    C14 - C3     - H2     

    20     24     38      1    1.1726e+02    3.8987e+02 ;    C14 - C18    - H11    

    21      9     28      1    1.0968e+02    3.9497e+02 ;    C15 - C3     - H1     

    21      9     29      1    1.0968e+02    3.9497e+02 ;    C15 - C3     - H2     

    21     25     39      1    1.1726e+02    3.8987e+02 ;    C15 - C19    - H12    

    22     14     32      1    1.2001e+02    4.0551e+02 ;    C16 - C8     - H5     

    23     15     33      1    1.2001e+02    4.0551e+02 ;    C17 - C9     - H6     

    24     16     34      1    1.1829e+02    4.1991e+02 ;    C18 - C10    - H7     

    25     17     35      1    1.1829e+02    4.1991e+02 ;    C19 - C11    - H8     

    28      9     29      1    1.0835e+02    3.2995e+02 ;     H1 - C3     - H2     

    42     26     43      1    1.0955e+02    3.2786e+02 ;    H15 - C20    - H16    

    42     26     44      1    1.0955e+02    3.2786e+02 ;    H15 - C20    - H17    

    43     26     44      1    1.0955e+02    3.2786e+02 ;    H16 - C20    - H17    

    45     27     46      1    1.0955e+02    3.2786e+02 ;    H18 - C21    - H19    

    45     27     47      1    1.0955e+02    3.2786e+02 ;    H18 - C21    - H20    

    46     27     47      1    1.0955e+02    3.2786e+02 ;    H19 - C21    - H20    

 

[ dihedrals ] ; propers 

; treated as RBs in GROMACS to use combine multiple AMBER torsions per quartet 

;    i      j      k      l   func    C0         C1         C2         C3         C4         

C5 
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     1     12     10      7      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O1-    C6-    C4-    C1 

     1     12     10     30      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O1-    C6-    C4-    H3 

     1     12     18      3      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O1-    C6-   C12-    O3 

     1     12     18     22      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O1-    C6-   C12-   C16 

     2     13     11      8      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O2-    C7-    C5-    C2 

     2     13     11     31      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O2-    C7-    C5-    H4 

     2     13     19      4      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O2-    C7-   C13-    O4 

     2     13     19     23      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O2-    C7-   C13-   C17 

     3     18     12     10      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O3-   C12-    C6-    C4 

     3     18     22     14      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O3-   C12-   C16-    C8 

     3     18     22     36      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O3-   C12-   C16-    H9 

     4     19     13     11      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O4-   C13-    C7-    C5 

     4     19     23     15      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O4-   C13-   C17-    C9 

     4     19     23     37      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     O4-   C13-   C17-   H10 

     5     20      9     21      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;     O5-   C14-    C3-   C15 

     5     20      9     28      3    3.68192   -4.35136    0.00000    1.33888    

0.00000    0.00000 ;     O5-   C14-    C3-    H1 

     5     20      9     29      3    3.68192   -4.35136    0.00000    1.33888    

0.00000    0.00000 ;     O5-   C14-    C3-    H2 

     5     20     24     16      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     O5-   C14-   C18-   C10 

     5     20     24     38      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     O5-   C14-   C18-   H11 

     6     21      9     20      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;     O6-   C15-    C3-   C14 

     6     21      9     28      3    3.68192   -4.35136    0.00000    1.33888    

0.00000    0.00000 ;     O6-   C15-    C3-    H1 

     6     21      9     29      3    3.68192   -4.35136    0.00000    1.33888    

0.00000    0.00000 ;     O6-   C15-    C3-    H2 

     6     21     25     17      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     O6-   C15-   C19-   C11 

     6     21     25     39      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     O6-   C15-   C19-   H12 

     7     10     12     18      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C1-    C4-    C6-   C12 

     7     14     22     18      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C1-    C8-   C16-   C12 

     7     14     22     36      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C1-    C8-   C16-    H9 

