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ABSTRACT 

Gephyrin, a postsynaptic protein self-amasses to shape a scaffold that anchor glycine and γ-

aminobutyric acid Type A receptors (GABAAR) to the cytoskeleton, guaranteeing the accurate 

accumulation of postsynaptic receptors at the opportune spot. In vertebrates gephyrin is 

basically composed into an N-terminal G-domain and a C-terminal E-domain associated by a 

central linker region or C-domain. All three domains of gephyrin work in a synergic manner 

and neuronal and non-neuronal functions are performed by this protein. One of the numerous 

jobs of gephyrin is the biosynthesis of molybdenum cofactor (MOCO). The exact mechanism 

and binding actions of molybdenum Insertase (consisting of gephyrin G (Geph-G) and E 

(Geph-E) domains) are currently obscure and require further research; so as to have a superior 

comprehension of the metal exchange reaction between Copper (Cu) particle (ion) and 

molybdate (MoO4
-2). Docking studies and molecular dynamic simulations were completed to 

determine the binding energies and interaction patterns as part of a function prediction for 

gephyrin, as the relative orientation of a ligand with a protein may influence the kind of signal 

created and anticipate both the quality and type of signal produced. Due of this computational 

investigation, it has been presumed that the metal containing pterin (MPT) is precarious with 

or without the copper particle subsequently outlining the job of copper particle only as a decoy 

utilized for substitution. Once adenylated the metal containing pterin (MPTAMP) stabilizes 

and copper particle is now able to be discharged and the ligand is passed along to the second 

protein domain Geph-E, where inclusion of molybdenum (Mo) as molydate (MoO4
-2) happens.  
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CHAPTER 1  

INTRODUCTION  

1. Gephyrin – The Neurotransmitter Cytoskeleton Linker Protein 

Since its revelation in 1982 by Heinrich Betz's group, Gephyrin is known as a focal component 

that anchors, clusters and stabilizes glycine and γ-aminobutyric acid type A receptor 

(GABAAR) at inhibitory synapses of the mammalian cerebrum. It self-assembles into a 

hexagonal cross section and communicates with different inhibitory synaptic proteins.  

Gephyrin was originally purified as a 93-kDa protein and was related with glycine receptors 

(GlyRs) and co-purified with polymerized tubulin. Thus, it was thought to be an anchoring 

protein associated with glycine receptors.1,2 

Gephyrin has three significant regions: G-domain, C-domain and the E-domain.  In 

vertebrates gephyrin is fundamentally composed into an N-terminal G-domain and a C-

terminal E-domain connected by a central linker region or C-domain. The G and E-domains of 

gephyrin are homologous to the Escherichia coli (E.Coli) enzymes molybdopterin 

adenylyltransferase (MogA) and molybdopterin molybdenumtransferase (MoeA) respectively, 

which are associated with the biosynthesis of molybdenum cofactor (MOCO). MOCO is 

fundamental for the action of different metabolically significant enzymes such as aldehyde 

oxidase, xanthine oxidase and sulfite oxidase. Gephyrin contains numerous phosphorylation 

sites, mainly located within the G-domain.1,3 

The C-domain of gephyrin is engaged in neurotransmission and goes about as a site for 

posttranslational modification and binding to other synaptic proteins, such as GABAA receptor-

associated protein (GABAARAP). Specific sequences of the C-domain contribute to the 
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formation of the GlyR-gephyrin complexes. Be that as it may, the structure for full-length 

gephyrin protein has not yet been illuminated, partially in light of the fact that specific 

properties of the C-domain complicate the crystallization of the full-length protein.  

Crystal structure studies so far of individual gephyrin domains have shown that while the 

G-domain has an inherent inclination to trimerize, the E-domain tends to dimerize. In view of 

these observations it was proposed that the full-length protein forms a planar hexagonal lattice 

underneath the synaptic membrane. The gephyrin structure permits the association of 

microtubule and microfilament-associated hexagonal protein into a grid, which facilitates the 

spatial dispersion of GABAA receptors at the postsynaptic membrane.3,4 

The gephyrin gene (GPHN) encoding for gephyrin is highly conserved and show cases a 

complicated intron-exon structure. The alternative splicing of GPHN leads to multiple gephyrin 

splice variants expressed in both neuronal and non-neuronal tissues. Transcript variants of 

gephyrin are found not only in brain and spinal cord but also in liver, kidney, heart, and lungs. 

Surprisingly, these are also the organs in which molybdenum dependent enzymes the most 

elevated enzymatic activities.2,5 

Apart from the incorporation of molybdenum into the MOCO, the Gephyrin protein is 

found to interact directly with the (1) actin-binding protein known as profiling, (2) post-

synaptic localization of major GABA receptor subtypes, (3) DNA-activating protein kinase 

RAFT1, (4) two alternative splice variants of collybistin and (5) brain specific guanine 

nucleotide exchange factors. Hemizygous deletions in GPHN have have been portrayed in 

various other neuro-formative disorders including autism, schizophrenia and seizures. A 

common deleted area reported is within exons 3–5 in the G-domain of the protein suggesting 

this area as key to protein function. 3,6 
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1.1. Gephyrin Dysfunction and Neurological Disorders  

Mutations in GPHN or modifications in protein expression points have been 

institutionalized in numerous neuro-pathological states comprising of neuro-developmental 

and neuro-degenerative disorders. GPHN gene’s exon 3–5, which encode for the domain of 

gephyrin, were branded as  unrelated in six cases effected by Autism Spectrum Disorders 

(ASDs), schizophrenia or temporal lobe epilepsy. 

Concerning neurodegenerative disorders, the examination of post mortem brain tissues 

from Alzheimer Disease (AD) patients has permitted insight towards a connotation between 

gephyrin dysfunction and neurodegenerative diseases.  GPHN gene is amongst the nine 

exceedingly penetrant genetic risk loci for schizophrenia.3 

The GPHN hemizygous missense mutation (G375D), discovered in a patient with a type of 

epileptic encephalopathy is reminiscent of Dravet's syndrome, as gephyrin G375D led to 

discrepancies in gephyrin clusterization with severe damage to GABAergic synaptic utility. 

Moreover gephyrin G375D mutation was incapable of synthetizing the molybdenum cofactor, 

crucial for the activation of MOCO-dependent enzymes. According to a different study 

gephyrin expression can alter MOCO biosynthesis in MOCO-deficient bacteria, as well as 

molybdenum-reliant mouse cell line and a MOCO-deficient plant mutant indicative of 

molybdenum cofactor deficiency (MoCD)  comprising of gephyrin is revocable.1,3,6 

1.2. Molybdenum 

Molybdenum (Mo) is a trace element, which is the only second row transition metal 

mandatory for most living organisms, making it an essential micro-nutrient for 

microorganisms, plants as well as animals. Molybdenum is catalytically inactive in biological 

systems until it is assimilated into a scaffold. Molybdenum cofactor precursor also sometimes 
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known as molybdopterin or pyranopterin (MPT) has an ene-dithiolate coordinating 

molybdenum which is incorporated in two types of scaffolds: molybdenum-iron-sulfur cluster 

(FeMoco) found in nitrogenase and the more common pterin-based molybdenum cofactor 

(MPT) found in xanthine oxidase, sulfite oxidase and dimethyl sulfoxide (DMSO) reductase. 

Biologically active form of molybdenum is molybdate (MoO4
2-) and in this form it enters the 

cell by active transport system. Molybdenum along with enzymes plays important role in body. 

It helps in the digestion of food, production of energy and removal of waste from the body.7–10  

1.3. Molybdenum Cofactor Deficiency  

Molybdenum cofactor deficiency (MoCD) is a severe autosomal recessive innate error of 

metabolism first defined in 1978. Taking into consideration the occurrence of MoCD, it has 

been classified as an ultra-orphan disease (1: 100,000). In accordance with the food and Drug 

Administration (FDA) website, ‘an orphan disease is defined as a condition that affects fewer 

than 200,000 people in the United States of America (U.S.A.)’, this makes molybdenum 

deficiency a rare disorder at the very least. Most rare diseases are difficult to manage, treat as 

well as diagnose especially in the early stages. The FDA also reported that up until the passage 

of certain laws, patients determined to have a rare illnesses were generally denied access to 

effective prescriptions medication. A lot of this had to do with prescription drug manufacturers 

not being able to make substantial revenue from advertising drugs to such trivial groups of 

people. Hence funded research for orphan product development is not very common.  

 MoCD is characterized by a neonatal display of seizures, feeding difficulties, severe 

developmental deferral, microcephaly with brain atrophy and abrasive facial features. MoCD 

results in deficiency of the molybdenum cofactor dependent enzymes namely sulfite oxidase, 

xanthine dehydrogenase, aldehyde oxidase and mitochondrial amidoxime reducing 

component. Lack of these enzymes results in the buildup of sulfite, taurine, S-sulfocysteine 
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and thiosulfate in the blood and serum of the body which adds to the severe neurological 

impairment and can be identified with a dipstick tests for urinary sulphite. Indication from 

clinical trials has proven early treatment with cPMP can turn MoCD type A from a formerly 

neonatal lethal condition to a somewhat adaptable condition. 27,29,30 

MoCD is caused by bi-allelic mutagenic variants in MOCS1, MOCS2 or GPHN gene. 

