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Abstract 

Methanogens are microorganisms widely found in wetlands and the digestive tracts of animals, 
which produce methane as a metabolic byproduct. The organism possesses the key methane-
forming enzyme methyl-coenzyme M reductase (MCR) which is a dimer of heterotrimers 
comprised of McrA (α), McrB (β), and McrG (γ) subunits. The enzyme uses a unique nickel-
containing coenzyme F430 for activity and contains several unprecedented post-translational 
modifications (PTMs). The six PTMs located in α subunit of MCR are 2-(S)-methylglutamine, 5-
(S)-methylarginine, 3-methylhistidine, S-methylcysteine, didehydroaspartate, and thioglycine 
residues. Homologues of MCR have been identified in anaerobic methanotrophic archaea (ANME) 
which operates the anaerobic oxidation of methane (AOM), and in Candidatus Ethanoperedens 
thermophilum which is an ethane oxidizer. While the MCR homologues share the same structural 
composition, they differ in the composition of their PTMs, with a 172-methylthio F430 and a 
17,172-dimethyl F430 contained in ANME-1 and in Ca E. thermophilum respectively. The exact 
roles of these PTMs are unknown though several hypotheses have been proposed including their 
role in improving MCR stability under mesophilic conditions. Processes involved in the maturation 
and activation of the active enzyme are not yet fully understood. A better understanding of the 
assembly and activation of MCR may enable its application in natural gas conversion strategies 
and the development of inhibitors to reduce natural greenhouse gas emissions. Current 
investigation and progress in some of the PTMs and the expression of MCR in a heterologous, 
non-methanogenic host is described. Comparative genomics and homology studies were used to 
identify target genes suspected to be responsible for the PTMs. Putative genes reported (mcmA) 
and suspected (mm4) to be responsible for the methylcysteine and methylhistidine PTMs 
respectively, were studied using a combination of computational tools, in vitro and in vivo methods. 
Molecular dynamics (MD) methods and distance calculations were utilized to investigate the 
effects of the PTMs on MCR and its homologues. MD simulations were carried out on MCR 
homologues with and without their PTMs. Results show that MCR exhibits half sites reactivity, 
and that the PTMs may play a role in coordinating MCR catalytic activity within its two active 
sites. MCR homologues without PTMs exhibited less dynamism and this could be an indicator that 
the PTMs evolved as an adaptation of thermophilic proto-MCR to mesophilic growth, enabling 
proper enzyme dynamics at lower temperature. The requirement of zinc as an accessory factor for 
the activity of McmA in the methylcysteine modification was inferred from the results. Soluble 
McrA and McrG proteins were successfully expressed from Escherichia coli cell lines. McrG was 
coeluted with several coenzyme F430 biosynthetic (Cfb) proteins. Previous work by the 
Mansoorabadi group showed that CfbE interacts with McrD and could be activated by it. The 
coelution of McrG with Cfb proteins suggests that the Cfb proteins may form a larger coenzyme 
F430 synthase complex which interacts with McrG and McrD to coordinate the insertion of 
coenzyme F430 into the MCR active site. CfbE interaction with McrG indicates that CfbE might 
be the direct F430 chaperone that delivers the coenzyme to MCR. Considering MCR’s strategic 
role in methane recycling, understanding these processes are pivotal for the enzyme’s application 
in strategies for natural gas conversion and reduction. 
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1 Chapter 1 
1.1 The process of methanogenesis 
1.1.1 Methane and its significance 

Methane, recognized as a potent greenhouse gas, plays a pivotal role in the ongoing issue of climate 

change due to its ability to trap solar radiation1,2. Methane also has 30 times the global warming 

potential of carbon dioxide1. Furthermore, an estimated over one billion tons of methane is 

produced each year by methanogens3, part of which escapes to the atmosphere (20 % to 30 %) and 

contributes to greenhouse gases4,5. This makes it imperative that we delve into the intricate 

mechanisms underpinning methane production and consumption to address the environmental 

challenges we face. 

Methanogens are a group of organisms that produce methane through a process known as 

methanogenesis. In 1933, Stephenson and Strickland reported the isolation of a pure culture of a 

methanogen6, and this marked the beginning of a new era for research into the process of 

methanogenesis. Cell lysates of the isolated organism were found to catalyze the conversion of 

certain carbon sources such as carbon dioxide, carbon monoxide, methyl alcohol, formic acid, and 

formaldehyde into methane by means of molecular hydrogen6.  
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1.1.2 Methanogenesis reaction 

Studies into the processes of methanogenesis by methanogens has confirmed the role of the 

enzyme methyl-coenzyme M reductase (MCR) as the key enzyme in methanogenesis5–7. MCR 

catalyzes the last step of methanogenesis, that is, the reduction of methyl-coenzyme M (CH3-S-

CoM) with coenzyme B (CoB-SH) to produce methane and the heterodisulfide of CoM and CoB 

(CoB-S-S-CoM)8,9 as shown in Scheme 1. This occurs under strictly anerobic conditions. 

 

 

Scheme 1: Reaction catalyzed by MCR10 

 

Most organisms exist in consortium. As a result, the biochemical pathway of methanogenesis is 

usually linked to other biochemical pathways11. In anaerobic freshwater sediments, glucose, which 

is mostly derived from cellulose is first converted to acetate, carbon dioxide and hydrogen or to 

acetate, formate, and hydrogen by strictly anaerobic bacteria11. This process is also referred to as 

glucose fermentation. 

Glucose + 2H2O   2CH3COOH +2CO2 +4H2 

Glucose + 2H2O  2CH3COOH +2HCOOH +2H2 
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The products from glucose fermentation are converted to methane by methanogens.  

CH3COOH                CO2 + CH4 

4H2 + CO2    CH4 + 2H2O 

4HCOOH    CH4 +3CO2 +2H2O 

Other carbon substrates utilized by methanogens for the process of methanogenesis include 

methylthiols, methylamines, and methanol. 

4CH3OH + 2H2O    3CH4 + CO2 + 4H2O 

Based on the substrate being metabolized, there are three main branches for the methanogenesis 

process: acetoclastic, hydrogenotrophic, and methylotrophic methanogenesis. Irrespective of the 

branch, all methyl group donors transfer their methyl group to coenzyme M, but through different 

pathways. For acetoclastic organisms, acetate is used as the substrate. In a reaction driven by ATP, 

acetate reacts with coenzyme A to form acetyl-CoA. Acetyl-CoA is converted to CO2 and a 

corrinoid protein-bound methyl group. The methyl group is transferred to tetrahydromethanopterin 

(H4MPT) by the action of carbon monoxide dehydrogenase (CODH) and acetyl-CoA synthase 

(ACS) complex12 to yield methyltetrahydromethanopterin (H3C-H4MPT), and the methyl group is 

transferred from H4MPT to coenzyme M (HS-CoM) to form methyl-coenzyme M (CH3-S-CoM) 

which is reduced to methane by the action of MCR (See Scheme 2), using coenzyme B (HS-CoB) 

as the electron donor13.  

For hydrogenotrophic organisms, CO2 is utilized as a substrate with H2 as an electron donor. CO2 

is first reduced and then combines with methanofuran (MFR) to form formylmethanofuran (CHO-

MFR)14. Next, the formyl group is transferred to H4MPT from MFR to produce methylene H4MPT 
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(HC≡H4MPT). HC≡H4MPT is subsequently reduced twice to H3C-H4MPT. For methylotrophic 

organisms, methylated compounds such as methanol, methylthiols and methylamines are used as 

substrates15. By the action of specific methyltransferase complexes, methyl groups from the 

substrates are transferred first to a corrinoid protein and then to HS-CoM to form CH3-S-CoM15. 

The last step in methanogenesis is the reaction between methyl-coenzyme M and coenzyme B, 

which results in the formation of methane and the heterodisulfide (CoM-S-S-CoB). This last step 

is catalyzed by the enzyme methyl-coenzyme M reductase (MCR). 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2: The process of methanogenesis16 
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1.1.3 Energy Metabolism in methanogenesis 

Methanogenesis is essentially a respiratory process for methanogens, leading to the generation of 

ATP5. The energy metabolism in methanogens is divided into two parts: the oxidative part and the 

reductive part (Scheme 3). During the oxidative part, methyl-coenzyme M and coenzyme B are 

oxidized to the heterodisulfide CoM-S-S-CoB, with the release of methane8,9. This reaction is 

exergonic and is not coupled with energy conservation or ATP formation, as such the energy 

requirement for the growth of methanogens comes from the reductive part17. In the reductive part 

of methanogenesis, the heterodisulfide is reduced by heterodisulfide reductase (HDR) to 

regenerate coenzyme M and coenzyme B. This process is coupled with ADP phosphorylation and 

proton pumping through the hydrogenase-HDR complex. Electrons required by HDR for the 

reductive part is supplied by hydrogen oxidation. The free energy change associated with the 

heterodisulfide reduction sufficiently drives the phosphorylation of 1 mol of ADP (+31.8 kJ/mol)5. 

 

 

Scheme 3: The oxidative and reductive parts of methanogenesis5 
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1.2 Methanogenic archaea 

The research by Stephenson and Strickland6 also led to a marked increase in the study of the 

organisms that perform the metabolic process of methanogenesis. These organisms were initially 

thought to be bacteria, but they have been found to be members of a separate phylogenetic domain 

called archaea and were subsequently called methanogenic archaea5. Methanogens have been 

classified into seven orders, which are as follows: Methanobacteriales, Methanococcales, 

Methanomicrobiales, Methanopyrales, Methanosarcinales, Methanocellales, and 

Methanomassiliicoccales18,19 . Methanogens are the only known organisms that produce methane 

as a catabolic end-product5. Of all seven orders, only Methanosarcinales can metabolize acetate 

as a carbon source to produce methane11. 

Methanogens are found in a wider range of anoxic environments20, including wetlands, rice fields 

and peat bogs, for instance, Methanoregula boonie was isolated from an acidic peat bog21. They 

are also found in the digestive tract of herbivores mammals, for example Methanobrevibacter 

ruminantium3.  

Some others are extremophiles found in hot springs, glacial ice, hydrothermal vents, and saline 

lakes, for instance, Methanohalophilus zhilinae was cultured from an Egyptian saline lake22. They 

are mostly obligate anaerobes but species such as Methanotrix paradoxum, Methanosarcina 

acetivorans, and Methanosarcina barkeri have been observed to function within aerobic 

environments13. Studies of the process of methanogenesis have been performed using a wide range 

of methanogenic archaea such as Methanococcus maripaludis, Methanosarcina barkeri, 

Methanosarcina acetivorans, Methanolobus tindarius, Methanopyrus kandleri, 

Methanocaldococcus janaschii, Methanothermobacter marbugensis, Methanothermococcus 

thermolithotrophicus and a host of others13,23. 
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Figure 1: Electron micrograph of Methanosarcina acetivorans24 

 

The Methanosarcina spp. seems to be more widely utilized for studies for a number of reasons:  

the organism uses all three methanogenesis pathways and has one of the largest known archaeal 

genomes16; all genes related to methanogenesis are conserved in the organism and the complete 

genome of Methanosarcina acetivorans (Figure 1) has been completely sequenced16; it is able to 

use acetate as a substrate25, and acetate is produced cheaply and abundantly in nature26. This makes 

its cultivation in a laboratory setting relatively easier. The organism grows well at 37 °C, with its 

enzymes active at that temperature27 and Methanosarcina acetivorans is also one of only two 

methanogens with established genetic systems. The other organism is Methanococcus 

maripaludis. This makes it possible to carry out processes such as knockout of genes and 

overexpression of proteins using these strains of methanogens. 
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1.3 Methyl-coenzyme M reductase structure and function 

Initial studies by Ellefson and Wolfe28 characterized MCR as a yellow protein consisting of three 

subunits arranged in an α2β2γ2 configuration with a molecular mass of approximately 300 kDa 

(Figure 2). Subsequent studies have revealed that the enzyme also contains a non-covalently bound 

coenzyme F430, which is a Ni-corphinoid required for enzyme activity29,30. In 1997, MCR from 

Methanosarcina acetivoran was successfully crystallized by Ermler et al30. The crystal structure 

confirmed the presence of the heterohexameric subunits, the coenzyme F430, and several post-

translational modifications (PTMs)30. It also showed that the coenzyme F430 along with coenzyme 

M and B were embedded into a 30 Å long narrow channel extending into the interior of the protein 

from the protein surface, with the front face of the tetrapyrrole plane pointing towards the mouth 

of the channel and the rear face pointing towards the apex of the channel (Figure 3).  