     7     16     24     20      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C1-   C10-   C18-   C14 

     7     16     24     38      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C1-   C10-   C18-   H11 

     8     11     13     19      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C2-    C5-    C7-   C13 

     8     15     23     19      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C2-    C9-   C17-   C13 

     8     15     23     37      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C2-    C9-   C17-   H10 

     8     17     25     21      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C2-   C11-   C19-   C15 

     8     17     25     39      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C2-   C11-   C19-   H12 

     9     20     24     16      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     C3-   C14-   C18-   C10 

     9     20     24     38      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     C3-   C14-   C18-   H11 

     9     21     25     17      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     C3-   C15-   C19-   C11 

     9     21     25     39      3   18.20040    0.00000  -18.20040    0.00000    

0.00000    0.00000 ;     C3-   C15-   C19-   H12 
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    10      7     14     22      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C4-    C1-    C8-   C16 

    10      7     14     32      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C4-    C1-    C8-    H5 

    10      7     16     24      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C4-    C1-   C10-   C18 

    10      7     16     34      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C4-    C1-   C10-    H7 

    10     12     18     22      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C4-    C6-   C12-   C16 

    11      8     15     23      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C5-    C2-    C9-   C17 

    11      8     15     33      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C5-    C2-    C9-    H6 

    11      8     17     25      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C5-    C2-   C11-   C19 

    11      8     17     35      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C5-    C2-   C11-    H8 

    11     13      2     27      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;     C5-    C7-    O2-   C21 

    11     13     19     23      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C5-    C7-   C13-   C17 

    12      1     26     42      3    1.60247    4.80742    0.00000   -6.40989    

0.00000    0.00000 ;     C6-    O1-   C20-   H15 

    12      1     26     43      3    1.60247    4.80742    0.00000   -6.40989    

0.00000    0.00000 ;     C6-    O1-   C20-   H16 

    12      1     26     44      3    1.60247    4.80742    0.00000   -6.40989    

0.00000    0.00000 ;     C6-    O1-   C20-   H17 

    12     10      7     14      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C6-    C4-    C1-    C8 

    12     10      7     16      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C6-    C4-    C1-   C10 

    12     18      3     40      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;     C6-   C12-    O3-   H13 

    12     18     22     14      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C6-   C12-   C16-    C8 

    12     18     22     36      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C6-   C12-   C16-    H9 

    13      2     27     45      3    1.60247    4.80742    0.00000   -6.40989    

0.00000    0.00000 ;     C7-    O2-   C21-   H18 

    13      2     27     46      3    1.60247    4.80742    0.00000   -6.40989    

0.00000    0.00000 ;     C7-    O2-   C21-   H19 

    13      2     27     47      3    1.60247    4.80742    0.00000   -6.40989    

0.00000    0.00000 ;     C7-    O2-   C21-   H20 

    13     11      8     15      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C7-    C5-    C2-    C9 

    13     11      8     17      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C7-    C5-    C2-   C11 

    13     19      4     41      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;     C7-   C13-    O4-   H14 

    13     19     23     15      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C7-   C13-   C17-    C9 

    13     19     23     37      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C7-   C13-   C17-   H10 

    14      7     10     30      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C8-    C1-    C4-    H3 

    14      7     16     24      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C8-    C1-   C10-   C18 

    14      7     16     34      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C8-    C1-   C10-    H7 

    15      8     11     31      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     C9-    C2-    C5-    H4 

    15      8     17     25      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C9-    C2-   C11-   C19 

    15      8     17     35      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     C9-    C2-   C11-    H8 

    16      7     10     30      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C10-    C1-    C4-    H3 

    16      7     14     22      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C10-    C1-    C8-   C16 

    16      7     14     32      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C10-    C1-    C8-    H5 

    17      8     11     31      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C11-    C2-    C5-    H4 

    17      8     15     23      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C11-    C2-    C9-   C17 
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    17      8     15     33      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C11-    C2-    C9-    H6 