MOCS1 is responsible for around two- thirds of cases (MoCD Type A), followed by MOCS2 

(MoCD Type B) and then GPHN (MoCD Type C). When it comes to Type C, the first case of 

MoCD due to mutagenic variants in GPHN was called in a Danish family. The second patient 

confirmed to have GPHN mutagenic variants instigating MoCD was born to parents in Algeria 

and in the neonatal stage existed all the frequently befalling physiological symptoms of 

MoCD.10  
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CHAPTER 2 

LITERATURE REVIEW 

2. Molybdenum Absorption into the Cell  

All living organism require Molybdenum for normal functioning, they acquire this 

micronutrient from external medium in the form of molybdate. In eukaryotes, Molybdate enters 

the cell via a specific transporter system known as the Adenosine Triphosphate (ATP) Binding 

Cassette (ABC); a known superfamily of membrane transporters, wherein transporters 

facilitating specific and high-affinity molybdate transport belong to the molybdenum 

transporter (MOT) family respectively. Two members of the MOT family: MOT1 and MOT2 

are known for molybdate transport; MOT1 is a high-affinity and specific molybdate transporter 

that is crucial for efficient molybdate uptake from the soil in case of plants and from 

extracellular matrix in animals. MOT1 is present at two different subcellular localizations: 

plasma membrane and mitochondria. MOT2 is a molybdate transporter of the vacuole that is 

most likely convoluted in Molybdenum storage and its homeostasis in the cytosol as can be 

seen in Figure 2.1. 11,12 13 
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Figure 2.1: Transport of Molybdate into the Cell14 

2.1. Molybdenum Cofactor Biosynthesis Pathway  

MOCO biosynthesis starts in the mitochondria. The amalgamation of most fundamental 

type of MOCO involves multifaceted association of six proteins, with iron, sulphur, ATP and 

most importantly copper play a vital role in this process. The procedure comprises of four 

stages:   

(1) Cyclization of guanosine-5'-triphosphate (GTP) to form a cyclo-pyranoperin 

monophosphate (cPMP) intermediate.  

(2) Sulphidation of cPMP to give metal-containing pterin (MPT). 

(3) Adenylation of the MPT to generate metal-containing pterin - adenosine mono phosphate 

(MPT-AMP). 

(4) Coordination of molybdate to the enedithiolate group (which can be classified as a metal 

exchange reaction with copper).  

In eukaryotes every one of the six proteins catalyzing the MOCO biosynthesis has been 

distinguished in plants, fungi and humans. Similar proteins have additionally been 
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distinguished in prokaryotes like E.coli. The nomenclature for the genes and encoded proteins 

in humans, plants and prokaryotes are molybdenum cofactor sulfurase C-terminal (MOCS), 

calnexin homolog 1 (Cnx1) and pyranopterin monophosphate synthase (Moa) respectively. In 

E. coli the enzymes acyclic pyranopterin monophosphate synthase (MoaA) and cyclic 

pyranopterin monophosphate synthase (MoaC) catalyze the conversion of GTP to cPMP i.e. 

the first step of MOCO biosynthesis, via rearrangement of atoms; same reaction was catalyzed 

by their cognates being Cnx2 and Cnx3 in Arabidopsis thaliana (A.thaliana) where as in 

mammals MOCS1A and MOCS1B perform this task. 8,15,16   

In the second step, sulfidation of cPMP takes place to form the mature MPT, with a 

functional cis-dithiolene group. This is carried out by MoaB, MoaD and MoaE gene products 

in the E.coli (with the equivalent enzymes in plants and humans being Cnx6 / Cnx7 and 

MOCS2A / MOCS2B respectively.) 16,17 

The third and fourth step is combined in a bi-functional Cnx1 complex for plants and 

gephyrin complex for humans, with gene products Cnx1G / Cnx1E and GephG / GephE 

involved respectively. This bi-functional protein complex is known as molybdenum Insertase. 

In E. coli, molybdate is added to MPT cofactor by the gene products MogA and MoeA, which 

function separately. Hence, during the third step molybdenum Insertase (the two-domain 

protein) catalyzes the Mg-ATP-dependent adenylation reaction of MPT at its G-domain, which 

is then transferred to its E-domain where the AMP is cleaved and a metal exchange reaction 

between copper and molybdenum takes place which can be seen in Figure 2.2 .9,16,18,19 
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Figure 2.2: Molybdenum Cofactor Biosynthesis Pathway - The biosynthesis starts in the mitochondria and the 

product of the first step in carried out into the cytosol. The nomenclature for the genes and encoded three 

homologous proteins in humans, plants and prokaryotes are MOCS, Cnx and Moa respectively. 20,21 

2.2. Molybdenum Cofactor (MOCO) 

Focusing on the structure of MOCO, it is eminent that it a one of a kind pterin subsidiary 

because it has a pterin group, a C6 substituent that coordinates molybdenum via an 

enedithiolate group and a phosphate group (Fig. 2.3). The pterin moiety of MOCO is known 

for positioning the catalytic metal effectively within the active site; manage the redox activities 

of the molybdenum atom and electron transmit to or from molybdenum via the delocalized 

electrons within the pterin. X-ray crystallographic investigations of molybdenum enzymes 

uncover that the cofactor is not bound on the surface of the protein. It is concealed acutely 

within the center of the enzyme. The exact mechanism of MOCO insertion into the holo-

enzyme is not entirely understood; it is uncertain whether MOCO needs to be assimilated 

before or during completion of the folding process of the apo-enzyme. Once incorporated into 

the protein the MOCO is permanently bound to the protein and a tunnel-like configuration 

makes the cofactor available to the substrates. 9,15,22 
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Figure 2.3: Molybdenum Cofactor 20,22 

 

2.3.Molybdenum Cofactor Dependent Enzymes  

Molybdenum based enzymes catalyze the exchange of an oxygen atom to or from a 

substrate, which is the derivative of a water molecule. These types of reactions are referred to 

as redox reactions and molybdenum based enzymes can catalyze an extensive array of redox 

reactions. More than 50 enzymes are reliant on molybdenum, although molybdenum in itself 

is catalytically dormant in living organisms until it is incorporated in a scaffold. Hence, the 

metal is not directly attached to the catalytic site but rather incorporated into a low molecular 

scaffold. These scaffolds are of two types: molybdenum-iron-sulfur cofactor (FeMoco) found 

in nitrogenase (Figure 2.4) and the more common pterin-based molybdenum cofactor (Figure 

2.3) found in xanthine oxidase, sulphite oxidase, DMSO reductase and mitochondrial 

amidoxime reducing component (mARC).  

 



 

12 

 

 

Figure 2.4: Mo-MPT is complex with an [Mo–3Fe–3S] cluster (for nitroganase).15 

In nitrogenase three homologous systems have been identified so far, out of the three the 

molybdenum based MoFe-protein has two unique metal centres: P-cluster [4Fe–3S] and FeMo-

co, [Mo–3Fe–3S] cluster. The core structure of the other type of molybdenum cofactor, pterin-

based molybdenum can be divided into three categories: sulphurated MCD, di-oxo MOCO, 

bis-MGD. (Figure 2.5)  15,19,22,23 

 

Figure 2.5: The various structures of Mo-MPT in E.coli - Mo-MPT can be further altered into three diverse 

molybdenum-containing enzyme families exist: xanthine oxidase, sulfite oxidase, and DMSO reductase 

families. In the xanthine oxidase family, Mo-MPT is further modified by the addition of CMP to form sulfurated 

MCD. Mo-MPT is directly inserted into enzymes of the sulfite oxidase family. For DMSO reductase family, 

Mo-MPT is further modified by formation of a bis-Mo-MPT intermediate.19 
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2.3.1. Xanthine Oxidase 

In xanthine oxidase family (XO), active sites contain a molybdenum atom coordinated 

with two sulfur atoms of dithiolene of the MPT, one sulfur atom of terminal sulfidic ligand, an 

oxygen atom and a hydroxide/water molecule. The xanthine oxidase family is fashioned by 

two homologous members (xanthine oxidase (XO)/xanthine dehydrogenase (XDH)) and 

Aldehyde Oxidase (AO). XO/XDH is an enzyme convoluted in purine catabolism and absence 

or deficiency of XO can lead to kidney stones and renal failure; whereas AO catalyzes the 

oxidative hydroxylation of various aldehydes. AO is important for blood circulation, making 

steroid hormones and also necessary for healthy lungs.17,22,24 

 