 

 

 

 

 

 

 

 

 

 Figure 2: Structure of MCR from Methanosarcina acetivoran30 
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Figure 3: (a) Molecular surface representation of MCR showing the entrance of one of the 
channels. (b) Molecular surface of MCR without one α subunit, showing a view into the interior 

of the channel30 

 

Several unprecedented post-translational modifications (PTMs) are found on the enzyme, some of 

which are conserved31,32. On the α-subunit of MCR is found 1-N-methylhistidine and thioglycine, 

which are conserved in all MCRs examined to date33, as well as S-methylcysteine, 5-(S)-

methylarginine, didehydroaspartate, and 2-(S)-methylglutamine present in some species (Figure 4). 

The β and γ-subunits have no post-translationally modified residues. 
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The enzyme has also been found to exist in active and inactive forms depending on the oxidation 

state of the Ni center in coenzyme F430, which can be distinguished using electron paramagnetic 

resonance (EPR) spectroscopy. MCR from freshly harvested cells exhibits the inactive EPR silent 

state (MCRsilent) and is activated by reduction. The reduced MCR (MCRred1) is the catalytically 

active enzyme and has a characteristic Ni(I) F430 EPR spectrum. Loss of enzyme activity occurs 

within a few hours (even under strictly anaerobic conditions) resulting in an inactive EPR-silent 

Ni(II) state of the enzyme30. An MCRox1 state also exists which has a substantially different EPR 

spectrum than the MCRred1 state. It is usually obtained as a product of cells being gassed with CO2-

S-Me-Cys 5-Me-Arg 

2-Me-Gln 
Thio-
Gly 1-N-Me-His 

Coenzyme F430 

CoB-S-S-CoM 

 Figure 4: MCR active site highlighting the post-translational modifications, 
coenzyme F430, and the CoM-CoB disulfide10 
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N2 before harvesting. The MCRox1 state can be reduced with titanium citrate into the active 

MCRred1 state and can also revert into the MCRox1-silent state over time30. 

A better understanding of the assembly and activation process of MCR will be pivotal in future 

studies and discoveries bordering on the regulation of methane by environmental and industrial 

institutions. Studies into the in vivo assembly of MCR in a heterologous host will necessitate 

combining the right set of MCR genes in the heterologous host, and will facilitate the 

understanding of the genomic and environmental requirements for MCR assembly and maturation. 

This knowledge will find application in the development of engineered strains of organisms for 

methane production and/or conversion. 

In chapter two, I describe the steps taken to express MCR in a heterologous non-methanogenic 

host. Putative mcr genes cloned from Methanosarcina acetivoran genome were introduced into 

Escherichia coli singly or in combination with other genes suspected to play a role in MCR 

maturation and assembly. 

With the sequencing of the complete genome of M. acetivorans16, several methanogenesis markers 

in the genome of the organism were identified. Methanogenesis markers are so named because 

they are genes that were identified as being unique to and conserved in all the initial genomes of 

methanogens. They include mm genes 1 – 17.  The A2 gene was also designated as a marker of 

methanogenesis, along with the mcr genes and is a part of the MCR activation complex34. Mm7 is 

also a part of the MCR activation complex. 

Many of the methanogenesis markers have been shown to be important for the function of MCR: 

mm1 or the YcaO homolog (thioglycine), mm10 or mamA (methylarginine), mm13 (cfbD, F430 

biosynthesis). Mm3 is homologous to a peptidylprolyl cis-trans isomerase. Mm2 is found 
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sometimes clustered with mm3 (in Methanopyrus kandleri) or with mm4 (in Methanoculleus 

bourgensis) and is annotated as an AIR synthase. The actual functions of the other methanogenesis 

markers are yet to be confirmed. Some other genes are known to act in association with 

methanogenic markers such as tfuA (with mm1); or suspected to be implicated in MCR maturation 

and assembly such as thiI. ThiI is a sulfur carrier protein suspected to be one of the sulfur donors 

for the thioglycine PTM. These genes, along with the coenzyme F430 (cfbABCDE) genes and the 

mcrABCDG genes were cloned into E. coli for studies into the heterologous expression of MCR. 

1.4 Reverse methanogenesis 

Considering the role of MCR both in methane production and consumption, it is not surprising to 

see the plethora of studies that have been carried out on the enzyme13,16,30,32,35. Reactive organic 

matter buried in soil is converted to methane (about 10 – 20%), and the annual rate of 

methanogenesis from the oceans is about 75 – 100 billion kg of methane per year36,37. However, 

90% of methane produced in oceans is consumed by a group of organisms known as 

methanotrophs, which are found in sulfur-penetrated zones38. 

Homologs of MCR have been discovered in anaerobic methanotrophic archaea (ANME). MCR 

therefore plays a strategic role both in methane production and methane consumption in 

methanogenic and methanotrophic organisms, respectively.  Methanotrophic archaea catalyze the 

anaerobic oxidation of methane (AOM), which operates as the reverse of methanogenesis38. Here, 

methane is oxidized with CoB-S-S-CoM as the first step of the pathway39. Methane oxidation is 

coupled to the reduction of electron acceptors such as nitrate, nitrite, Fe(III)40,41. More than 70 

billion kg of methane is purported to be consumed annually through the process of AOM42.  
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Figure 5: Phylogenetic trees of methanogenic and anaerobic methanotrophic archaea 
constructed using 16S rRNA (b) and the gene coding for the alpha subunit of methyl-coenzyme M 

reductase (mcrA)38 

 

Three distinct clusters of ANME have been identified as follows: ANME-1, ANME-2, and ANME-

3. ANME-2 is further divided into subgroups ANME-2a, -2b, -2c, and 2d (Figure 5). ANME-2d is 

also known as AOM-associated archaea (AAA). All clusters of ANME consume methane using 

the reverse methanogenesis pathway. 

The existence of ANME was first established by Hinrichs et al 43, when they analyzed archaeal 

lipid biomarkers from sediments obtained from a methane seep in the Eel River Basin. Control 

sample was obtained from an area not near any active seep. 13C Methane was bubbled into the 

water before extraction of organic matter. Organic matter extracted from the seep sediments 
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contained less 13C than the control sample, pointing to methane oxidation by the organic matter. 

Comparative genomics showed that the rRNA of the organism constituted a novel clade, shown to 

be related to methanogens, and which the authors referred to as anaerobic methanotrophs43.  

ANMEs are usually found in consortiums with sulfate-reducing bacteria (SRB)44. Analysis of 

sediments from the Eel River Basin, Hydrate Ridge, and the Black Sea revealed that about 90% of 

the total microbial constitution was composed of archaea and sulfur reducing bacteria (SRB)45–47.  

Both ANMEs and their partner SRBs (for example, Desulfosarcina spp., associated with ANME-

1, Desulfococcus spp. associated with ANME-2, and Desulfobulbus spp. associated with ANME-

3) are obligate anaerobes48. ANMEs are mostly found in the sulfate-methane transition zone 

(SMTZ) in the seabed49. SMTZs are found in all anoxic aquatic systems. Within this region, 

methane that is supplied from the reactive organic matter below the seafloor is consumed by 

ANMEs, while sulfate is supplied from the SRBs to provide the right niche for the anaerobic 

methanotroph49. 

1.5 Post-translational modifications of methyl-coenzyme M reductase 

Crystal structures of MCR such as the one obtained from Methanobacterium thermoautotrophicum 

identified the presence of five modified amino acids in the active site region of the enzyme30. These 

modified amino acids include thioglycine, S-methylcysteine, 2-(S)-methylglutamine, 1-N-

methylhistidine, and 5-(S)-methylarginine and were all found in the McrA subunit of the protein30. 

The didehydroaspartate modification was first reported by Wagner et al.23, in a study analyzing the 

X-ray crystal structure of MCRs obtained from several methanogens. The modification was 

present in MCR from Methanothermobacter marburgensis and Methanosarcina barkeri. It was 

found adjacent to the thioglycine modification. The modification was absent in MCR from 

Methanothermobacter wolfeii.  
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Post-translational modifications that are not conserved across all species of methanogens and 

methanotrophs indicate that these modifications may be dispensable and not integral to the 

function and structure of the enzyme23.  

Available evidence obtained by labeling with L-(methyl-D3)-methionine shows that the 

methylation modifications are post-translationally introduced by specific S-adenosylmethionine-

dependent methylases50, except for thioglycine and didehydroaspartate. McrA from 

methanotrophic archaea of the ANME-1 cluster possess a valine codon in place of the glutamine 

codon found in methanogenic archaea51. Most importantly, ANME McrA have a different subset 

of post translational modifications (see Figure 6). MCR structure obtained from ANME-1 revealed 

the presence of the 1-N-methylhistidine and the thioglycine modifications, as well as additional 

post-translational modifications such as 7-hydroxytryptophan, and S-oxymethionine52 (Figure 6). It 

also featured a distinctly modified 172-methylthio-F430.   

 

 

Figure 6: Post-translational modifications found in the MCR alpha subunit of (a) methanogens 
and (b) ANMEs MCR10 
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Work from Kahnt et al.32, studying one representative of each of the five orders of methanogenic 

archaea and from two methanotrophic archaea revealed that the methylhistidine and the 

thioglycine modification was present in the MCR from all organisms studied including 

Methanothermobacter marburgensis, Methanocaldococcus jannaschii, Methanopyrus kandleri, 

and Methanosarcina barkeri, while the methylglutamine modification was absent in 

Methanosarcina barkeri. Also, the hyperthermophilic organisms Methanocaldococcus jannaschii 

and Methanopyrus kandleri did not feature the methylcysteine modification32.  

1.5.1 Thioglycine modification 

Using genomic comparison and gene deletion strategies, the Metcalf group confirmed that a tfuA-

associated ycaO homolog (methanogenesis marker 1) was responsible for the thioglycine PTM in 

the MCR from Methanosarcina acetivorans53. YcaO enzymes catalyze ATP-dependent backbone 

cyclodehydration of residues such as cys, ser and thr54. Mutant strains lacking these genes 

produced MCR with glycine lacking the modification. In comparison to the wildtype (WT), 

mutants did not grow at 45 °C when grown on methanol. Mutants also exhibited a low growth rate 

characterized by low cell yields and longer generation times when grown at 36 °C in acetate and 

dimethylsulfide (DMS). At lower temperatures (29 °C and 36 °C), mutant strains supplemented 

with methanol and trimethylamine did not record any significant decrease in cell yields, but 

experienced growth defects when grown at 39 °C and 42 °C53.  

The authors also investigated the influence of the thioglycine modification on MCR stability53. 

The melting point of MCR from the WT and the mutant strain was determined using the SYPRO 

Orange-based Thermofluor assay. WT MCR had a melting temperature of 67.3 + 0.3 °C while the 

mutant had a melting temperature of 69.1 + 0.2 °C, and it was consequently determined that the 
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thioglycine modification did not have any effect on MCR global stability but may influence the 

local stability within the active site region where it is buried53. 

The Mitchel group also investigated the role of YcaO and TfuA proteins on the thioamidation of 

McrA54. Due to the instability of the McrA protein, McrA peptides of 11-, 21- and 51- amino acid 

length was treated with YcaO and TfuA proteins in the presence of Na2S and ATP. The [M + 16] 

ion expected for the thioamidation was detected using matrix-assisted laser desorption/ionization-

time-of-flight mass spectrometry (MALDI_TOF_MS) for all treated peptides54. Tandem High 

Resolution Electrospray ionization mass spectrometry (HR-ESI-MS) localized the site of the 

thioamidation to Gly 465. They proposed a phosphorylation mechanism for the thioamidation of 

glycine shown in Scheme 4.  

 

Scheme 4: Proposed mechanism for the thioamidation of glycine54 

 

1.5.2 5-(S)-methylarginine modification 

The role of the methanogenesis marker 10 (mmp10) gene (named mamA by the authors) in the 5-

(S)-methylarginine modification was confirmed in vitro by Squire Booker and his group33. Prior 

to this, the Whitman and his colleagues had identified the mmp10 gene as the gene responsible for 

the modification55. The group deleted the mmp10 gene from the genome of Methanococcus 

maripaludis. Subsequent expression of McrA from the mutant strain and analysis using liquid 
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chromatography mass spectrometry (LC-MS) revealed the loss of the methylarginine modification 

(R275)55. Mutant strains of the organism also exhibited a 40 % to 60 % reduction in the rate of 

methane formation by whole cells. 