    18     12     10     30      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C12-    C6-    C4-    H3 

    18     22     14     32      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C12-   C16-    C8-    H5 

    19     13      2     27      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;    C13-    C7-    O2-   C21 

    19     13     11     31      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C13-    C7-    C5-    H4 

    19     23     15     33      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;    C13-   C17-    C9-    H6 

    20      9     21     25      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;    C14-    C3-   C15-   C19 

    20     24     16     34      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;    C14-   C18-   C10-    H7 

    21      9     20     24      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;    C15-    C3-   C14-   C18 

    21     25     17     35      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;    C15-   C19-   C11-    H8 

    22     18      3     40      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;    C16-   C12-    O3-   H13 

    23     19      4     41      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;    C17-   C13-    O4-   H14 

    24     20      9     28      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;    C18-   C14-    C3-    H1 

    24     20      9     29      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;    C18-   C14-    C3-    H2 

    25     21      9     28      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;    C19-   C15-    C3-    H1 

    25     21      9     29      3    0.00000    0.00000    0.00000    0.00000    

0.00000    0.00000 ;    C19-   C15-    C3-    H2 

    26      1     12     10      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;    C20-    O1-    C6-    C4 

    26      1     12     18      3    7.53120    0.00000   -7.53120    0.00000    

0.00000    0.00000 ;    C20-    O1-    C6-   C12 

    32     14     22     36      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     H5-    C8-   C16-    H9 

    33     15     23     37      3   30.33400    0.00000  -30.33400    0.00000    

0.00000    0.00000 ;     H6-    C9-   C17-   H10 

    34     16     24     38      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     H7-   C10-   C18-   H11 

    35     17     25     39      3   55.64720    0.00000  -55.64720    0.00000    

0.00000    0.00000 ;     H8-   C11-   C19-   H12 

 

[ dihedrals ] ; impropers 

; treated as propers in GROMACS to use correct AMBER analytical function 

;    i      j      k      l   func   phase     kd      pn 

     1     12     18     10      1   180.00   4.60240   2 ;     O1-    C6-   C12-    C4 

     7     12     10     30      1   180.00   4.60240   2 ;     C1-    C6-    C4-    H3 

     7     22     14     32      1   180.00   4.60240   2 ;     C1-   C16-    C8-    H5 

     7     24     16     34      1   180.00   4.60240   2 ;     C1-   C18-   C10-    H7 

     8     13     11     31      1   180.00   4.60240   2 ;     C2-    C7-    C5-    H4 

     8     23     15     33      1   180.00   4.60240   2 ;     C2-   C17-    C9-    H6 

     8     25     17     35      1   180.00   4.60240   2 ;     C2-   C19-   C11-    H8 

     9     24     20      5      1   180.00  43.93200   2 ;     C3-   C18-   C14-    O5 

     9     25     21      6      1   180.00  43.93200   2 ;     C3-   C19-   C15-    O6 

    10     14      7     16      1   180.00   4.60240   2 ;     C4-    C8-    C1-   C10 

    11     15      8     17      1   180.00   4.60240   2 ;     C5-    C9-    C2-   C11 

    11     19     13      2      1   180.00   4.60240   2 ;     C5-   C13-    C7-    O2 

    12     22     18      3      1   180.00   4.60240   2 ;     C6-   C16-   C12-    O3 

    13     23     19      4      1   180.00   4.60240   2 ;     C7-   C17-   C13-    O4 

    14     18     22     36      1   180.00   4.60240   2 ;     C8-   C12-   C16-    H9 

    15     19     23     37      1   180.00   4.60240   2 ;     C9-   C13-   C17-   H10 

    20     16     24     38      1   180.00   4.60240   2 ;    C14-   C10-   C18-   H11 

    21     17     25     39      1   180.00   4.60240   2 ;    C15-   C11-   C19-   H12 
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