Figure 2.6: Xanthine Oxidase Family19  

2.3.2. DMSO Reductase  

The DMSO reductase family is assorted in both structure and capacity, yet all 

individuals have two reciprocals of the pterin cofactor bound to the metal. The X can be a 

serine, a cysteine, selenocysteine, hydroxide, and/or water molecule. The reactions catalyzed 

by members of this family commonly include oxygen-atom transfer, but sometimes 

dehydrogenation reactions also occur. Every enzymes of this family has two counterparts of 

molybdopterin guanine dinucleotide cofactor (MGD) joined together. In addition to this a 

variant of MPT containing an additional guanosine monophosphate GMP group is also attached 
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to the phosphate group of MPT. Most other enzymes of the DMSO reductase family also 

comprise of added subunits and much of the time an iron–sulphur core is present in the MOCO-

bound subunit.8,25,26 (see Figure 2.7) 

 

Figure 2.7: DMSO Reductase Family19 

2.3.3. Sulfite Oxidase 

In sulfite oxidase (SO) family, Mo is coordinated with three sulfur and two oxygen 

atoms. Out of three, two sulfur atoms are from MOCO, whereas, third equatorial sulfur ligand 

is from conserved cysteine. Apart from sulfite oxidase another recently discovered 

mitochondrial Amidoxime Reducing Component mARC also makes use of the cofactor. The 

enzyme was identified by deciphering the mechanism of amidoximes reduction by liver cells’ 

mitochondria. A new MOCO-dependent enzymatic activity was discovered which involves 

reduction of a pro-drug called benzamidoxime to create its active form benzamidine. The 

eukaryotic mARC enzymes comprises of two domains: (1) a MOSC domain that is present in 

the MOS (2) MOCO sulfurases enzymes and its β-barrel domain; mARC enzyme require 

protein partners to function, as they provide the electrons from NADH to reduce the substrate. 

The moonlighting proteins formulate a distinct class of multifunctional enzymes which execute 
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numerous physiological capacities relying upon the concentration of cellular ligands, 

substrates, cofactors, tissue, cellular localization, oligomeric state and post-translational 

modification. The human mARCs are located in the mitochondrial membrane with its C-

terminal domain protruding in to the cytosol. 8,17,21 (see Figure 2.8) 

 

Figure 2.8: Sulfite Oxidase Family19 

2.4. Mechanism of Molybdenum Insertion – Metal Exchange Reaction 

It is at present obscure at which step copper is bound to the dithiolate and was classified as 

an unexpected finding in crystal structures of Geph-G domain. Once the Molybdenum is 

inserted into the dithiolate group the molybdenum cofactor is matured and denoted as MOCO. 

The exact mechanism and binding actions of molybdenum Insertase are currently unknown 

and require further research. Mature MOCO can bind directly to the molybdenum enzymes or 

domains irreversibly and a tunnel-like structure lets the cofactor become accessible to the 

substrates. Although the exact mechanism of insertion of the MOCO into the holo-enzyme is 

not entirely understood; it is uncertain whether MOCO needs to be incorporated before or 

during completion of the folding process of the apo-enzyme. 17,18 
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Figure 2.9: Hypothetical mechanism of molybdenum insertion reaction. It is currently unknown at which step 

copper is bound to the dithiolate, the Cu is exchanged for the Mo in a metal exchange reaction. 23 

2.5. Molybdenum Cofactor Susceptibility to Oxidation / Role of Carrier Proteins 

Once the MPT has been successfully converted into MOCO via molybdenum Insertase in 

eukaryotes, the newly manufactured cofactor does not occur freely in the cell. It is upheld by 

being bound to a storage protein called MOCO binding proteins (molybdenum carrier protein 

(MCP) in Chlamydomonas reinhardtii (C.Reinhardtii) and molybdenum binding protein 

(MoBP) in A.thaliana and higher organisms) with a half-life of up to two days, to protect it 

from oxidation. The MOCO cofactor is extremely sensitive to air-oxidation; hence MoBPs are 

able to intermingle with both, molybdenum Insertase and the Mo-containing enzymes, 

becoming capable of enclosing the cofactor into the corresponding apo-enzyme. A distinctive 
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feature of the eukaryotes is that the biosynthesis of the pyranopterin is compartmentalized, 

meaning that the formation of cPMP taking place in the mitochondrial matrix. After formation 

the cPMP, it is transported out of the mitochondrion by an ATP-dependent member of the ABC 

transporter family known as ABC Transporter Membrane protein type 3 (ATM3). In humans, 

once in the cytosol, sulfuration of cPMP by MOCS2B and MOCS2A takes place with the help 

of cysteine desulfurase. In the cytosol, rest of the synthesis of MOCO takes place, which is 

then trafficked to members of corresponding apo-enzyme such as sulfite oxidase family with 

the help of carrier proteins.11,16 

2.6. Insertion of Molybdenum into the Apo-Enzymes 

Sulfuration of the MOCO is very similar to the sulfuration of cPMP and is important for 

conservation of the cofactor in the cytosol and in some cases is needed for insertion into the 

apo-enzyme. MOCO sulfurases have been identified from multiple eukaryotes as well as for 

humans. For eukaryotes abscisic acid deficient 3 (ABA3) performs the sulfuration and for 

prokaryotes cysteine desulfurase subfamilies perform sulfuration. Cofactor inclusion in the 

case of sulfite oxidase family seems to be kept at a minimal, as the cofactor does not require 

being deeply buried in the holo-enzyme. The sub-domains could easily move apart transiently 

to incorporate the cofactor; thermal energy is enough to prompt the essential conformational 

changes. It is also reported that molybdenum Insertase may be convoluted in a specific protein–

protein interaction with apo-enzymes to insert the cofactor directly.  

In case of most of the bis MGD-utilizing enzymes, such as DMSO reductase family, 

incorporation of the cofactor into apo-enzymes may be assisted by chaperone proteins as it is 

quite complex. Not only is the cofactor buried deeply the bis MGD cofactor in itself is a 

complex version of the MOCO enzyme. The chaperone stabilizes the respective apo-enzyme 

enabling the cofactor insertion. C-terminal of the MGD-utilizing enzymes has a cap towards 
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the rear side of protein and exclusion of this cap reveals the totality of the bis MGD cofactor. 

A widespread funnel offers substrate access to the active site molybdenum center, which is an 

exceedingly conserved article of DMSO reductase family.  

The Xanthine oxidase family has the trickiest insertion pattern of the molybdenum center into 

enzymes out of all the other families. Needless to say the cofactor needs to be buried deeply 

and the funnel that gives substrate access to the active site molybdenum center is only 15 Å-

long. Enzymes accountable for sulfuration of the cofactor, partake directly in its incorporation 

of it into the enzymes of xanthine oxidase family. 16,19,20,27 

2.7.Role of Molybdenum Insertase in the Biosynthesis of Molybdenum Cofactor: 

Structural and Functional Comparison in both Plants and Animals 

The bi-functional Cnx1 complex for plants and gephyrin complex for humans, with gene 

products Cnx1G / Cnx1E and GephG / GephE domains, are associated by a linker region 

comprising of at least 160 residues in Geph and only 25 residues in Cnx1. When compared to 

MogA, the eukaryotic Cnx1G and GephG gene products have four major differences in their 

three-dimensional structures namely: (1) In Geph-G and Cnx1G insertion of an additional a-

helix in between the first b-strand and a-helix of MogA is observed. (2) The loop between a-

helix2 and b-strand2 has conformational changes for the eukaryotic proteins (3) A b-hairpin 

loop found in MogA is absent from the eukaryotic gene products respectively. (4) The C 

terminus of Geph-G tracks a different path from that in MogA.  

Previously, the plant Mo-insertase Cnx1 has aided as a search model to detect its human 

homolog. What was 3revealed was: (1) the protein was already known but with a completely 

Mo-unrelated function, namely as ‘Gephyrin’ which is ubiquitously expressed mainly in the 

central nervous system, where it is essential for clustering of inhibitory neuro-receptors in the 
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postsynaptic membrane (2) plants have the E domain on the N-terminus, in mammals it is the 

G domain, hence making the two homologues protein have inverse domains.17  

Apart from the incorporation of Molybdenum into the MOCO, the Gephyrin protein is found 

to interact directly with the (1) actin- binding protein known as profiling, (2) post-synaptic 

localization of major GABA receptor subtypes, (3) DNA-activating protein kinase RAFT1, (4) 

two alternative splice variants of collybistin and (5) brain specific guanine nucleotide exchange 

factors. Deletion in the Gephyrin coding gene was identified to have played a role in symptoms 

typical of MOCO deficiency. 13,20,22 

Cnx1-G and Geph-G form stable trimers in the crystals. The trimerization is mediated by 

residues in a5, b4, a7, the 310-helix and the loop connecting b3 with a4. The packing of GephG 

in crystals is characterized by a layer-like arrangement of its trimers. Phe90 residue is known 

for multiple hydrophobic interactions with residues of the adjacent monomer, which is 

characteristic only in eukaryotes, consequently establishing bonding between individual 

monomers of the trimer. Electrostatic comparison of the properties of the eukaryotic G-

domains and prokaryotic MogA reveal that the distribution of charged residues is well 

conserved for all three homologous gene products. Although MogA is more closely related to 

GephG than it is to Cnx1G, with 34.1% and 30.5% similarity respectively.  11,12,28 
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Figure 2.10: Geph-G trimer observed along 3-fold axis: –        mark the possible binding sites for MOCO. 9 