The Booker group determined that the mmp10 gene is adjacent to the mcr gene cluster and encodes 

a radical S-adenosyl-L-methionine (SAM) enzyme33. Radical SAM (RS) enzymes are the only 

family of enzymes capable of unactivated C-H bond methylation56. They function by the means of 

a [4Fe-4S]1+ cluster coordinated to the enzyme by three conserved cysteine residues in the RS 

domain, and with S-adenosyl methionine (SAM) as the fourth ligand to the iron site57. SAM is 

cleaved to 5’-deoxyadenosyl 5’-radical (5’-dA) which abstracts a hydrogen atom from the 

substrate to initiate catalysis. They catalyze an array of reactions using substrate derived radical 

intermediates58,59. Methylases are a subgroup of the RS enzymes, and they are classified into five 

classes (A, B, C, D and E)60,61. Class B RS methylases use methylcobalamin (MeCbl) to donate a 

methyl group to the substrate and are able to carry out methylation reactions on sp2- and sp3-

hybridized carbon centers33. Their domain architecture consists of a cobalamin-binding domain 

located next to the RS domain at the N-terminal. 

The Booker group was able to show that Mmp10 protein is able to utilize cobalamin as the methyl 

donor, but its domain architecture does not feature the N-terminal cobalamin-binding domain 

characteristic of class B RS methylases33. Thus, a new subclass of the class B RS methylases was 

established by their study. In their studies, peptide substrates mimicking the primary structure of a 

section of MCR from Methanosarcina acetivorans containing the 5-(S)-methylarginine PTM were 

synthesized. In vitro assays with the peptides using purified Mmp10 were carried out. Results 

revealed methylation of the target residue on the peptide (Scheme 5) as well as the requirement of 

cobalamin and SAM for enzyme activity, 
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1.5.3 1-S-methylcysteine modification 

In similar studies, Nayak et al. provided in vivo evidence that an S-adenosylmethionine (SAM)-

dependent methyltransferase encoded by a prmA homolog (named mcmA gene by the authors) was 

responsible for the S-methylcysteine modification in Methanosarcina acetivorans62. The mcmA 

(MA4545) gene is adjacent to the mcr gene cluster in M. acetivorans and is conserved in organisms 

that have the methylcysteine PTM. Using cas9-based genome editing tools, mutant strains of M. 

acetivorans were created lacking the MA4545 gene. McrA expressed from the mutant and 

subjected to MALDI-TOF-MS and tandem MS, was seen to lack the methylcysteine modification. 

The tryptic peptide containing the cys472 residue was 14 Da lighter than the corresponding peptide 

in the wildtype McrA. When grown on trimethylamine, a 12 % decrease in growth yield was 

observed and when grown on DMS, the mutant strain grew 30 % slower than the wildtype. This 

suggests that the modification might be important in the adaptation of the MCR to growth in 

mesophilic conditions. Interestingly, when grown on methanol, the mutant demonstrated a 20 % 

increase in growth rate at 42 °C compared to the wildtype. 

 
Scheme 5: Proposed mechanism for the methylarginine modification33 
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While this study showed the requirement of the MA4545 gene for the methylcysteine modification, 

it did not establish whether the MA4545 gene alone was sufficient for the modification. It is 

possible that there might be other accessory factors necessary for the methylcysteine modification. 

Furthermore, there was no sufficient evidence to establish that the modification is post-

translational rather than co-translational. 

1.5.4 1-N-Methylhistidine 

The 1-N-methylhistidine modification is present in all analyzed MCRs to date32. This may be an 

indication of the possibility that the modification plays an essential function in the enzyme. The 

modified residue is part of the coenzyme B binding site. Since the methylated residue has a slightly 

higher pKa when compared to the unmethylated residue (imidazole and N-methylimidazole differ 

by 0.1), Kahnt et al., postulates that the strength of the coenzyme B binding interaction is expected 

to be increased by this methylation32. It is also possible that the methylation results in an improved 

orientation of the histidine residue within the coenzyme B binding site pocket.  

However, the gene(s) responsible for this methylation is yet to be discovered, impeding 

investigations into the potential impact of this modification on MCR structure and function. 

Chapter three of this work details the investigations that were carried out into the methylhistidine 

and the methylcysteine modifications of MCR. The MA4545 gene from Methanosarcina 

acetivorans was cloned into Escherichia coli cells and expressed under various conditions to 

determine optimum conditions for its activity. An McrA peptide (11-amino acid) mimicking the 

primary structure of the section of McrA containing the cys472 residue was used as a substrate for 

the assay. The MA4545 gene along with his-tagged mcrA gene were also cloned into E. coli cells 

with subsequent expression and purification of the McrA protein for MALDI-TOF-MS analysis.  
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The mtxX (mm4) gene present in the genome of Methanosarcina acetivoran and annotated as a 

methyltransferase, was chosen as a possible gene candidate for the methylhistidine modification. 

The gene was also cloned into E. coli and the purified protein was used for methylation assays 

using an McrA peptide (11-amino acid length) mimicking the primary structure of the McrA 

section containing the his271 residue as the substrate.  

Concerns about the enzyme interaction with the short peptide substrates necessitated the use of 

structural prediction analysis to determine whether the target proteins were interacting with their 

respective peptides.  

1.6 Coenzyme F430 

Each of the active sites of MCR binds to coenzyme F430, which is a unique nickel 

tetrahydrocorphin. Coenzyme F430 contains two exocyclic rings: a carbocyclic F ring as well as a 

γ-lactam E ring10. Of all tetrapyrroles found in nature, coenzyme F430 is the most highly reduced.  

The active form of MCR contains an F430 that is in the Ni(I) oxidation state which is efficient in 

facilitating the catalysis of the MCR-catalyzed reaction. MCR catalysis is postulated to occur by 

the formation of Ni(II) thiolate and methyl radical intermediates63.  

While the mechanism of MCR catalysis has not been fully understood, three mechanisms have 

been proposed (Figure 7). In mechanism I, the nucleophile Ni(I) attacks the methyl group of methyl-

CoM, leading to the formation of methyl-Ni(III) which receives an electron from coenzyme M  to 

generate methyl-Ni(II) and a coenzyme M thiyl radical64. To form methane, the methyl group of 

methyl Ni(II) abstracts a proton from coenzyme B. To maintain the cycle, Ni(I) needs to be 

regenerated. To facilitate this, coenzyme M thiyl radical undergoes a reaction with CoB to form 
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the disulfide radical CoBS-SCoM•−65. This radical reduces Ni(II) to Ni(I) through electron transfer. 

The inhibition of MCR by 3-bromopropanesulfonate (BPS) supports this mechanism66,67. 

In mechanism II, the sulfur atom of methyl-S-CoM is attacked by the nucleophile Ni(I). This leads 

to the cleavage of the methyl-sulfur bond and the generation of a methyl radical, as well as a Ni(II)-

S-CoM complex. The methyl-radical attacks HS-CoB, abstracting a hydrogen atom and generating 

methane68–70, while the thiyl radical reacts with Ni(II)-S-CoM complex to form CoBS-SCoM•−  

which transfers an electron to Ni(II) to generate Ni(I)65.  

Arguable limitations to the model is the long distance between the thiol group of HS-CoB and the 

methyl-SCoM. However, density functional theory (DFT) calculations, transient kinetics, 

magnetic circular dichroism (MCD) methods and rapid freeze-quench (RFQ) EPR corroborate this 

mechanism23,64. 

In the last mechanism (III), the reaction starts with a nucleophilic attack on the sulfur of methyl-

CoM by Ni (I). This generates the Ni(III)-SCoM complex and a methyl anion. The methyl anion 

is protonated by HS-CoB to form methane and a CoBS− anion65. The basis for this mechanism is 

the generation and characterization of the Ni(III)-SR intermediate by the Ragsdale group65. 
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Figure 7: Proposed mechanisms for the initial steps of MCR catalysis65 

 

1.6.1 Biosynthesis of tetrapyrroles 

All tetrapyrroles are biosynthesized using either glycine or L-glutamate as the starting material. 

Both biosynthetic pathways lead to the formation of 5-aminolevulinate (ALA), which proceeds to 

the formation of uroporphyrinogen III, the last metabolite common to all tetrapyrroles10. 

Tetrapyrroles such as cobalamin and siroheme are derived from uroporphyrinogen III after it is 

methylated at C2 and C7 to produce precorrin 2, while tetrapyrroles such as heme or chlorophyll 

form from uroporphyrinogen III after it is decarboxylated to coproporphyrinogen III (Scheme 6). 

Coenzyme F430 biosynthesis follows the methylated tetrapyrrole branch and includes precorrin 2 

as a biosynthetic pathway intermediate. 
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Scheme 6: The existing pathways for tetrapyrrole biosynthesis10 

 

The biosynthetic pathway of coenzyme F430 was demonstrated in vitro by the Mansoorabadi 

group71, after the group had identified the coenzyme F430 (cfbABCDE) genes using comparative 

genomics. 
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Scheme 7: In vitro biosynthetic pathway for coenzyme F43071 

  

The group identified the genes responsible for coenzyme F430 biosynthesis (referred to as cfb 

genes) and conducted in vitro characterization of the corresponding enzymes. These enzymes 

include CfbA, a sirohydrochlorin cobaltochelatase homolog that facilitates specific Ni-chelation 

of sirohydrochlorin; CfbB, a cobyrinic acid a,c-diamide synthase homolog that catalyzes the ATP-

dependent amidation of Ni-sirohydrochlorin's a- and c-acetate side chains using glutamine as an 

ammonia source; CfbCD, a nitrogenase homolog that converts Ni-sirohydrochlorin a,c-diamide to 

15,173-secoF430-173-acid; and CfbE, a Mur-ligase homolog responsible for the ATP-dependent 

cyclization of the g-proprionate side chain, leading to the formation of the carbocyclic F ring. The 

cfb genes from M. acetivoran were cloned and expressed heterologously in E. coli (Scheme 7). 

Using in vitro assays, the recombinant proteins were shown to be capable of synthesizing 

coenzyme F430 with sirohydrochlorin as the starting substrate71. 
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1.6.2 Modified F430s 

MCR from ANME-1 featured a distinctly modified 172-methylthio F430 (F430-2). Due to the fact 

that there is limited information on the biochemical and genomic information of ANME-1, it is 

unclear what gene or enzyme is responsible for the formation of 172-methylthio F430, though 

Allen and his colleagues72, opines that an enzyme of the radical SAM superfamily may be 

implicated in the F430 methylation. However, the concurrent presence of coenzyme F430 in 

ANME-1 suggests that it is a precursor to 172-methylthio F430 in the MCR of ANME-173. 

Other derivatives of coenzyme F430 have been found in cell-free extracts of methanogens and 

ANME (Figure 8). These include a derivative containing a 3-mercaptopropionate moiety, proposed 

to be bound as a cyclic thioether (F430-3), 12,13-didehydro F430 (F430-4), vinyl F430 (F430-5), 

vinyl-172-methylthio F430 (F430-6), 172-methylsulfoxide F430 (F430-7), 172-keto F430 (F430-

8), 172-hydroxy F430 (F430-9), and 171-172-dihydroxy F430 (F430-10)72. While the biological 

significance and biosynthetic routes of these derivatives are not yet clear, the possibility of them 

playing significant roles relevant to MCR function cannot be ruled out. 
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Figure 8: Proposed structures for Modified coenzyme F430 variants and their chemical 
relationship to F43072 

 

In a recent study by the Wagner group74, the crystal structure of an MCR homolog specific for 

ethane-activation was reported. The enzyme was found in the anaerobic archaea, Candidatus 

Ethanoperedens thermophilim, which is usually found in consortium with the sulfate-reducing 

bacterium Candidatus Desulfofervidus auxilii. The enzyme crystal structure resolved and refined 

to 0.99 Å revealed the enzyme to be structurally similar to MCR and was subsequently called ECR 
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(Ethyl-coenzyme M Reductase). However, the protein sequence in the MCR found in the 

ethanotroph featured some large insertions and substitutions of some canonical residues, making 

the enzyme different from methanogenic MCR. Due to the insertions α10-18, α90-111, α330-340, 

β70-95, and γ227-240, the MCR from Ca. E. thermophilim was found to be 20 kDa larger than the 

MCR from M. marburgensis. 