2.8.Binding Pockets of the two Domains of Molybdenum Insertase  

The binding pocket for MPT is highly conserved for the three homologous proteins; 

statistics from site-directed mutagenesis studies indicate that in the binding site of Cnx1, it is 

anticipated that MPT binds into the cleft between the functionally vital b3 and a4; 

encompassing the highly conserved Gly-Gly-Thr-Gly motif (residues 86-89), Leu-Pro-Gly 

motif (144-146) and aspartate residues (Asp61 and Asp94). 
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Figure 2.11: Gly-Gly-Thr-Gly motif in red (residues 86-89); Leu-Pro-Gly motif in green (144-146) and 

aspartate motif in blue (Asp61 and Asp94) within the binding pocket. 9 

The dithiolene group of MPT which is involved in the metal exchange reaction and Mo is 

in close proximity of two catalytically important aspartate residues. The bend amongst the 

pterin and the pyran ring compliments the shape of the binding pocket. For the second domain 

Geph-E Serine (Ser630) is known to play an important role in the insertion of molybdate into 

the dithiolene group of MPT replacing Cu in a metal exchange reaction. 9 
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Problem Statement 

In the central nervous system, gephyrin has been shown to anchor neurotransmitter receptors 

to the cytoskeleton. It is also the only known mammalian homolog to MogA and MoeA. The 

exact mechanism and binding actions of molybdenum Insertase (consisting of gephyrin G and 

E domains) are currently unknown. Hence it is vital to understand the detailed reaction 

mechanism for synthesis of MOCO from MPT (which is the last step) and its intimidator 

MPTAMP, in MOCO biosynthesis.  
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Objectives  

• Finding the role of Cu in MOCO biosynthesis.  

• Finding the binding interaction energies and function prediction of both molybdenum 

Insertase domains with their respective substrates namely MPT and MPT-AMP.  

• Finding the metal exchange reaction between copper and molybdenum  

• Determining a possible linkage between molybdenum Insertase domain Geph-E and 

MoCD type C. 

 

  



 

24 

 

CHAPTER 3 

METHODOLOGY  

3. Computational Methods 

Medicinal chemist uses computational biochemistry in synergy with results of theoretical 

chemistry, assimilated into effective computer programmers, to predict structure and properties 

of molecule. Computational biochemistry analyzes the characteristics of molecule such as: 

charge distribution, relational energy, dipole moment, structure, vibrational frequency and 

reactivity. Computational analyses have three ranges: ab initio methods (high accuracy), semi-

empirical methods (moderately accurate) and lastly the molecular mechanics method (low 

accuracy).  

This research work was conducted to comprehend the reaction mechanism of MOCO 

synthesis from MPT with the help of enzyme Mo Insertase, which consists of two protein 

domains Geph-G and Geph-E. The project is completed in 05 steps mentioned below: 
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3.1.Ligand Preparation: 

Formation of MOCO from MPT is a two-step process; (1) formation of MPT-AMP from MPT 

and (2) formation of MOCO from MPT-AMP. As there are two ligands MPT and MPT-AMP 

involved hence they were chosen for geometry optimization: 

 (1) Molybdopterin - MPT  

(2) Adenylated Molybdopterin - MPTAMP  

The structure of MPT and MPT-AMP were modeled using Gaussview631. Zinc database32 

entries ZINC40164370 and ZINC62235906 were used as reference. The molecular geometries 
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of MPT and MPT-AMP, in their ground state, were optimized using the Gaussian 09 program 

package .33. 

3.1.1. Gaussian-09 

Gaussian software was introduced in 1970 by John Pople.33 The Gaussian package is 

used for finding energies, molecular geometries, lowest and highest occupied molecular orbital 

(LUMO and HOMO), spectroscopy as well as the transition states involved in reaction 

mechanisms. The input files for it are generated using a graphic user interface (GUI) called 

Gaussview31 whereas output files are viewed in the linux environment using GUI Molden34.  

 

3.1.2. Density functional theory (DFT)  

Density Functional Theory (DFT) is a method typically used nowadays to calculate 

ground-state electronic structure calculations of atoms, molecules and solid state materials. 

This method is good for studying structure, electronic state and different spectra of mechanistic 

studies. In DFT method the properties of a molecule are calculated based on electron density. 

The energy of a molecule is a function of electron density and electron density is function of 

electron position in x, y and z coordinates.35 

3.1.3. Geometry Optimization 

Geometric optimization is a method of taking rough geometric approximations and making 

them as exact as possible, in order to do this DFT calculations were performed on modeled 

structures using B3LYP exchange correlation functional and Lanl2DZ basis set. 31 All 

simulations were performed on the High Performance Computer Cluster servers (Ganglia 
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FING-Rocks-Cluster)36 available at the Research Center for Modeling & Simulations – 

National University of Science and Technology (RCMS-NUST); using Gaussian 09 program 

package 33 via Linux. To visualize input, output and simulation steps of the Gaussian09 job 

run, MOLDEN34 was used. The calculated electrostatic potential (ESP) charges were taken as 

partial charges for the ligands.  

3.2. Protein Preparation 

For protein preparation, first the PDB structures are taken from online platform and then 

the PDB structures are cleaned using software to remove any pre attached ligands. Next the 

protein’s energy is minimized to mimic natural state of protein in the body.  

3.2.1. Protein Data bank (PDB) 

The crystal structures of the two domains of Molybdenum Insertase: Geph-G and 

Geph-E were obtained from Protein Data bank (PDB)37 having PDB ID:  

• 1jlj (GephG)9  

• 4tk1(GephE)38  

It is noteworthy that in case of Geph-G crystal structure (PDB ID: 1jlj), the reported 

organism is Homo sapiens. Whereas for Geph-E crystal structure (PDB ID: 4tk1) the reported 

organism is Rattus norvegicus; for the sake of consistency same organism for both domains 

should be preferred. Hence, upon template search for sequence alignment of human gene 

GEPH_HUMAN (Uniport ID: Q9NQX3) via Swiss model, it was discovered that PDB ID: 

4tk1 showed 100% sequence similarity to human gene inferring that the protein is entirely 

conserved within mammals. 38,399 
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3.2.2. Molecular Operating Environment (MOE) 

After obtaining both protein structures from PDB, they were prepared for molecular 

active site identification and molecular docking using Molecular Operating Environment 

(MOE) software (2019 version issued by the Chemical Computing Group).40 For both protein 

domains, additional use of software called ‘University of California, San Francisco’ or UCSF 

Chimera41 was used. In case of Geph-G it was to import the Cu ion in the binding pocket from 

its plant homolog Cnx1 (PDB ID: 1uux)23. In case of Geph-E a molybdenum cluster was 

imported into the binding site, from another Geph-E protein (PDB ID: 5eru)42 of lower 

resolution. 

 

3.2.3. Structure Cleaning 

Now the protein crystal structures (individually) were imported into Molecular 

Operating Environment (MOE)40 software and edited to remove all water molecules along with 
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any pre-attached ligands. The tautomeric states of residues were adjusted via protonation for 

which the pH was kept at 7.0, temperature was maintained at 300K and the salt (ionic) 

concentration retained at 0.1mol/L (according to the Generalized Born-GB electrostatic 

model). The electrostatic function chosen to be ‘GB/VI’ (Generalized Born/ Volume Integral) 

while the van der Waals (vdW) function was depicted to be ‘800R3’ (800R3 simulates the 

repulsive part of vdW energies), the electrostatic interactions cut off was kept at 15Å.  

3.2.4. Energy Minimization 

After protonation the protein crystal structures were energy minimized. Protein energy 

minimization methods are ingrained in observations that native protein structures resemble a 

system at thermodynamic equilibrium with the least free energy, hence for the energy 

minimization ‘Amber10’41 force field was used while allowing adjustment to ‘H-atoms’. The 

root-mean-square deviation (RMSD) gradient was kept at ‘0.1 kcal/mol/A^2’. (Energy 

minimization is terminated when RMSD gradient falls below this value) 

3.3. Active Site Identification  

After obtaining protein from PDB and optimized ligand, next step was the prediction 

of protein binding pocket for the two domain of Molybdenum Insertase. Hence the well-known 

software for binding pocket prediction tool DoGsite Scorer43 was used, chosen from previously 

reported literature, to check the drug score of the binding pockets. DoGsite Scorer is a web-

server for automatic binding pocket prediction and analysis. It is a newly developed tool and 

available freely for academics. Files of Protein and Ligand were uploaded in the provided box 

to run the process and obtain best binding pocket for the ligand. 
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3.4. Molecular Docking  

Molecular modeling is a field in which methods like docking are used to calculate the 

preferred orientation of one molecule to a subsequent molecule, when bound to one another to 

form a steady complex. Understanding of the preferred orientation may in turn be used to 

calculate the strength of association or binding affinity between two molecules, using for 

example ‘scoring functions’. Molecular docking is used for two purposes: one is signal 

transduction and the other is drug design. The signal transduction is the association between 

biologically significant molecules such as nucleic acids, proteins, lipids and carbohydrates 

perform an essential role in signal transduction. Furthermore, the relative orientation of the two 

cooperating partners may affect the type of signal formed (agonism, antagonism). Therefore 

docking is useful for calculating both the type of signal produced and strength of the signal.   