The Ca. E. thermophilim MCR was also found to contain a 17,172-dimethyl coenzyme F430 (Figure 

9). This wider chamber containing the dimethylated F430 is purported to be essential in adapting 

the enzyme to the reception of a two-carbon substrate (ethane)74. 

 

 

 

 

 

 

 

 

Figure 9: Structure of dimethyl coenzyme F43074 

 

The biological significance of modified coenzyme F430 is yet unclear. Hahn et al., in reporting the 

crystal structure of ECR opine that the dimethylated F430 may be an adaptation of the enzyme to 

a two-carbon substrate74. While MCR from M. marburgensis can generate ethane from ethyl-CoM 
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and HS-CoB, the activity is much slower compared to its methane generation ability75. This 

informed the hypothesis that the affinity of MCR homologues to specific substrates may be 

impacted by the coenzyme F430 present in the enzyme. 

To test this hypothesis, we carried out molecular dynamic (MD) simulations and distance 

calculations on MCR homologues including M. acetivoran MCR featuring regular F430, ANME-

1 MCR featuring the 172-methylthio F430 and ECR featuring 17,172-dimethyl F430, in the 

presence and absence of the post-translationally modified residues. MD simulations were also 

carried out on ANME-1 MCR and ECR containing regular F430. The goal was to determine the 

impact of the F430 homologues on the enzyme active site in the presence of the substrate, and to 

see if the post translational modifications had any influence. Chapter four details the steps that 

were taken to test this hypothesis and the results of the simulations.  

The intricate biochemistry surrounding MCR and its active sites, particularly its binding to 

coenzyme F430, is crucial for understanding its catalytic mechanisms. The multitude of derivatives 

of coenzyme F430 and their potential roles in MCR function add layers of complexity to this 

scientific discourse. Moreover, recent discoveries, like the structurally similar enzyme in Ca. E. 

thermophilim with its unique features, underscore the dynamism and diversity of these enzymes 

in nature. As scientific research continues to delve deeper into these mechanisms, it is anticipated 

that further nuances will be unraveled, paving the way for more comprehensive insights into MCR 

function, its derivatives, and their broader implications in the realm of biochemistry.  
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Chapter Two 

The Heterologous Assembly of Methyl-coenzyme M Reductase (MCR) in a Non-

methanogenic Host 
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2 Chapter 2 
2.1 Introduction 

Global warming has been a subject of scientific and political debate in recent times. It is defined 

as the increase in the global surface temperature of the earth attributed to the increased production 

of green-house gases76. These gases remain in the atmosphere and trap solar radiation that would 

otherwise reflect off the earth’s surface1. It has been opined by NASA that each decade, the global 

surface temperature of the earth increases by 0.2 °C (0.36 °F) (Figure 10) and the forecast by the 

Intergovernmental Panel on Climate Change (IPCC) is that over the next century, there will be a 

temperature rise of up to 10 °F77. Proposed consequences of this rise in surface temperature of the 

earth include prolonged frost-free seasons, stronger and more intense hurricanes, sea level rise of 

up to 4 feet, more droughts and heat waves, change in precipitation patterns, and an ice-free artic78.  

 

Figure 10: Change in global surface temperature relative to 1951-1980 average temperatures77 

https://climate.nasa.gov/internal_resources/1875
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Examples of greenhouse gases include carbon monoxide (CO), carbon dioxide (CO2), 

chlorofluorocarbons (CFCs), and methane (CH4). About 109 tons of methane are produced each 

year by methanogenic archaea, part of which escapes into the atmosphere (20 % to 30 %) and 

contributes to greenhouse gases4,5. Two thirds of global methane emissions come from 

methanogenic archaea. Methane has approximately 30 times the global warming potential of CO2, 

which makes it a potent gas worthy of study79. 

Methane is generated by methanogens through a process known as methanogenesis. In this 

pathway, various one-carbon (C1) compounds such as carbon dioxide, methanol, and 

methylamines serve as carbon sources for the production of methane. These substrates are 

transformed into an intermediate known as methyl-coenzyme M35. The final step in 

methanogenesis involves the enzyme methyl-coenzyme M reductase (MCR), which facilitates the 

conversion of methyl-coenzyme M into methane. 

The MCR complex, a substantial 300 kDa metalloenzyme, comprises a heterohexamer structure 

consisting of three different pairs of subunits: two α, two β, and two γ32. This enzyme features two 

active sites, with each MCR trimer (α', β, γ) bound firmly to one equivalent of a prosthetic group 

called coenzyme F430 which is a nickel-containing tetrapyrrole that is required for MCR 

activity29–31. The Ni(I)-MCR is the active form of MCR. Several mechanisms have been proposed 

for MCR catalysis, all of which involves a nucleophilic attack by the Ni(I) on the MCR substrate63. 

Crystal structure of MCR from Methanobacterium thermoautotrophicum, revealed five distinct 

modified amino acids in the enzyme’s active site30. The McrA subunit of the protein contained the 

following post-translationally modified amino acid residues: thioglycine, S-methylcysteine, 2-(S)-

methylglutamine, 1-N-methylhistidine, and 5-(S)-methylarginine30. The requirement of these post 

translational modifications (PTMs) for MCR activity has not been established but based on studies 
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by the Metcalf group53, the group hypothesized that the thioglycine modification may influence 

the local stability within the active site region of MCR where it is found. 

At present, there is significant enthusiasm surrounding the heterologous expression of holo MCR. 

A successful heterologous assembly of MCR should result in the expression of an active, 

recombinant MCR. An active MCR is one that would have properly folded and assembled 

subunits, all its PTMs in the right positions, the coenzyme F430 properly inserted into the MCR 

structure and the Ni of F430 reduced to Ni(I) which is necessary for MCR activation.  This process 

will entail detailing the complete set of genes required for the MCR genes (mcrABG), the 

coenzyme F430 genes (cfbABCDE) as outlined by the Mansoorabadi group80, the post-

translational modification genes and other genes necessary for the folding of MCR subunits and 

the insertion of coenzyme F430 into the MCR complex. The mcrCD genes are implicated in F430 

insertion into the MCR complex, McrC has been shown to participate in the MCR activation 

complex34, while the Mansoorabadi group has postulated that McrD may facilitate the insertion of 

coenzyme F430 into the MCR complex80. These genes will then be transferred into a heterologous 

host by means of genetic engineering for the expression of mature MCR. Achieving this would not 

only establish the complete set of genes and accessories required for MCR assembly and 

activation, it would also facilitate the engineering of an industrial host microbe for either the 

production or conversion of methane. 

Studies into the enzyme, methyl-coenzyme M reductase (MCR), have been slowed by several 

factors such as the strictly anaerobic conditions it takes to grow methanogenic archaea as opposed 

to a facultative organism like Escherichia coli (E. coli)81. Furthermore, the entire machinery 

required for MCR assembly and activation, is yet to be fully elucidated or understood 82–84. Genetic 
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information for the 1-N-methylhistidine PTM remains unresolved83,85. The successful expression 

of active MCR in a heterologous non-methanogenic host has yet to be reported.  

Whitman and his colleagues successfully cloned MCR genes from Methanothermococcus 

okinawensis into Methanococcus maripaludis86. Recombinant MCR was successfully expressed 

and purified from the modified organism, but with very little activity. McrA was tagged on the C-

terminus, and two populations of MCR were observed, one that was bound to F430 and another 

lacking F430 but attached to McrD. Neither population of MCR had much activity. Poor activity 

could have been due to the incorporation of the C-terminal His-tag on McrA which prevented 

complete F430 incorporation into MCR, which would also explain the two populations of MCR 

observed. It is also possible that the rate of recombinant MCR overexpression was too fast for the 

amount of coenzyme F430 produced by the cell. In another study by Dipti’s group, the mcrG 

protein was tagged and the resulting strains were viable, suggesting that tagging mcrG might result 

in better outcomes for MCR expression62. 

The complete genomic sequencing of Methanosarcina acetivorans revealed the presence of 

various methanogenesis markers within the organism's genome. These markers, termed as such 

due to their unique and conserved nature across the initial methanogen genomes analyzed, 

encompass genes known as methanogenesis marker (mm) genes 1 - 17, along with the A2 gene, 

which is a part of the MCR activation complex86. Additionally, the mm7 gene is a part of this 

activation complex. While mm1 have been found to be involved in the insertion of the thioglycine 

PTM53, mm10 responsible for the methylarginine PTM55 , and mm13 involved in coenzyme F430 

biosynthesis80, the exact role of the other methanogenesis markers are yet to be uncovered. The 

mm3, mm5, mm6, mm7, mm15 and mm17 genes are clustered with A2 gene, it is possible that the 
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other mm genes may be a part of the MCR activation complex. mm2 may also be a part of the 

activation complex due to its proximity to mm3. 

Some other genes are known to act in association with methanogenic markers and have been 

implicated in MCR maturation and assembly, such as tfuA and thiI (with mm1). TfuA-associated 

mm1 was found to be responsible for the thioglycine PTM in the MCR from M. acetivorans53, 

while ThiI is a sulfur carrier protein that could be one of the sulfur donors for the thioglycine PTM.  

The successful assembly and expression of MCR in a heterologous, non-methanogenic host will 

require that all genes necessary for the enzyme assembly be accurately identified, characterized, 

and introduced into the heterologous non-methanogenic host. Successfully expressing active MCR 

in a heterologous host will open new frontiers for MCR studies and a better understanding of the 

complete apparatus required for its assembly and activation62,82,87.  

In this chapter, I describe the steps taken to transfer mcr genes, cfb genes, mm genes and some of 

the post-translational modification genes from M. acetivorans into E. coli cells for the expression 

of MCR. E. coli cells are commonly used as heterologous hosts for protein expression. Several 

vectors were utilized to introduce M. acetivorans genes into E. coli including the pETDuet-1, 

pACYCDuet-1, pRSFDuet-1 and the pCDFDuet-1 vectors.  

Initial studies utilized the following plasmids; pETDuet-1:mcrA-mm3 consisting of a codon 

optimized mcrA gene which contains a C-terminal His-tag, and the mm3 gene, pRSFDuet-

1:mcrBCDG plasmid containing the rest of the mcr genes, pCDFDuet-1:cfbABCDE-nixA which 

contains the genes responsible for the biosynthesis of coenzyme F430, and the pACYCDuet-

1:mm1-mm10-tfuA-thiI-prmA-mm4 plasmid containing known PTM genes and one gene (mm4) 

suspected to be responsible for the methylhistidine modification. Only McrA was observed in the 
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insoluble fraction of the cell post expression and purification. The study by Whitman and his 

colleagues86 discussed above which recorded low activity of MCR when McrA was tagged, 

informed the need to transfer the his-tag to McrG. McrA is a bigger protein (63 kDa) than McrG 

(27 kDa). It is possible that attaching a tag to McrA resulted in a distortion of its secondary 

structure, thereby leading to its expression in the insoluble fraction of the cell. A smaller protein 

like McrG may not experience as much distortion to its secondary structure. 

Methanogenesis markers such as mm1, mm10, and mm15, have been demonstrated to contribute 

to MCR maturation/assembly. The A2 protein is essential for the in vivo activation of MCR through 

the activation complex34. It is co-located with mm7, which is also a component of the activation 

complex, along with mcrC, as well as other methanogenesis markers. These markers may have 

roles in either MCR folding/assembly (with several putative ATPases that could function as 

chaperones) or in the delivery and reductive activation of MCR, potentially serving as a large 

reductase complex that aids in reducing the nickel of F430 to its active 1+ oxidation state. This 

informed the decision to utilize the pETDuet-1:mm2-mm3-mm5-mm6-mm7-mm15-mm17-A2 

plasmid in creating subsequent MCR cell lines. 

Subsequent studies utilized the pCDFDuet-1:cfbABCDE-nixA plasmid, the pETDuet-1:mm2-mm3-

mm5-mm6-mm7-mm15-mm17-A2 plasmid, and the pRSFDuet-1:mcrABCDG plasmid containing 

the mcr genes with an N-terminal his-tag on mcrG. 

Previously, plasmids containing mcr related genes had been successfully constructed by the 

Mansoorabadi lab using the Gibson Assembly protocol (See appendix). These plasmids include: 

pETDuet-1:mm2-mm3-mm5-mm6-mm7-mm15-mm17-A2 containing the methanogenesis marker 

genes, pCDFDuet-1:mm1-mm10-tfuA-thiI88 containing some post translational modification 

genes, pETDuet-1:mcrA- mm388 containing a codon-optimized mcrA gene with a C-terminal His-
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tag attached to the mcrA gene, pRSFDuet-1:mcrBCDG containing the mcr genes except for mcrA88 

and pETSUMO:mcrA also containing a codon optimized mcrA gene89 (see Figure 11). 

From these existing plasmids, two more plasmids were constructed: pACYCDuet-1:mm1-mm10-

tfuA-thiI-prmA-mm4 and pRSFDuet-1:mcrABCDG plasmid with an N-terminal tag on mcrG. The 

pACYCDuet-1:mm1-mm10-tfuA-thiI-prmA-mm4 plasmid was created with the aim of adding 

more PTM genes (mcmA and mtxX) to the existing pCDFDuet-1:mm1-mm10-tfuA-thiI plasmid. 

The pRSFDuet-1:mcrABCDG plasmid was constructed to create an mcr plasmid with the his-tag 

on mcrG. For the purpose of this section, I will be interchanging the literature established gene 

names with the names that the genes are called in the Mansoorabadi lab; mcmA gene will be prmA 

and mtxX will be mm4.  
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Figure 11: Previously constructed MCR-related plasmids in the Mansoorabadi lab. 
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Genes ligated into these vectors are strictly controlled by the bacteriophage T7 promoter90. The 

induction of the target gene with isopropyl-β-D-thiogalactopyranoside (IPTG) relies on the 

expression of the T7 RNA polymerase. For E. coli BL21(DE3) cells, there is a chromosomal copy 

of T7 RNA polymerase gene which is under the control of the lacUV5 promoter, so there is still 

some expression of the target protein without IPTG induction90. For E. coli BL21(DE3)pLysS 

cells, target protein expression is lowered or eliminated without IPTG. This is due to the expression 

of a T7 lysozyme by the cell, which inhibits T7 RNA polymerase91. 

We chose both the BL21(DE3) and the BL21(DE3)pLysS cells as the heterologous host for the 

study due to the following reasons: both cells were available and are compatible with the chosen 

vectors, the BL21(DE3)pLysS cell also encodes the T7 lysozyme protein that suppresses the basal 

expression of toxic target proteins91, thus stabilizing target gene expression by ensuring that prior 

to induction, protein expression is suppressed. 

Transformed E. coli cells were grown under varying conditions to determine optimum conditions 

for the expression of soluble MCR. The successful expression of MCR can be determined by the 

generation of appropriately sized protein bands on sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels. Protein bands can be excised from the gel and subjected to mass 

spectrometric analysis to identify the protein more accurately. 
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2.2 Methods 
2.2.1 Construction of the plasmid containing MCR PTM genes (pACYCDuet-1:mm1-

mm10-tfuA-thiI-prmA-mm4) 

The genes mcmA (prmA), and mtxX (mm4) were amplified using Polymerase Chain Reaction 

(PCR) from the genomic DNA of M. acetivoran C2A purchased from DSMZ in Germany (DSM-

2834). The gene cluster mm1-mm10-tfuA-thiI was amplified from previously constructed 

pCDFDuet-1:mm1-mm10-tfuA-thiI. The plasmid pACYCDuet-1 purchased from Novagen EMD 

Millipore of Germany was amplified using PCR. Gibson Assembly primers used in the PCR 

process to generate sticky ends are outlined in Table 1. Primers were synthesized by Sigma-Aldrich 

and Phusion High-Fidelity DNA polymerase (New England Biolabs) was used for all PCR 

reactions following the manufacturer’s protocol. 

pACYCDuet-1:prmA was created using the Gibson Assembly protocol (see Appendix). prmA gene 

and an empty pACYCDuet-1 vector were amplified by PCR. The PCR products were purified via 

a Lonza FlashGelTM DNA Cassette (Basel, Switzerland), and recovered using the OMEGA Bio-

tek E.Z.N.A.® Gel Extraction Kit (Norcross, GA). Purified PCR gene and vector fragments were 

incubated with the Gibson Assembly Master Mix at 50 °C for 15 minutes. The prmA gene was 

inserted into the first multiple cloning site of pACYCDuet-1 (see Figure 12). The product of the 

incubation was used to transform E. coli NEB 5α cells and plated on LB agar plates containing 35 

µg/mL chloramphenicol and left to grow overnight. Colonies were handpicked from the agar plate, 

grown in liquid LB medium and plasmids were extracted from the colonies using the Omega Bio-

tek E.Z.N.A. ® Plasmid Mini Kit. The sequence of the pACYCDuet-1:prmA was verified by 

Eurofins Genomics. 

pACYCDuet-1:prmA-mm4 was created by ligating mm4 gene to the second multiple cloning site 

of pACYCDuet-1:prmA (See Figure 12). Mm4 gene and pACYCDuet-1:prmA vector were 
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amplified and the PCR products were purified and recovered and subjected to the Gibson 

Assembly protocol. The ligation mix was incubated at 50 °C for 30 minutes and the incubation 

product was used to transform E. coli NEB 5α cells and plated on LB agar plates containing 

chloramphenicol overnight. Grown colonies were picked and grown in LB medium. The 

pACYCDuet-1:prmA-mm4 plasmid was extracted and sequence verified by Eurofins Genomics.  

Finally, to create pACYCDuet-1:mm1-mm10-tfuA-thiI-prmA-mm4, a Swa1 restriction enzyme site 

was introduced approximately 100 bp upstream of the first multiple cloning site of pACYCDuet-

1:prmA-mm4 plasmid. The plasmid was treated with SwaI restriction enzymes to create a linear 

plasmid. The mm1-mm10-tfuA-thiI gene was amplified using PCR and was purified and recovered. 

Purified PCR product mm1-mm10-tfuA-thiI was incubated with the Swa1 cut and linearized 

pACYCDuet-1:prmA-mm4 plasmid for one hour at 50 °C using the Gibson Assembly method. The 

resultant product was used to transform E. coli NEB 5α cells and was plated on LB agar plates 

containing 35 µg/mL chloramphenicol. The plasmid was extracted and sequence verified by 

Eurofins Genomics.  
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Table 1: Sequence of primers used for the creation of pACYCDuet-1:mm1-mm10-tfuA-thiI-
prmA-mm4 plasmid 

 

 

 

Plasmid Name  Primers 

pACYCDuet-1 prmA Gene Fwd: 5'-GGAGATATACCatggaaataagatgtaggtgtg-3' 

Rev: 5'-CGGATCCtcaaatcacaacaacttttc-3' 

 Vector Fwd: 5'-ttgtgatttgaGGATCCGAATTCGAG-3' 

Rev: 5'-cctacatcttatttcCATGGTATATCTCCTTATTAAAG-3' 

pACYCDuet-1 prmA-mm4 Gene Fwd: 5'-AGTATAAGAAGGAGATATACATatgtatgccctcctcgag-3' 

Rev: 5'-AGACTCGAtcagcgaatcaccttttttc-3' 

 Vector Fwd: 5'-attcgctgaTCGAGTCTGGTAAAGAAAC-3' 

Rev:5'-atacatATGTATATCTCCTTCTTATACTTAACTAATATAC-3' 

pACYCDuet-1 mm1-mm10-

tfuA-thiI-prmA-mm4 

Gene Fwd: 5'-atggccgagataaaaattgacaggtcac-3' 

Rev: 5'-ctgaaagctgtaaaaatcctcaagctctga-3' 
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Figure 12: Plasmids used in the construction of the pACYCDuet-1: mm1-mm10-tfuA-
thiI-prmA-mm4 plasmid 
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2.2.2 Creation of the pRSFDuet-1:mcrABCDG-NTH plasmid 

The gene mcrG was amplified from pRSFDDuet-1:mcrGBDC template using Gibson Assembly 

primers specific to the Nde1 site of the vector pET-28b(+). The plasmid pET-28b(+) was also 

amplified via PCR. The gene and plasmid PCR products were purified using Lonza FlashGel TM 

DNA Cassette (Basel, Switzerland) and recovered using the OMEGA Bio-tek E.Z.N.A.® Gel 

Extraction Kit (Norcross, GA). Purified gene and vector fragments were subjected to the Gibson 

Assembly ligation protocol to create pET-28(+):mcrG-NTH (Figure 13). Newly created plasmid 

was used to transform E. coli NEB 5α cells and was plated on LB agar plates containing 100 µg/mL 

ampicillin and left to grow overnight. Grown colonies were picked and the plasmids were extracted 

using the Omega Bio-tek E.Z.N.A. ® Plasmid Mini Kit. The plasmid was sent to Eurofins 

Genomics where it was subsequently sequence verified.  

Using (pET-28b(+):mcrG-NTH) as a template, mcrG-NTH gene was amplified with Gibson 

Assembly primers. pRSFDuet-1:mcrBDC vector was amplified using pRSFDuet-1:mcrBCDG as 

the template. PCR fragments were purified and recovered. Purified PCR fragments were subjected 

to the Gibson Assembly ligation protocol to create pRSFDuet-1:mcrG-NTH-mcrBDC plasmid 

(Figure 13) which was used to transform E.coli NEB 5α cells. Cells were plated on LB agar plates 

containing 100 µg/mL of ampicillin. Colonies were picked from cells and the plasmid was 

extracted and sent to Eurofins Genomics for sequence verification. 

The mcrA gene was amplified using pETSUMO:mcrA as template and empty pRSFDuet-1 vector 

was amplified with Gibson Assembly primers. PCR fragments were purified and recovered. The 

purified fragments were ligated using Gibson Assembly protocol as per the manufacturer’s 

instructions. The resulting pRSFDuet-1:mcrA plasmid (Figure 13) was used to transform E.coli 
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NEB 5α cells  and plated on agar cells containing 50 µg/mL of kanamycin. Colonies were picked 

for plasmid extraction and the extracted plasmids were sequenced verified by Eurofins Genomics.  

Finally, using pRSFDuet-1:mcrG-NTH-mcrBDC as template, the gene cluster mcrG-NTH-

mcrBDC was amplified with Gibson Assembly primers. The vector pRSFDuet-1:mcrA was also 

amplified with Gibson Assembly primers. PCR fragments were purified and recovered. Purified 

PCR fragments were subjected to the Gibson Assembly ligation protocol to create pRSFDuet-

1:mcrABCDG-NTH plasmid (Figure 14) by incubating for 1 hour, 35 minutes at 50 °C and with the 

addition of 10% DMSO to the Gibson Assembly incubation mix. E. coli NEB 5α cells were 

transformed with the plasmid and plated on agar plates containing 50 µg/mL of kanamycin. The 

plasmid was extracted from the resulting colonies and was sequenced verified by Eurofins 

Genomics. Table 2 contains a list of Gibson Assembly primers used in the creation of this plasmid. 
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Table 2: Sequence of primers used in creating pRSFDuet-1:mcrABCDG-NTH 

 

pET-28(+):mcrG-NTH Gene Fwd: 5'-GGCAGCCATatggcatacgaagcacag-3' 

Rev: 5'-GTGCTCGAGtcatttcggctggaatcc-3' 

 Vector Fwd: 5'-gccgaaatgaCTCGAGCACCACCACCAC-3' 

Rev: 5'-cttcgtatgccatATGGCTGCCGCGCG-3' 

pRSFDuet-1: 

mcrBCDG-NTH 

Gene Fwd: 5'-GATTTAAATCTCGATCCCGCGAAATTAATACGAC-3' 

Rev: 5'-gtgtacccattcaatgacttctgcgtc-3' 

 Vector Fwd: 5'-agtcattgaatgggtacacagagtattcgacc-3' 

Rev: 5'-GCGGGATCGAGATTTAAATCGATCCTCTACG-3' 

pRSFDuet-1:mcrA Gene Fwd: 5'-AGGAGATATACCatggcagcagatatcttcg-3' 

Rev: 5'-TCGACTTAAGCActattttgcaggaataaccaggc-3' 

 Vector Fwd: 5'-tgcaaaatagTGCTTAAGTCGAACAGAAAGTAATCG-3' 

Rev: 5'-ctgctgccatGGTATATCTCCTTATTAAAGTTAAACAAAATTATTTC-3' 

pRSFDuet-1: 

mcrABCDG-NTH 

Gene Fwd: 5'-CCGGCAAAATAGAAATCTCGATCCCGCGAAATTAATAC-3' 

Rev: 5'-TAATTTCGCGGGATCGAGATTTCTATTTTGCCGGGATGacg-3' 

 Vector Fwd: 5'-CCGGCGTAGAGGATCGATTTAAATTAATCGTATTGTACACGG-3' 

Rev: 5'-CAATACGATTAATTTAAATCGATCCTCTACGCCGGACG-3' 
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Figure 13: Set of plasmids used in creating pRSFDuet-1:mcrABCDG-NTH 
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2.2.3 Creation of MCR cell lines 

To study the heterologous expression of MCR, four MCR cell lines were created using different 

combination of the existing and created plasmids (Figure 14). 