In the case of drug discovery and design docking is needed to calculate the orientation of 

small molecular candidates of drugs, to their protein targets so that predictions on the affinity 

and action of the small molecule can be made. Therefore, docking is vital for rational drug 

design. 4445 
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Figure 3.1: Protein-Ligand Complex - Molecular Docking 

After active site is predicted both ligands MPT and MPT-AMP were docked into their 

respective protein domain’s orthosteric binding site with the help of Molecular Operating 

Environment (MOE) software40 (MPT into GephG / MPT-AMP into GephE). The placement 

method chosen was ‘Alpha Triangle’ (which drives poses by random superposition of ligand 

atom triplets and alpha sphere dummies as receptor cites) with post placement refinement kept 

as ‘induced fit’(changing receptor pocket to cater to the ligand). The initial scoring function 

was kept as ‘London dG’ (is a hybrid of empirical + knowledge-based functions, which 

estimates the binding free energy (ΔG˚) of the ligand from a given pose) and ‘GBVI / WSA 

dG’ ((Generalized Born/ volume integral/ Weighted Surface area) a force field-based scoring 

function, which estimates the free energy of binding of a ligand from a given pose) as the final 

scoring function.  No ‘wall constraints’ were used. The receptor was kept at ‘Receptor’ while 

receptor site was chosen to be ‘selected atoms’. The electronic density was depicted at 1σ with 
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a resolution of 2.5 (for simulated electron densities). The search efficiency was kept at 100% 

(software provides 1-500% as an option). A total of 150 poses were generated in each case, out 

of which 134(MPT/GephG) and 100(MPT-AMP/GephE) poses were retained by the software. 

In addition, MPT (with an attached molybdate) was docked in GephE to replicate the MOCO 

cofactor formation with a total of 90 poses retained out of the 100 generated.  

3.5.  Molecular Dynamics Simulations 

Molecular dynamics (MD) is a molecular mechanics program intended to imitate the 

movement of atoms within a molecule. MD can be done on a molecule to produce altered 

conformation which upon energy minimization, give a range of steady conformations. The MD 

method is used for calculation of the molecular motion of several particles that are interacting 

in classical manner. In MD, motions of molecules are within some specific time-frame i.e. one 

time step (fs); atoms have some velocities and are subjected to some forces. The MD simulation 

is used to observe the conformational changes in molecules by assimilating Newton’s second 

law of motion (F=ma). Motion of a single molecule or of large amount of molecules can be 

studied by this method.  40,46 
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Figure 3.2: Protein-Ligand Complex in a solvent box - MD simulation47 

3.5.1. GROMACS 

All MD simulations were performed using GROningen MAchine for Chemical 

Simulations (GROMACS) v5.1.048, following GROMACS tutorial-549 (Protein-ligand 

Complex) while using the parameter files provided within the tutorial, with the CHARMM36 

force field for all simulations. The force field parameters for the ligands were acquired using 

ParamChem with Chemistry at Harvard Macromolecular Mechanics (CHARMM) general 

Force Field (CGenFF)50. Periodic boundary conditions were used. Newton’s equations of 

motion were incorporated by means of leap- frog algorithm. A 2fs (femtosecond) integration 

time step was utilized, the bonds amongst hydrogen atoms and every heavy atom constrained 

to their equilibrium lengths using the Linear Constraint Solver (LINCS) algorithm. The 

temperature was sustained at 310K (kelvin) using a Nosé-Hoover thermostat with a coupling 

time constant of 1.0ps. The system box was allowed to fluctuate under 1atm (atmospheric 

pressure) using a semi-isotropic Parrinello-Rahman barostat. For both Van der Waals (vdW) 

and electrostatic interactions, cutoffs of 1.2nm (nanometer) were applied. Long-range 

electrostatic interactions were calculated using the particle mesh Ewald (PME) method. All 

systems were minimized and then equilibrated for a total of 10 ns, including NVT (constant 

number, volume and temperature) and NPT (constant number, volume and pressure) with the 

Berendsen weak coupling method. All these parameters were used in accordance with the 

GROMACS tutorial-549 (Protein-ligand Complex)  hence making them grossly generalized and 

applicable on average to any MD simulation.  49 

In order to perform molecular dynamics simulations a Linux environment was 

preferred, hence Ubuntu v2.02 was installed whereas the Python v3.7.3 was made use of. The 

GUI used to manipulate input files were PyMol v2.051 and Avogadro v1.2.052, similarly in 

order to visualize the output files VMD v1.9.353 was used. The simulations were carried out on 



 

34 

 

supercomputing facility of research and education center (ScREC) at Research Center for 

modeling & Simulation (RCMS) NUST. 
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CHAPTER 4 

RESULTS 

4. Computed Results 

MOCO biosynthesis is a stepwise process that consists of four steps. This study is focused 

on the computational analysis of its last step i.e., the formation of MOCO from the MPT with 

the help of enzyme Molybdenum Insertase (Geph-G and Geph-E domain). 

This study was completed in following four stages: 

Ligand Preparation / Geometry Optimization  

Active Sites / Binding Pocket Search 

Molecular Docking / Binding Energies  

Molecular Dynamics/ Interaction Patterns  

4.1.Ligand Preparation / Geometry Optimization  

According to the literature, formation of MOCO from MPT is a two-step process; (1) 

formation of MPT-AMP from MPT and (2) formation of MOCO from MPT-AMP. As there 

are two ligands MPT and MPT-AMP involved, geometry optimization was performed on both 

ligands, the reference of these ligands were taken from ZINC database32, geometries were 

modeled using GaussView31 and geometry optimization (energy minimization) was performed 

using Gaussian 09 program.33 DFT calculations were performed with optimize model 

geometries of ligand. The optimized geometries of the two ligands can be seen in Figure 4.1 

and 4.2 for MPT and MPT-AMP respectively. 
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Figure 4.1: Final conformation achieved for MPT via DFT geometric optimization 

It is to be noted that during energy minimization the overall charge of ‘zero’ and 

multiplicity was kept at ‘one’. In order to keep charge at zero the sulfur atoms in the dithiolene 

group have hydrogen atoms which were removed prior to docking so that the sulfur atoms 

could interact with the copper Cu ion. It was required to achieve the first objective of this 

research i.e., calculate the interaction energy of metal with the sulfur atoms of dithiolene. 

 

Figure 4.2: Final conformation achieved for MPT-AMP via DFT geometric optimization 

In case of MPT-AMP the overall charge was also at kept at ‘zero’ and multiplicity is ‘one’. 

In the case of MPT-AMP no alterations were made to the ligand prior to docking. 
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4.2. Active Sites / Binding Pocket Search 

As mentioned in chapter 3 DoGsite Scorer was used to check whether the active site 

search predicts a binding pocket in the vicinity previously reported in literature and the drug 

score of the binding pocket. As mentioned earlier the plant homolog of Geph-G known as Cnx1 

has a predicted binding site in the cleft between the functionally important b3 and a4; 

comprising of the highly conserved glycine glycine threonine glycine (Gly-Gly-Thr-Gly) motif 

(residues 86-89), leucine  proline glycine (Leu-Pro-Gly) motif (144-146) and aspartate residues 

(Asp61 and Asp94).9 

In Geph-G the DoGsite Scorer found a similar pocket reported in literature for the plant 

homolog with the the highly conserved Gly-Gly-Thr-Gly motif, Leu-Pro-Gly motif and 

aspartate residues present (Figure 4.3). The Pocket predicted by the software had the following 

residues:   

VAL10 SER11 ASP12 SER13 ASP49 GLY74 GLY75 THR76 GLY77 PHE78 ALA79 

ARG81 ASP82 SER107 VAL110 THR111 LEU113 GLY114 LEU116 SER117 LEU132 

PRO133 GLY134 SER135 LYS137 GLY138 GLU141 CYS142  

The pocket had the drug score of 0.81 (on a scale of 0 – 1) which is a clear indication 

that this was in fact the best possible binding site. The binding pocket has a depth of 21.4 Å, 

surface area of 836.1 Å² and volume of 863.2 Å³. (Figure 4.3) 
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Figure 4.3: Highlighted cavity of Geph-G Trimer (colored chains) predicted by the DoGsite Scorer as the 

binding pocket for the active site with a drug score of 0.8143 

In Geph-E the only report residue is Ser 630 that plays a vital role in the insertion of 

molybdate into the dithiolene group of MPT replacing Cu in a metal exchange reaction, as it 

reportedly interacts with the molybdenum cluster according to literature.42 In Geph-E the 

DoGsite Scorer found a pocket with Ser 630 present with a drug score of 0.82 (on a scale of 0 

– 1); (Figure 4.4) the residues present in this pocket are as follows: 

LEU365 PRO366 PHE368 ALA370 SER371 VAL372 LYS373 THR413 GLY414 ALA415 

ARG458 ASP463 GLU509 ILE522 GLY572 GLY573 VAL574 MET601 LYS602 PRO603 

GLY604 LEU605 PRO606 PRO625 GLY626 ASN627 VAL629 SER630 ARG670 GLU672 

HIS674 GLY693 LEU700 
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The drug score of 0.82 is a clear indication that this was in fact the best possible binding 

site. The binding pocket has a depth of 30.2 Å, surface area of 2894.6 Å² and volume of 2364.1 

Å³. (Figure 4.4) 

 

Figure 4.4: Highlighted cavity of Geph-E dimer (colored chains) predicted by the DoGsite Scorer as the binding 

pocket for the active site with a drug score of 0.8243 

4.3. Molecular Docking / Binding Energies  

A total of three docking jobs were prerformed; both ligands were docked into their 

respective protein domain’s orthosteric binding site, namely MPT into Geph-G, MPT-AMP 

into Geph-E and for the final docking job Mo-MPT (MOCO) was docked into Geph-E in order 

to determain ligand binding poses and the binding energies for those poses, with the help of 

Molecular Operating Environment (MOE) software.  

As stated earlier, literature reports that the binding pocket for MPT is highly conserved 

for the three homologous proteins; data from site-directed mutagenesis studies show that in the 

binding site of Cnx1 (in vivo), MPT is predicted to bind into the cleft between the functionally 
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important b3 and a4; comprising of the highly conserved Gly-Gly-Thr-Gly motif (residues 86-

89), Leu-Pro-Gly motif (144-146) and aspartate residues (Asp61 and Asp94).9 The bend 

between the pterin and the pyran ring compliments the shape of the binding pocket. It can be 

seen from the Figure 4.5 that the docking results are in agreement with the previously reported 

literature. However, it is to be noted that in the findings below, the motifs in the binding pocket 

of Geph-G (in silico) are displaced by 12 residues. The results depicted the Gly-Gly-Thr-Gly 

motif at residues 74 -77, Leu-Pro-Gly motif at 132-134 and aspartate residues at Asp49 and 

Asp82 respectively.  

The dithiolene group of MPT, which is involved in the metal exchange reaction, is 

showing interactions with the Cu ion in the binding pocket and can be seen almost forming a 

furanose ring (see Figure 4.6) with the ion. The pterin moiety is seen interacting with the 

aspartate Asp82 residue while being in close proximity to the dithiolene group. The phosphate 

group is seen interacting with serine Ser135.  The glysine Gly134 of the Leu-Pro-Gly motif at 

132-134 is also seen interacting with the pterin moiety of MPT. 

 

Figure 4.5: 2D ligand interactions of MPT docked with Geph-G domain of Mo Insertase, in the presence of Cu 



 

41 

 

 

Figure 4.6: 3D ligand interactions of MPT docked with Geph-G domain of Mo Insertase 

During the docking job for MPT into Geph-G orthosteric binding site, the placement 

method chosen was ‘Alpha Triangle’ with post placement refinement kept at ‘induced fit’. The 

initial scoring function ‘London dG’ and the final scoring function ‘GBVI / WSA dG’ retained 

a total of 134 poses out of 150 generated as the early termination cutoff was defined at 3 

identical poses. The correlation plot of the Generalized Born/ volume integral ‘GB/VI’ binding 

free energy (ΔG˚) and root mean square deviation ‘RMSD’ is depicted in Figure 4.7 for all 134 

generated poses. Highlighted is the ligand binding pose 107 with binding free energy of -5.1 

kcal/mol.  (The ligand interactions can be seen in Figure 4.5 and 4.6 respectively.)    
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Figure 4.7: Correlation plot of GB/VI Binding Free Energy and RMSD for MPT/Geph-G 

Next, the binding energy and interaction patterns seen for MPT-AMP with Geph-E are 

previously reported to have the Ser630 as having an important role in the in cooperation of 

molybadate into the final Molybdenum Cofactor. Upon being imported (from the low 
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resolution protein PDB ID: 5eru) with the help of UCSF Chimera, into the binding site of the 

Geph-E to check interactions, the molybdenum cluster and molybdate showed interactions with 

the reported serine Ser360 residue. The molybdenum cluster and molybadate were however 

removed prior to the docking of MPT-AMP in order to prevent the binding pocket from over 

cluttering.   

 

Figure 4.8: 2D depiction of molybadate / Mo cluster interaction with Ser 630 in Geph-E 

 Docking was preformed of MPT-AMP into Geph-E orthosteric binding site, for which the 

placement method chosen was ‘Alpha Triangle’ with post placement refinement kept at 

‘induced fit’. The initial scoring function ‘London dG’ and the final scoring function ‘GBVI / 

WSA dG’ retained a total of 100 poses out of 150 generated as the early termination cutoff was 

defined at 3 identical poses.  

The only previously reported residues known to interact with MPT-AMP were glutamic 

acid Glu509 and arginine Arg670. From Figure 4.9 it is evident that this study succeeded in 

validating those findings as Glu509 can be seen as interacting with the ligand as a side chain 

acceptor. Furthermore, Aspartate Asp 463 is also seen as a side chain acceptor, whereas leucine 

Leu605 can be seen interacting with the dithiolene group as a backbone donor. However, 

interestingly it appears to be that the most important residue in this whole scenario is yet again 
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the Ser630, as it can be seen right in front of the sulphur part of the dithiolene group further 

validating the speculations of this residues involvement in the insertion of molybadate into 

MPTAMP. As previously discussed Ser630 is known to play an important part in the insertion 

of molybadate into the dithiolene group for the formation of final MOCO. It can be seen in 

Figure 4.9 and 4.10 that the Ser630 residue is in fact in the right vicinity in order to carry out 

this reaction.42 

 

Figure 4.9: 2D ligand interactions of MPT-AMP docked with Geph-E domain of Mo Insertase 
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Figure 4.10: 3D ligand interaction of MPT-AMP docked with Geph-E domain of Mo Insertase 

The correlation plot of the Generalized Born/ volume integral ‘GB/VI’ binding free energy 

(ΔG˚) and RMSD is depicted in Figure 4.11 for all 100 generated poses. The first ligand binding 

pose is with binding free energy of -9.1 kcal/mol (the ligand interactions of which can be seen 

in Figure 4.9 and 4.10 respectively).    
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Figure 4.11: Correlation plot of GB/VI Binding Free Energy and RMSD for MPT-AMP/Geph-E 
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A final docking procedure was performed for additional validation of the insertion 

procedure of molybdenum in the form of molydate (MoO4
2-) into the MPT to form the final 

Mo-MPT (MOCO) molybdenum cofactor. This can be seen in Figure 4.12 and 4.13. The 

Aspartate Asp 463, glutamic acid Glu672 and Asparagine Asp 463 are seen interacting with 

the ligand with binding free energy of  -7.9 kcal/mol.  

 

Figure 4.12: 2D ligand interactions of MOCO (Mo-MPT or MPT with attached molybadate) docked with Geph-

E domain of Mo Insertase 
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Figure 4.13: 3D ligand interactions of MPT with attached molybadate docked with Geph-E domain of Mo 

Insertase 

Although depicted in the diagrams is an attached molybdate to the MPT once the 

molybdenum is inserted into MPT only two oxygen molecules remain bonded to the 

molybdenum; in post modifications either a hydroxy or cysteine group can be attached to the 

molybdenum depending on the enzyme it’s inserted in; the RMSD of Mo-MPT/Geph-E is in 

positive correlation with Gibbs free energy (ΔG˚) once again. This shows that necessary 

fluctuation of energy required in terms of how stable MPT becomes once adenylated (going 

from negative correlation just for MPT to positive correlation) and then consequently the 

positivity of the correlation maintain itself even after the insertion of molybdate. Note that the 

negative correlation of RMSD and Gibbs free energy (ΔG˚) denotes an unfavorable reaction in 

nature while a positive correlation denotes a favorable reaction.  
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Figure 4.14: Correlation plot of GB/VI Binding Free Energy and RMSD for Mo-MPT/GephE  
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4.4.Molecular Dynamics/ Interaction Patterns  

MD simulations were carried out by using protein-ligand complexes generated by 

molecular docking. The dynamic behaviors of the structures were examined; in order to clarify 

the dynamic stability of these structures, RMSD of the trajectories were obtained using VMD53. 

The RMSD was calculated per frame; in the case of MPT docked with Geph-G the MD 

simulation yielded 93 frames for 10 ns where as in the case of MPT-AMP docked with Geph-

E 67 frames for 10 ns as can be seen in figure 4.15 and 4.16 respectively. 