MCR cell line 1 was created with the plasmids pETDuet-1:optmcrA-CTH-mm3, pRSFDuet-

1:mcrBCDG, pCDFDuet-1:mm1-mm10-tFuA-ThiI and pACYCDuet-1:prmA-mm4. The plasmids 

were used to transform E. coli BL21(DE3) cells.  

MCR cell line 2 consisted of the mcr and cfb genes containing plasmids. E. coli BL21(DE3)pLysS 

cells were transformed with the plasmids pRSFDuet-1:mcrABCDG-NTH and pCDFDuet-

1:cfbABDCE-nixA. 

MCR cell line 3 consisted of the mcr and mm genes containing plasmids. It was created by 

transforming E. coli BL21(DE3)pLysS cells with the plasmids pRSFDuet-1:mcrABCDG-NTH and 

pETDuet-1:mm2-mm3-mm5-mm6-mm7-mm15-mm17-A2. 

MCR cell line 4 consisted of the mcr, cfb and mm genes containing plasmids. It was created by 

transforming E. coli BL21(DE3)pLysS cells with the plasmids pRSFDuet-1:mcrABCDG-NTH, 

pETDuet-1:mm2-mm3-mm5-mm6-mm7-mm15-mm17-A2, and pCDFDuet-1:cfbABDCE-nixA. 

Cells were first made chemically competent using 0.1M Calcium Chloride solution (see Appendix) 

and the plasmids were added individually to the cell. Transformed cells were made chemically 

competent in between each transformation step. After each step of transformation, the plasmids 

were extracted from transformed cells using Omega Bio-tek E.Z.N.A. ® Plasmid Mini Kit. The 

identity of each plasmid extracted from the cell line was verified by PCR verification. Using gene 

specific primers, PCR amplification was carried out on the extracted plasmids. The PCR 
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amplification product was injected into the Lonza FlashGelTM DNA Cassette for separation of 

DNA by electrophoresis. Genes present in the extracted plasmid could be identified based on size. 

 

 

 

 

 

 

Figure 14: Complete set of genes used in creating MCR cell lines for MCR 
heterologous assembly studies 
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2.2.4 Aerobic and anaerobic expression of MCR cell lines 

The newly constructed MCR cell lines were grown under aerobic and anaerobic conditions to study 

MCR expression under various conditions. 

MCR cell line 1 (E. coli BL2{DE3}) was grown in terrific broth supplemented with kanamycin 

(50 µg/mL final concentration), ampicillin (100 µg/mL final concentration), spectinomycin (25 

µg/mL final concentration) and chloramphenicol (35 µg/mL final concentration) antibiotics with 

shaking at 37 °C. The broth was also supplemented with 0.2 mM iron II sulphate, 0.15 mM 

cysteine, 0.1 mM cyanocobalamin, 0.2 mM riboflavin and 0.2 mM methionine. After 6 h, the cells 

were induced using β-ᴅ-1-thiogalactopyranoside (IPTG) to a final concentration of 400 µM. The 

temperature was lowered to 18 °C and the cells were left to shake for an additional 18 h before 

harvesting.  

MCR cell lines 2 – 4 were expressed aerobically for the first 24 hours and anaerobically for another 

24 hours.  

MCR cell line 4 (E.coli BL21{DE3}pLysS) was grown in broth consisting of sodium chloride (5 

g/L), tryptone (10 g/L), and yeast extract (5 g/L) as well as salts consisting of 0.17 M potassium 

phosphate monobasic and 0.72 M potassium phosphate dibasic salts. The broth was supplemented 

with kanamycin (50 µg/mL final concentration), ampicillin (100 µg/mL final concentration), 

spectinomycin (25 µg/mL final concentration) and chloramphenicol (35 µg/mL final 

concentration) antibiotics and cells were left to shake at 37 °C for 6 h. At induction with 300 µM 

IPTG, cells were further supplemented with 0.2 mM iron II sulphate, 0.15 mM cysteine, 0.1 mM 

cyanocobalamin, 0.2 mM riboflavin and 0.2 mM methionine, the temperature was lowered to 18 

°C and shaking continued for 18 h. After 18 h, the cells were transferred to anaerobic flasks, placed 

in an ice-bath and subjected to argon pressurization for 2 h to remove all traces of oxygen from 
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the broth. De-oxygenated cells were left overnight (12 – 18 h) standing at 4 °C and then harvested 

anaerobically. 

MCR cell line 2 was grown in broth supplemented with kanamycin (50 µg/mL final concentration), 

spectinomycin (25 µg/mL final concentration) and chloramphenicol (35 µg/mL final 

concentration) antibiotics and 200 µM IPTG while MCR cell-line 3 was grown in broth 

supplemented with kanamycin (50 µg/mL final concentration), ampicillin (100 µg/mL final 

concentration), and chloramphenicol (35 µg/mL final concentration) antibiotics and 200 µM IPTG. 

Both cell lines were subjected to the same set of conditions as MCR cell line 4.  

The cell pellets of all harvested cell-lines were stored at -80 °C. 

2.2.5 Aerobic and anaerobic purification of MCR cell lines using affinity chromatography 

MCR cell line 1 was purified under aerobic conditions. The cell pellets were thawed at room 

temperature and re-suspended in lysis buffer (50 mM sodium phosphate, 300 mM NaCl, 5 mM 

imidazole, lysozyme (1 mg/ml). The cell suspension was lysed using sonication and centrifuged. 

The resulting supernatant was subjected to purification using Bio-Rad Econo-Pac column packed 

with Ni2+-charged Profinity IMAC Resin. The column was washed with 50 mM sodium phosphate, 

300 mM NaCl, 5 mM imidazole, pH 8.0 buffer. The protein was then eluted with 50 mM sodium 

phosphate, 300 mM NaCl, 500 mM imidazole, pH 8.0 buffer, and buffer exchanged with 100 mM 

Tris-HCl, pH 8.0 buffer. Protein was stored at -80 °C.  

Cell pellets from MCR cell lines 2-4 were purified under anaerobic conditions. Cells were 

transferred to the anaerobic tent and thawed at room temperature. It was re-suspended in anaerobic 

lysis buffer and the cell suspension was sonicated and centrifuged. The supernatant was applied to 

Bio-Rad Econo-Pac column packed with Ni2+-charged Profinity IMAC Resin. The column was 
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washed with anaerobic 50 mM sodium phosphate, 300 mM NaCl, 5 mM imidazole, pH 8.0 buffer. 

The protein was then eluted with anaerobic 50 mM sodium phosphate, 300 mM NaCl, 500 mM 

imidazole, pH 8.0 buffer, and buffer exchanged with anaerobic 100 mM Tris-HCl, 20% glycerol, 

pH 8.0 buffer. It was stored at -80 °C. Purification fractions were used for sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and western blot.  Bands on the SDS gel 

corresponding to the size of the expected proteins were excised and used for mass spectrometry 

analysis. 

2.2.6 LC-MS analysis 

The analysis of the assays was conducted at the Mass Spectrometry Center within the Department 

of Chemistry and Biochemistry at Auburn University. This analysis utilized an ultra-performance 

LC system (ACQUITY, Waters Corp., USA) coupled with a quadrupole time-of-flight mass 

spectrometer (Q-TOF Premier, Waters Corp., USA) featuring electrospray ionization (ESI) in 

positive mode and controlled by MassLynx software (version 4.1). 

Sample injections were directly made into the mass spectrometer or onto a C18 column (Aeris™ 

3.6 µm C4 200 Å, 50 × 2.1 mm, Phenomenex) at a flow rate of 300 μL/min, using mobile phase 

solutions A (0.1 % formic acid in 95 % water and 5 % acetonitrile) and B (0.1 % formic acid in 95 

% acetonitrile and 5 % water). The gradient used for elution was as follows: 0 % B for 2 minutes, 

followed by a linear gradient to 100 % B over 11 minutes, maintaining 100 % B for 1 minute, 

another linear gradient back to 0 % B over 1 minute, and a final 3-minute equilibration at 0 % B. 

The column temperature was held at 40 °C, and UV absorption was monitored at 280 nm. 

Operating parameters for the mass spectrometer included a capillary voltage of 3.1 kV, a sample 

cone voltage of 15 V, and an extraction cone voltage of 4.0 V. The source and desolvation 

temperatures were maintained at 95 and 300 °C, respectively, with a desolvation gas flow rate of 
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600 L/h. The mass spectrometry scan had a duration of 0.5 seconds, covering the range from 50 to 

2,000 m/z, with a 0.02 s interscan delay, and data were recorded in the centroid format. 

2.3 Results 
2.3.1 The heterologous assembly of MCR in MCR cell line 1  

Successfully created plasmids containing mcr genes, cfb genes, mm genes and post translational 

genes were used to construct the MCR cell lines outlined in section 2.2.3.  Transformed cells were 

grown in broth, induced with IPTG, harvested, and lysed to obtain soluble and insoluble fractions 

of the cell. Flowthrough (FT), wash (W), and elution (E) fractions are collected during the 

purification process, as well as the insoluble (IN) fraction and these fractions are subjected to 

sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) and western blot. Detection of a 

protein size matching the calculated size of the protein (calculation performed using the amino 

acid sequence of protein on https://expasy.com), suggests the presence of the tagged protein which 

can be subjected to further analysis. The size of McrA protein is 63 kDa. 

The heterologous production and assembly of MCR from cell-line 1 was first examined. It 

consisted of E. coli BL21(DE3) cells containing the pETDuet-1:optmcrA-CTH-mm3, pRSFDuet-

1:mcrBCDG, pCDFDuet-1:mm1-mm10-tFuA-ThiI, and pACYC:prmA plasmids. A band 

corresponding approximately to the size of McrA (63 kDa) was found in the insoluble fraction (IN) 

as shown in the western blot (Figure 15). Another distinct band was observed at the top of the 

western. This was interesting because the band may be as a result of the formation of McrA dimer 

(~126 kDa) or the McrA, McrB and McrG trimer (~300 kDa), and would mean that either McrA 

dimer or MCR subunits were assembling together.  

 

https://expasy.com/
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The protein bands were cut out of the gel and sent for mass spectrometry. Mass spectrometry 

confirmed the presence of McrA in the 63 kDa protein band. Mass spectrometry also confirmed 

the presence of an McrA complex consisting of McrA, TfuA and ThiI proteins in the protein band 

at the top of the gel. While this was unexpected, it was nonetheless interesting because tfuA-

associated ycaO homolog (mm1) has been found to be responsible for the thioglycine PTM in the 

MCR from Methanosarcina acetivorans 53, while ThiI is a sulfur carrier protein that could be one 

of the sulfur donors for the thioglycine PTM. ThiI has a disulfide bond that can react with sulfides 

to make a persulfide that can then be donated to other proteins. TfuA plays a role in the release of 

thioglycine by hydrolyzing the thioester after it has been formed (Scheme 4). It is unclear if ThiI 

can also donate sulfur to MCR and whether TfuA will be involved in this process. The presence of 

the three proteins in the band may be indicative of such an interaction. It was also possible that 

McrA + TfuA + ThiI 

McrA 

LB + Na2S LB 

80 kDa 
 

58 kDa 

 
 

245 kDa 

Figure 15: Western blot membrane result for MCR cell line 1 
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they were precipitated proteins which remained at the top of the gel, and not that the three proteins 

were forming a complex. 

The association of McrA, TfuA and ThiI proteins informed a repeat of the cell expression and 

protein purification process with sodium sulfide (0.15 mM) supplementation. This is because we 

wanted to see if the complex (McrA+TfuA+ThiI) formed was due to insufficient sulfide, 

preventing the formation and release of thioglycine by TfuA. By supplementing the broth with 

0.15 mM sodium sulfide at the point of IPTG induction, we expected to drive the formation of the 

thioglycine and see a complete resolution of the proteins. Supplementation with sodium sulfide 

did not result in the resolution of the McrA, TfuA and ThiI proteins in the complex (Figure 15), 

which leads to a strong suggestion that the proteins are not forming a complex. They may have 

been precipitated proteins left over in the SDS-PAGE well. 

McrA protein was found only in the insoluble fraction of the cell. The insoluble fraction was 

obtained by dissolving the pellet in urea and centrifuging to extract the supernatant which was 

loaded unto the SDS gel. The presence of McrA in the insoluble fraction suggests that the protein 

is folding improperly. Furthermore, McrA was the only subunit containing the histidine tag, and 

thus, the only subunit that can be detected by western blot. If McrA was assembling with McrB 

and McrG, all three proteins should remain bound to the column and be detected. However, since 

only McrA was detected by western blot and by mass spec, we can assume that it did not assemble 

with McrB and McrG. Subsequent attempts to study the assembly of MCR with this cell line did 

not yield different results.  

The role of the cfb genes and the mm gene cluster in MCR assembly (described section 2.1) was 

explored leading to the creation of cell lines 2 – 4.  
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2.3.2 The heterologous assembly of MCR in MCR cell lines 2 and 3 

MCR cell line 2 contains the plasmids pRSFDuet-1:mcrABCDG-NTH and pCDFDuet-

1:cfbABDCE-nixA and MCR cell line 3 contains the plasmids pRSFDuet:mcrABCDG-NTH and 

pETDuet-1:mm2-mm3-mm5-mm6-mm7-mm15-mm17-A2. Both cell lines were E. coli 

BL21(DE3)pLysS cells. 

The two cell lines were constructed to study the effect of the corresponding genes on MCR 

assembly in a heterologous host. Cell line 2 consists of mcr genes and the cfb genes while cell line 

3 contains mcr genes and the mm genes. The his-tagged McrG protein has a mass of 27 kDa. 

Gel slices corresponding to the bands highlighted in Figure 16 were excised and subjected for mass 

spectrometry analysis. While SDS bands looked promising in the MCR cell line 3 containing mcr 

and mm genes, McrG was not detected by mass spectrometry when the SDS bands were analyzed. 

This may be attributed to the degradation of the samples over time. It is also possible that the mm 

genes are toxic and do not express well in non-methanogenic hosts, therefore interfering with the 

expression of MCR. 
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For cell line 2 containing cfb genes and mcr genes with a his tag on McrG, the presence of McrG 

in the soluble fraction of the cell was confirmed by SDS-PAGE and mass spec (Table 3). Mass spec 

analysis also detected the presence of the CfbABE proteins in the bands as shown in Figure 16. The 

presence of the CfbABE proteins in the elution fraction indicates that McrG coeluted with the 

CfbA, CfbB and CfbE proteins.  

 

 

 

 

95 kDa 
72 kDa 
55 kDa 
43 kDa 
34 kDa 

 

26 kDa 

Cell line 3 Cell line 2 

C�A 

McrG 

C�B+C�E 

 
Figure 16: SDS PAGE gel result for MCR heterologously expressed in MCR cell lines 2 and 3. 

Lane 1 represents the molecular weight standard, lanes 2 - 5 represents the insoluble, flowthrough, 
wash and elution fractions from cell line 3. Lanes 5 - 8 represents the insoluble, flowthrough, wash 

and elution fractions from cell line 2. 
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Table 3: Mass spec results for MCR cell line 2 
 

 

The low peptide score of McrG suggests that the protein is poorly expressed, unstable, or not easily 

ionizable by MALDI-TOS-MS. This also provides some explanation for our inability to detect 

McrA and McrB in the bands corresponding to their sizes. McrA was detected by mass spec when 

it was found in the insoluble fraction in MCR cell line 1. This suggests that its formation in 

inclusion bodies, enhanced its stability, leading to its detection by mass spec in MCR cell line 1.  

2.3.3 The heterologous assembly of MCR in MCR cell line 4 

MCR cell line 4 contains the plasmids pRSFDuet-1:mcrABCDG-NTH, pETDuet-1:mm2-mm3-

mm5-mm6-mm7-mm15-mm17-A2, and pCDFDuet-1:cfbABDCE-nixA. The effect of the cfb genes 

and the mm genes on MCR assembly in a heterologous host was explored with this cell line. 

The MCR cell line 4 containing mcr, cfb and mm genes was expressed and purified, and the 

purification fractions were subjected to SDS-PAGE and western blot. The soluble fraction of the 

cell was also subjected to mass spec analysis. 

 

Description Coverage # Peptides # Amino acids MW (kDa) Gene Symbol 

Sirohydrochlorin cobaltochelatase 96 15 130 13.7 CfbA 

UDP-N-acetylmuramoylalanine-D-

glutamate ligase 

19 5 472 50.4 CfbE 

Cobyrinate a,c-diamide synthase 14 4 497 53.5 CfbB 

Coenzyme-B sulfoethylthiotransferase 

subunit gamma 

11 2 248 27.6 McrG 
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The presence of McrG in the soluble fraction of the cell was confirmed by SDS-PAGE and western 

blot (Figure 17). Mass spec result also revealed the presence of CfbB, CfbE and CfbC proteins 

(Table 4).  

 

 

 

 

 

 

 

 
72 kDa 
55 kDa 
43 kDa 

 

34 kDa 
 

26 kDa 

Cell line 4 

 

Cell line 4 

Figure 17: SDS PAGE gel and western blot membrane results for MCR heterologously 
expressed in MCR cell line 4 containing mcr genes, cfb genes and mm genes.  

Lane 1 represents the molecular weight standard, lanes 2 - 5 represents the insoluble, 
flowthrough, wash, and elution fractions from cell line 4. 

McrG 
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Table 4: Mass spec results for MCR cell line 4 

 

Description Coverage # Peptides # Amino acids MW (kDa) Gene Symbol 

Ni-sirohydrochlorin a,c-diamide 

reductive cyclase complex 

82 24 265 28.6 CfbC 

Coenzyme F430 synthetase 34 12 472 50.4 CfbE 

Cobyrinate a,c-diamide synthase 26 10 497 53.5 CfbB 

 

 

Table 5: Summary of MCR cell line description and results 

 

 

 

 

 

 

 

 

Description Genes present Aerobic or Anaerobic 

expression/purification 

MCR protein 

detected 

Other proteins 

detected 

MCR cell line 1 mcr and PTM  Aerobic McrA insoluble TfuA and ThiI 

MCR cell line 2 mcr and cfb  Anaerobic McrG soluble CfbABE 

MCR cell line 3 mcr and mm  Anaerobic McrG soluble - 

MCR cell line 4 mcr, cfb and mm  Anaerobic McrG soluble CfbBCE 
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2.4 Discussion 

Initial expression of MCR with cell line 1, an E. coli BL21(DE3) cell containing the mcr genes 

with a his-tagged mcrA and the post translational modification genes, resulted in McrA being 

detected in the insoluble fraction of the cell. For an E. coli BL21(DE3) cell, induction with IPTG 

upregulates protein expression, which can lead to a faster rate of protein expression than the cell 

folding machinery can handle. This may lead to the expressed proteins forming inclusion bodies 

which are detected in the insoluble fraction of the cell.  To counter this challenge, different 

concentrations of IPTG such as 200 µM, 100 µM, 50 µM and 50 µM were used to induce the cells 

during expression. None of these concentrations appeared to increase the solubility of McrA or its 

assembly with McrB and McrG subunits. 

Data from Whitman’s group86 showing poor incorporation of F430 into MCR when McrA was his-

tagged in Methanococcus maripaludis and data from Dipti’s group62 showing complete assembly 

of MCR when McrG was his-tagged in M. acetivorans, provided the basis for the decision to switch 

the his-tag from McrA to McrG in this study. In both studies, recombinant MCR was expressed in 

archaea hosts. McrG is a smaller protein and does not feature any post translational modification 

and so the attachment of a his-tag to McrG may not result in a serious distortion of its structure 

and may improve its assembly with other subunits. For MCR cell lines 2, 3 and 4, the his-tag was 

placed on McrG and the E. coli BL21(DE3)PLysS cell line was used for the studies. Interestingly, 

McrG was detected in the soluble fraction of the cell (see Figure 16 and Figure 17). This confirms 

that hypothesis that placing the his-tag on McrG may result in a more efficient folding of the 

protein and impacted the protein’s solubility. 

The aerobic expression and purification of the MCR cell line 1 may have also contributed to the 

protein being formed in the insoluble fraction of the cell. MCR is found in methanogens which are 
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strictly anaerobic organisms. It is therefore very plausible that the heterologous assembly of MCR 

in E. coli requires strictly anaerobic conditions. This observation informed the choice to harvest E. 

coli cells anaerobically and to carry out the process of MCR purification anaerobically in 

subsequent cell lines. This was successfully implemented in experiments with cell lines 2-4.  

Anaerobic purification of the MCR cell lines 2-4 resulted in the expression of McrG protein in the 

soluble fraction of the cell. The presence of soluble McrG protein in MCR cell line 2 containing 

mcr and cfb genes was confirmed by SDS-PAGE and mass spectrometry (Figure 16). Soluble McrG 

protein was also present in MCR cell line 4 containing mcr, cfb and mm genes as confirmed by 

SDS-PAGE and western blot (Figure 17). In addition to McrG, the proteins CfbA, CfbB, CfbC and 

CfbE were also detected in the soluble fraction of the cell. 

The coelution of CfbE protein with McrG is significant because CfbE is the terminal enzyme in 

the F430 biosynthetic pathway (Scheme 7). Its coelution with McrG is indicative that it interacts 

directly with McrG to deliver F430 into MCR. Previous work by the Mansoorabadi group80 

showed that CfbE interacts with McrD and could be activated by it. McrD has also been shown to 

be a part of the apo/semi-apo forms of MCR that is poised to receive F43086. Consequently, CfbE 

interaction with McrG indicates that CfbE might be the direct F430 chaperone that delivers the 

coenzyme to MCR. The interaction of CfbA, CfbB and CfbC with McrG is both unexpected and 

interesting, as this could be an indication that the Cfb enzymes form a larger coenzyme F430 

synthase complex. 

Unfortunately, none of the methods employed was successful in assembling MCR in a 

heterologous host (Table 5). However, we were able to establish the importance of carrying out the 

purification process under strictly anaerobic conditions, which improved the solubility of the 
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recombinant proteins. We also established that the McrG tagged protein could be expressed in the 

soluble fraction of the cell, and that the protein co-elutes with the Cfb proteins. 

The inability to heterologously express MCR using the methods employed may be because of the 

absence of yet undetermined archaea genes which are integral to MCR assembly and function. It 

is also possible that the E. coli cell is an unfit host for the expression of MCR and other bacteria 

hosts may be explored in future studies. 

Finally, MCR is a large enzyme complex consisting of six sub-units. The exact mechanism for the 

assembly of all required sub-units is yet to be understood. Cell conditions, proteomic and 

metabolite concentrations required for the accurate transcription and translation of the genes and 

proteins necessary for MCR assembly need to be determined in the archaea host firstly, before 

replication in a non-methanogenic/methanotrophic host. 
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Chapter Three 

Heterologous expression of putative MCR post-translational modification genes and in vivo 

McrA maturation 
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3 Chapter 3 
3.1 Introduction 

Methane is a highly potent greenhouse gas1,2 that is produced and utilized as part of the energy 

metabolism processes of methanogenic archaea, commonly known as methanogens and anaerobic 

methanotrophic archaea (ANME), respectively. Annually, approximately 1 billion tons of methane 

are generated each year by methanogens3.  

At the heart of methane metabolism in both methanogens and ANME lie the enzyme methyl-

coenzyme M reductase (MCR)6. MCR catalyzes the conversion of coenzyme B and methyl-

coenzyme M into the mixed heterodisulfide CoB-S-S-CoM and methane, playing a pivotal role in 

methane generation5,6,88. Anaerobic methanotrophic archaea (ANME) employ reverse 

methanogenesis to oxidize methane under anaerobic conditions with MCR acting as the first 

enzyme in that metabolic process47,72,73. Studies on MCR crystal structure revealed that the protein 

is a hexameric, 300 kD protein consisting of three different subunits in an α2β2γ2 

configuration23,30,52. Tightly bound to the enzyme and relevant to its catalytic function is an unusual 

Ni tetrapyrrole, coenzyme F430 or 172-methylthio F430 in ANME-130,52,73. 

On the α-subunit of MCR is found several unprecedented post-translational modifications (PTMs). 