 

Figure 4.15: RMSD plot of MPT/Geph-G for 93 frames in 10 ns 
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Figure 4.16: RMSD plot of MPTAMP/GephE for 67 frames in 10 

The RMSD plot showed that the RMSD of the protein-ligand complex with respect to the 

initial structures increased for 10 ns in both cases. In case of MPT with Geph-G the RMSD 

increased steadily while peaking at 63rd frame at 6.5 and then declining with the last frame at 

an RMSD of 4.0, whereas in the case of MPTAMP with Geph-E the RMSD is seen at a constant 

upraise and peaking at the 60th frame at 6.5 and then declining mildly with the last frame at an 

RMSD of 5.7 respectively. The trajectories remain relatively stable until the end of the 

simulation. Thus, the trajectories of the MD simulations of these structures seem reliable. The 

short range Lennard-Jones potential as well as coulomb’s energy was also calculated for both 

complexes (Table 1 and 2) 
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Energy Type Average Value (kJ/mol) RMSD 

Coul-SR: Protein-MPT  -187.145 35.01 

LJ-SR: Protein-MPT -82.677 14.05 

Table 1: Short Range Lennard-Jones potential Energy & coulomb's energy for MPT/Geph-G 

 

Energy Type Average Value (kJ/mol) RMSD 

Coul-SR: Protein-MPTAMP  -193.989 22.91 

LJ-SR: Protein-MPTAMP -214.334 13.89 

Table 2: Short Range Lennard-Jones potential Energy & coulomb's energy for MPTAMP/Geph-E 

The negative values on average for both complexes show that the interaction patterns of the 

respective ligands with their proteins were quite favorable. Upon further investigation of the 

interactions taking place at the end of the MD simulations matched closely to that of the 

preexisting docking results obtained, further fortifying the validity of the obtained docked 

results.(see Figure 5.3 and 5.4) 

The interactions reported for the last frame of the MD simulation for MPT with Geph-G are 

depicted in the following Figures 4.19 and 4.20 respectively. MPT is seen interacting with 

Ser135 and Asp82. The Gly-Gly-Thr-Gly motif can clearly be seen in the binding pocket. The 

results are in sync with the docking results which are in tune with the literature.   
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Figure 4.17: MD simulation of Geph-G - finite sized simulation box with equilibrated conditions  

 

Figure 4.18: MD simulation of Geph-E - finite sized simulation box with equilibrated conditions 
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Figure 4.19: 2D ligand interactions of MD sim Last frame for MPT with Geph-G   

 

Figure 4.20: 3D ligand interactions of MD sim Last frame for MPT with Geph-G. 
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The interactions reported for the last frame of the MD simulation for MPTAMP with Geph-E 

are depicted in the following Figures 4.21 and 4.22 respectively. MPTAMP is seen within the 

same vicinity in the binding pocket as in the docked results. The ligand is seen interacting with 

residues Glu 509, Gly 604, Val 372 and Gly 626 while Ser 630 remains in the vicinity of the 

ditheoline group getting in position to aid molybadate insertion; it is clearer in the 3D depiction 

rather than the 2D depiction. 

Figure 4.21: 2D ligand interactions of MD sim Last frame for MPTAMP with Geph-E 
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Figure 4.22: 3D ligand interactions of MD sim Last frame for MPTAMP with Geph-E 
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CHAPTER 5 

DISCUSSION  

Molybdenum cofactor (MOCO) is comprised of a diet derived molybdate (MoO4
-2) ion and 

a dithiolate pterin moiety known as molybdopterin (MPT). This study was conducted keeping 

in mind (1) the functional role of gephyrin in MOCO biosynthesis (2) to understand the detailed 

reaction mechanism for synthesis of MOCO from MPT and its intimidator MPTAMP. 

Understanding the function of gephyrin is crucial in order to form an opinion on the exact metal 

exchange reaction which allows replacement of Cu with Molybadate.  

In order to have a better understanding of reaction mechanism for synthesis of MOCO from 

MPT, binding energy and interaction patterns between Molybdenum Insertase: Geph-G and 

Geph-E domains with MPT and MPTAMP respectively, were calculated via molecular docking 

and molecular dynamic simulations.54–56  

Docking was performed to calculate the Gibbs free binding energy (ΔG˚) within the binding 

pockets of the two protein domains of Molybdenum Insertase, located using pocket prediction 

software (DoGSite Scorer). The purpose of MD after docking calculations was to confirm the 

poses found by docking. MD simulation was useful for confirming whether the major contacts 

found during docking will be maintained during the MD. In general, the combination of two 

in-silico techniques (Molecular docking, MD) improves the reliability of the results.45 

For this study the consistency in results when it came to (1) the active site defined by the 

binding pocket prediction software to the (2) docking results and (3) the trajectories casted by 

the MD simulation has helped draw some conclusions about the ‘reaction mechanism’ of the 

last step of MOCO ‘metal exchange reaction’.  
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Drawing comparison from the results it can be seen in Figure 5.1 and 5.2, both MPT and 

MPTAMP got docked within the binding sites predicted for the DoGSite Scorer for Geph-G 

and Geph-E respectively. The DoGsite Scorer gave a drug score of 0.81 for Geph-G and 0.82 

for Geph-E, which is a clear indication that these were in fact the best possible binding sites 

for the protein domains. This matters as it validates the binding pockets mentioned in the 

literature and those reported via experimental data.  
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Figure 5.1: Side by Side Comparison – Geph-G Docking Results VS DoGsite Scorer Prediction 

 

Figure 5.2: Side by Side Comparison – Geph-E Docking Results VS DoGsite Scorer Prediction   



 

60 

 

Secondly, results obtained from docking are in the form ‘Gibbs free binding energy’ (ΔG˚), 

which is a binding energy between the ligand and the residues of the binding pocket. Binding 

energy is negative potential energy which happens whenever the interaction is attractive (like 

a positive charge with a negative charge). It is called “binding” because it represents the amount 

of energy required to completely free the two interacting objects from each other.57,58 

Furthermore the relationship between ‘Gibbs free binding energy’ (ΔG˚) and the ‘RMSD’ of 

the ligand’s binding pose is important. If both values are directly proportional, (meaning 

RMSD increases with the increase in the binding free energy) then that shows the ligand’s 

binding pose is favorable at a lower energy state. If the two values are inversely proportional, 

(meaning RMSD decreases with the increase in the binding free energy) then that indicates that 

the respective ligand’s binding pose is unfavorable at a lower energy state. 

Observing the results of MPT being docked with Geph-G, it is evident from the plot (Figure 

4.5) that there exsists an inverse relation between ‘Gibbs free binding energy’ (ΔG˚) and the 

‘RMSD’ of the ligand’s binding pose and a higher energy state of MPT was required for 

favorable interactions with the Cu ion; the ligand interactions of which can be seen in Figure 

4.5 and 4.6 respectively, as the binding pose of MPT ranked 107 by RMSD with binding free 

energy of -5.1 kcal/mol is seen interacting with the Cu ion (serine Ser 135).) 

As a previously conducted research shows that two hydrogen atoms attached with two 

sulfurs at the enedithiolene part of MPT were replaced with Cu ion. Computational analysis 

was carried out using DFT, the results of which showed negligible changes when Cu replaces 

two hydrogen atoms attached with the sulfur atoms, i.e. only -0.01 kcal/mol energy differences 

was seen. This is a clear indication that MPT is a high energy molecule from the time of its 

formation and possibly high energy of this molecule is what aids incorporation of Cu ion into 

this molecule. The incorporation of Cu ion into MPT has negligible impact on the molecules 

energy indicating that Cu ion is in fact just a transient commodity meant only for a metal 
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exchange reaction and the docking results of this study back that up. Other examples of such 

metal exchange reactions, which naturally occur in the world, are Aluminum and magnesium 

Al/Mg exchange reaction in metalloenzymes, with the same surrounding ligand. 59 

Overall MPT is unstable with or without the copper ion hence depicting the role of Cu ion 

as just a commodity to be used for replacement. It is noteworthy that upon adenylation, MPT 

is stabilized making it more receptive of molydate even though the energy rises again (going 

from -9.1 to -7.9 kcal/mol) but it is evident that Molybdenum is far more stable than the Cu ion 

and MPT duo. Moreover, it makes sense that the transient Cu ion which is meant to be replaced 

by molybdenum is less stable and at a higher energy state making it easily replaceable. In case 

molybdenum is unable to replace Cu ion it can lead to MoCD type B; observed inhibition of 

MOCO synthesis by Cu ion suggests a link to copper transport disorders leading to MoCD 

Type B. In some studies the role of Cu ion is also to help save MPT from rapid oxidization.232215 

It is seen that in contrast to MPT being docked in Geph-G, when MPT-AMP being docked 

in Geph-E, (Figure 4.9) the first ligand binding pose has the least RMSD with binding free 

energy of -9.1 kcal/mol showing a desired interaction within the binding pocket; moreover 

their relationship is directly proportional, meaning that MPTAMP showed more stable 

interactions in a lower energy state, possibly due to the adenylation process. Serine (Ser 630) 

is seen in the vicinity of the ditheoline group getting in position to aid molybadate insertion 

into the dithiolene group; this can be seen in Figure 4.9 and 4.10.  

A final docking procedure was performed for additional validation of the insertion 

procedure of molybdenum (in the form of molydate) into the MPT to form the final MOCO 

cofactor (Mo-MPT) (Figure 4.12 and 4.13). The plot in Figure 4.14 shows RMSD of Mo-MPT 

binding pose with Geph-E is also in positive correlation with Gibbs free energy (ΔG˚), just like 

in the case of for MPTAMP with Geph-E; further fortifying the fact that Cu ion coupled MPT 
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make an unstable duo, whereas molybdenum is far more stable in its place. The Ser630 residue 

plays an important role in the insertion of molybdenum into the cofactor; it can be seen 

interacting with the dithiolene group as a side chain acceptor. Aspartate (Asp463), glutamic 

acid (Glu672) and Asparagine (Asp463) are also seen interacting with the ligand with binding 

free energy of -7.9 kcal/mol. 

Lastly, MD simulations were performed, which were useful for confirming whether the major 

contacts found during docking will be maintained during MD simulation giving insight on the 

pattern of  interaction of the docked ligands with their respective protein, in order to produce 

more reliable results. 

In contrast to docking which gave us binding poses as well as binding energy (Gibbs free 

binding energy (ΔG˚)), MD simulations calculates the interaction pattern as well as interaction 

energies of ligands with the pocket residues called ‘Short Range Lennard Jones’ (LJ) (lowest-

energy arrangement of an infinite number of atoms)60 and Coulomb energy (the energy 

associated with the electrostatic forces of a system of particles, especially with that of the 

electrons of a covalent bond). (See Table 3 below.) 
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Table 3: Summery of all the interaction energy terms calculated for MD simulation for both MPT and 

MPTAMP for their respective protein domains. In case MPT, SR-COUL is higher meaning more work was 

required for making this interaction possible, whereas SR-LJ is lower indicating a less favorable bond. In case 

of MPTAMP, SR-COUL is lower meaning less work was required for making this interaction possible, whereas 

SR-LJ is higher indicating a more favorable bond. 

In order to make sense of the interaction energy values calculated it is necessery to be 

familiar with terms such as Short Range Lennard Jones (SR-LJ) and Short Range Coulomb 

Energy (SR-COUL) and the implications these energies have when positive or negative. (Short 

range = less than 1 Å) 

For Lennard Jones potential consider any two molecules in a protein and they’ll both have 

attractive and repulsive forces between them. The attractive forces are between dipoles on the 

molecules whereas the repulsive forces occur when the electron clouds of the two molecules 

are close enough to repel one another. These attractive and repulsive forces determine the 

potential energy of the two molecules. The total potential energy varies as the separating 

distance between the molecules changes. This total potential energy is called the Lennard Jones 

potential energy; attractive forces correspond to negative potential energy on the other hand 

repulsive forces correspond to positive potential energy (meaning the more negative Lennard 

Jones potential value is the stronger the bond is between the corresponding molecules).  Hence 

CALCULATED POTEINTIAL 

ENERGIES OF INTERACTION 

(kJ/mol) 

 

MPT 

 

MPTAMP 

TOTAL ENERGY OF SYSTEM -705491 -2497330 

SR-LJ: LIGAND -12.3 -48.2 

SR-COUL: PROTEIN-LIGAND -187.1 -193.9 

SR-LJ: PROTEIN-LIGAND -82.7 -214.3 

RMSD-LJ: PROTEIN-LIGAND 14.0 13.9 
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the tendency would be for the two molecules to move to a position where their potential energy 

is at a minimum (the most negative). 60–62  

Short Range Coulomb Energy (SR-COUL),  is basically the electric potential energy of a 

system of point charges defined as the work required assembling this system of charges by 

bringing them close together ( meaning how much energy was required to make this interaction 

happen).57 

Looking at the interaction energy terms calculated for MD simulation for both MPT and 

MPTAMP for their respective protein domains. For MPT the Short Range Coulomb Energy 

(SR-COUL) for Geph-G and MPT is -187.1 kJ/mol and Short Range Lennard Jones (SR-LJ) 

is -82.7 kJ/mol. As observed Lennard Jones (SR-LJ) is far less than Coulomb Energy (SR-

COUL) indicating that MPT is unstable and work is required to achieve this interaction, which 

is far greater than how strong a bond is present between the protein and ligand (greater 

Coulomb Energy than the Lennard Jones Potential). This also explains the requirement of ATP 

(see Figure 2.9) for the conversion of MPT to MPTAMP. The ATP not only provides the 

Adenine for adenylation to stabilize the MPT, it also provides the necessary energy required to 

make this interaction possible.  

 The Short Range Coulomb Energy (SR-COUL) for Geph-E and MPT-AMP is -193.9 

kJ/mol and Short Range Lennard Jones (SR-LJ) is -214.3 kJ/mol. It can be observed that the 

Lennard Jones (SR-LJ) is far greater than Coulomb Energy (SR-COUL) indicating that 

MPTAMP has a favorable interaction and the greater negative value of Lennard Jones indicates 

that the interaction between MPT-AMP and Geph-E are stable. 

Hence for this study performing MD after docking further fortified the poses found by 

docking. MD simulation proved to be useful for confirming whether the major contacts found 

during docking were correct in terms of energies being put out. For interaction patterns the 
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comparison between final poses suggested by MD simulation and docking it is quite evident 

that the results are consistent. Following is a comparison of the docking and MD simulation in 

Figure 5.3 and Figure 5.4 and it can be seen that nearly all functional groups for both ligands 

are only mildly displaced by the end of the MD simulation. 

 

Figure 5.3: MPT - Initial Docked Pose (BLUE) vs Final Pose of MD Sim (PINK) 

 

Figure 5.4:MPTAMP - Initial Docked Pose (BLUE) vs Final Pose of MD Sim (ORANGE) 
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So far the results of docking and MD simulation conducted in this study have been able to 

depict the role of Cu in MOCO biosynthesis. Its mechanism in the light of binding energies 

and interaction energies calculated hence far, giving insight on the metal exchange reaction 

between copper and molybdenum. This takes place in order to incorporate molybdenum into 

the mature cofactor.  

GPHN gene encodes for gephyrin, which is exceedingly conserved and displays a complex 

intron-exon structure. The alternative splicing of GPHN leads to numerous gephyrin splice 

variants expressed both in neuronal and in non-neuronal tissues. Transcript variants of gephyrin 

are found not only in brain and spinal cord but also in liver, kidney, heart, and lungs. 

Interestingly, these are also the organs in which molybdenum dependent enzymes show the 

highest enzymatic activities. The gephyrin domains convoluted in molybdenum cofactor 

biosynthesis are Geph-G and Geph-E; dysfunction in the activity of these domains leads to 

symptoms of MOCO-deficient patients, which have severe neurological abnormalities such as 

increased muscles, rigid posturing, myoclonus, abnormal movements and refractory seizures, 

although these neurological functions are that of the C-domain. This indicates that all three 

domains of gephyrin work in a synergic fashion and the neuronal and non-neuronal functions 

performed by gephyrin are correlated to each other. 

The role of molybdenum Insertase domain Geph-E specifically in type C is still up for 

debate as it is already known that MoCD is an autosomal recessive disorder. More knowledge 

is needed on the genetics of the enzymes involved in MOCO biosynthesis. Several types of 

mutations including nonsense, missense, frame shift and exon splicing are reported for MoCD. 

The genetic disposition of this disease runs far deeper than just mutations as maternal 

uniparental disomy for chromosome 6 (which in itself is a very rare condition) is also reported 

for MOCS1 which too leads to MoCD.55,63   
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CHAPTER 6 

CONCLUSION 

Computational analysis was done on the third and fourth (final) step of molybdenum 

cofactor biosynthesis to find the binding energies and interaction patterns as well as the reaction 

mechanism involved in the formation of MOCO from MPT with the help of enzyme 

Molybdenum Insertase in humans. For this purpose, PDB structures of the two protein domains 

of the enzyme were taken with PDB ID: 1jlj and PDB ID: 4tk1 from X-ray crystal structure 

data of Geph-G and Geph-E respectively; while the active site was predicted for both protein 

domains as little information was available for the binding site of Cnx1 (plant homolog of 

Geph-G) and almost no information on binding pocket for Geph-E was available in the 

literature. Once binding pocket was predicted, molecular docking of MPT and MPTAMP was 

performed with Geph-G and Geph-E respectively to identify the binding pocket residues 

present at the active site and involved in the formation of MOCO from MPT. Furthermore 

Molecular Dynamic simulations were performed to study the interaction pattern for both 

ligands with their respective protein domains. As a result of this computational analysis, it has 

been concluded that the MPT is unstable with or without the copper ion hence depicting the 

role of Cu ion as just a commodity to be used for replacement upon reaching the first domain 

Geph-G.  Since the MPT is unstable ATP in required to not only provide the Adenine for 

adenylation which stabilizes the MPT, it also provides the necessary energy required to make 

this interaction possible. Once adenylated the MPT stabilizes and Cu ion can now be released 

and the ligand is passed along to the second protein domain Geph-E, where insertion of 

molybdenum in the form of molydate takes place while the adenine monophosphate is cleaved 

off to form the final MOCO cofactor (Mo-MPT) with a final binding energy of -7.9 kcal/mol. 

The interaction patterns were defined by comparing ligand bind pose of docking and MD 
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simulation which confirmed that the major contacts found during docking were maintained 

during the MD, hence fortifying the reliable of the results obtained.9,23,38,54,59 
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