The 1-N-methylhistidine and thioglycine PTMs have been observed consistently across all studied 

MCRs23,30,31,50. Additionally, certain species exhibit the presence of S-methylcysteine, 5-(S)-

methylarginine, didehydroaspartate, and 2-(S)-methylglutamine in their α-subunit23,30. In contrast, 

the β- and γ-subunits lack any post-translational modifications. 

Kahnt and coworkers evaluated the MCR structure from one member each of five methanogenic 

archaeal orders and two from methanotrophic archaea50. They found the 1-N-methylhistidine and 

thioglycine modifications in MCR from all analyzed organisms, which included 



84 
 

Methanothermobacter marburgensis, Methanocaldococcus jannaschii, Methanopyrus kandleri, 

and Methanosarcina barkeri. Furthermore, the hyperthermophilic species Methanocaldococcus 

jannaschii and Methanopyrus kandleri were devoid of the methylcysteine modification32.  

The MCR structure derived from ANME-1 had other post-translational changes like 7-

hydroxytryptophan and S-oxymethionine52. Additionally, the ANME-1 MCR possessed a uniquely 

modified F430, 172-methylthio F430, which was designated F430-251. 

The exact role of these modifications in MCR assembly, structure, and function is not yet clear. 

However, studies using gene deletion strategies on Methanosarcina acetivorans identified the 

methanogenesis marker 1, which is a tfuA-associated ycaO homolog, as the gene responsible for 

the thioglycine modification53. Mutant strains lacking these genes exhibited low cell yields at 

increased temperatures when compared to the wild-type53. Similarly, in studies where the mcmA 

gene which is responsible for the methylcysteine modification was deleted62, evaluations of the 

phenotypic traits in mutants without the mcmA gene hinted at the potential significance of this 

PTM for the adaptation of methanogens to mesophilic environments.  Experiments by Layer and 

his colleagues92 with the deletion of the mmp10 gene responsible for methyl-arginine modification 

indicates that the modification may be useful for the enzyme’s stability under stress conditions 

such as elevated temperature and the presence of 0.2 mM hydrogen peroxide. 

The importance of these post-translational modifications in the heterologous assembly of MCR in 

a non-methanogenic host is yet to be determined. However, none of these modifications have been 

found to be essential to the catalytic function of MCR expressed from methanogens. In studies by 

the Metcalf group62, all three genes responsible for the methylcysteine, thioglycine and methyl 

arginine modifications were deleted and the mutant MCR was found to be active. The authors 

suggested that the PTMs might play a role in finetuning MCR activity and efficiency62. 



85 
 

Research by the same group62 presented in vivo findings indicating that a S-adenosylmethionine 

(SAM)-dependent methyltransferase, encoded by a 50S ribosomal protein L11 methyltransferase 

(mcmA) homolog (referred to as the prmA gene by the Mansoorabadi lab), was responsible for the 

S-methylcysteine modification in M. acetivorans. The mcmA gene is positioned next to the mcr 

gene cluster in M. acetivorans and remains consistent in species exhibiting the S-methylcysteine 

PTM. MCR expressed from mutant strains lacking the mcmA gene was found to have an 

unmethylated cysteine residue (cys472)62 , as shown in Figure 18. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Methylated (B) and unmethylated (E) cys472 residue in MCR expressed from native 
and mutant Methanosarcina acetivorans62 
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While the study established the importance of the mcmA gene in the methycysteine PTM, it did 

not provide details of the methylation mechanism, whether the gene worked in isolation or with 

other accessory molecules, and if the methylation was post translational or co-translational. My 

study was designed to further investigate the function of the mcmA gene. Most studies on MCR 

are conducted in a native methanogen, which would already possess MCR relevant genes. For 

instance, in the first reported case of MCR heterologous assembly, Lyu and his colleagues86 

effectively transferred mcr genes from one methanogen, Methanothermococcus okinawensis, into 

another methanogen, Methanococcus maripaludis. While the recombinant MCR was expressed 

and isolated from the altered organism, its activity was notably low. Studying the implicated post 

translational modification genes of MCR in a heterologous host such as Escherichia coli (E. coli) 

may provide useful insight on the post-translational mechanism, and the impact of the modification 

on MCR expression in a heterologous host. 

As previously noted, all MCRs studied so far exhibit the 1-N-methylhistidine alteration. This 

consistency suggests that this modification might hold a crucial role in the enzyme's functionality. 

However, the gene responsible for this modification remains unknown. Identifying the gene 

responsible for the 1-N-methylhistidine post-translational modification will take us a step closer 

to unravelling the entire set of genes required for MCR maturation/activation and getting a better 

understanding of the MCR assembly process/requirements. 

Several genetic markers associated with methanogenesis have been identified in the genome of M. 

acetivorans16. These markers earned their designation because they represent genes that are unique 

to and conserved across all initial methanogen genomes. They encompass the methanogenesis 

marker (mm) genes 1 through 17, along with the A2 gene, which is a part of the MCR activation 

complex of MCR. Additionally, the mm7 gene is integral to this activation complex. The mm1 
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gene, a homolog of ycaO, is involved in the insertion of the thioglycine PTM53, while mm10 

(mamA) encodes a radical S-adenosyl-L-methionine (SAM) enzyme responsible for introducing 

the 5-(S)-methylarginine PTM33. While many of these methanogenesis markers are known to play 

essential roles in the function of MCR, the functions of some others remain unidentified. 

The mm4 (mtxX) gene which is a methanogenesis marker is also annotated as a methyltransferase. 

Some homologs of mm4 operate as SAM-dependent methyltransferases. This informed the interest 

in the gene either as a sole culprit in the methylation of histidine, or as one of the genes involved 

in the formation of the methylhistidine.  

Approximately 109 tons of methane are produced each year by methanogens, part of which 

contributes to the global methane load3,93, therefore unveiling the secrets of MCR is a pivotal 

endeavor. Unraveling the genes responsible for MCR post-translational modifications and the 

effect of these modifications on MCR assembly and maturation is important to this overarching 

goal. 

This chapter explores the steps that were taken to study the mm4 (mtxX) gene suspected to be 

responsible for the methylhistidine modification and to confirm the role of the mcmA gene in the 

methylation of cysteine using in vivo and in vitro approaches, as well as some computational 

analysis. Work on mcmA gene had been ongoing in the Mansoorabadi prior to the identification of 

the gene function by Nayak and his colleagues62. The mcmA gene was assigned the name prmA in 

the Mansoorabadi lab, and for the purpose of this work, both names (mcmA and prmA) will be 

used interchangeably. Mm4 and mcmA genes were cloned into E. coli and the expressed and 

purified protein was used for in vitro assays to establish the enzyme function. McmA was also co-

expressed with McrA protein to determine its influence on McrA expression and modification. 
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3.2 Methods 
3.2.1 Construction of pETSUMO:mcmA and pETSUMO:mm4 plasmids 

The MA1806 (mm4) and MA4545 (mcmA) genes were amplified through polymerase chain 

reaction (PCR) using the genomic DNA extracted from Methanosarcina acetivorans C2A 

purchased from DSMZ in Germany (DSM-2834) as the gene template. Additionally, the 

pETSUMO vector was amplified using PCR. Gibson Assembly primers provided by Sigma-

Aldrich were utilized in the PCR process to generate sticky ends, as outlined in Table 6. All PCR 

reactions were conducted using Phusion High-Fidelity DNA polymerase from New England 

Biolabs according to the manufacturer’s instructions. Purification of the PCR products was carried 

out using a Lonza FlashGelTM DNA Cassette from Basel, Switzerland, followed by recovery using 

the OMEGA Bio-tek E.Z.N.A.® Gel Extraction Kit from Norcross, GA. 

For the construction of pETSUMO:mm4 (Figure 19), the purified mm4 gene and pETSUMO vector 

fragments were incubated with the Gibson Assembly Master Mix at 50 °C for 15 minutes. The 

resulting product was used to transform E. coli NEB 5α cells and plated on LB agar plates 

containing 50 µg/mL kanamycin, allowing overnight growth. Colonies were selected from the agar 

plate, cultured in liquid LB medium, and plasmids were extracted from the colonies using the 

Omega Bio-tek E.Z.N.A. ® Plasmid Mini Kit. The plasmid sequence was subsequently verified 

by Eurofins Genomics. 

Similarly, pETSUMO:mcmA (Figure 19) was constructed following similar procedures, and the 

plasmid sequence was confirmed by Eurofins Genomics. 

pETSUMO tagged genes are designed to incorporate a SUMO tag to the N-terminal amino acid 

residue of the protein to be expressed. Additionally, a 6-histidine tag is attached to the SUMO tag 

(and to the protein) which facilitates the purification of the protein using the nickel immobilized 
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metal affinity chromatography (Ni-IMAC) column. SUMO tags are efficiently cleaved off the 

recombinant protein by the action of sumo protease upon incubation with the SUMO-tagged 

protein. The sumo protease recognizes the Ubiquitin-like protein (SUMO) and cleaves in a very 

specific manner94. The resultant reaction mix is a combination of the cleaved recombinant protein, 

the sumo tag, some residuals of the uncleaved protein and the sumo protease protein. The 

recombinant protein without the tag passes through the Ni-IMAC column without being bound to 

it, while the other components bind to the column and are only eluted by addition of the elution 

buffer. 

pACYCDuet-1:prmA creation was reported in Chapter 2 (see 2.2.1) and pETSUMO:mcrA had 

been constructed by a previous member of the Mansoorabadi lab89. 

 

Table 6: Sequence of primers used for construction of pETSUMO:mcmA and pETSUMO:mm4 

 

pETSUMO:mcmA Gene Fwd: 5′-GATTGGTGGTatggaaataagatgtaggtgtg-3′ 

Rev: 5′-GCTTGTCTtcaaatcacaacaacttttctg-3′ 

 Vector  Fwd: 5′-ttgtgatttgaAGACAAGCTTAGGTATTTATTCG-3′ 

Rev: 5′-cttatttccatACCACCAATCTGTTCTCTG-3′ 

pETSUMO:mm4 Gene Fwd: 5′-GATTGGTGGTatgtatgccctcctcg-3′ 

Rev: 5′-GCTTGTCTtcagcgaatcaccttttttc-3′ 

 Vector Fwd: 5′-ttcgctgaAGACAAGCTTAGGTATTTATTCG-3′ 

Rev: 5′-ggcatacatACCACCAATCTGTTCTCTG-3′ 
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Figure 19: Plasmids used in the study of the mm4 and mcmA gene functions. 
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3.2.2 Aerobic expression of Mm4 and McmA proteins 

Sequence verified pETSUMO:mm4 was used to transform chemically competent E. coli 

BL21(DE3) cells. E. coli cells were made chemically competent using calcium chloride (see 

Appendix). The transformed cells were grown in LB supplemented with kanamycin (50 µg/mL 

final concentration) with shaking at 37 °C and 200 rpm. After 6 h, at OD600nm of 0.6, cells were 

induced with 100 µM isopropyl β-ᴅ-1-thiogalactopyranoside (IPTG) and the temperature was 

lowered to 18 °C. Cells were left to shake at 90 rpm for 18 h and were harvested by centrifugation 

at 5000 rpm. The cell pellets were stored at -80 °C. 

The pETSUMO:prmA plasmid was used to transform chemically competent E. coli BL21(DE3) 

cells. Transformed cells were grown in kanamycin (50 µg/mL final concentration) supplemented 

lysogeny broth (LB) and with shaking at 200 rpm and 37 °C for 6 hours. Cells were induced with 

100 µM IPTG at OD600nm of 0.6 and the temperature was lowered to 18 °C. Cells were left to shake 

at 90 rpm for 18 hours and were harvested. 

3.2.3 Creation of McrA cell lines 

Two McrA cell lines were created: 

• E. coli BL21(DE3) cell line containing pETSUMO:mcrA and 

• E. coli BL21(DE3) cell line containing pETSUMO:mcrA and pACYCDuet-1:prmA 

Chemically competent E. coli BL21(DE3) cells were transformed first with pETSUMO mcrA. The 

transformed cells were plated on LB agar plates supplemented with 50 µg/mL of kanamycin and 

left to grow overnight. Colonies were selected from the agar plate, cultured in liquid LB medium 

containing kanamycin, and plasmids were extracted from the colonies using the Omega Bio-tek 

E.Z.N.A. ® Plasmid Mini Kit. The plasmid was subsequently verified by amplification using mcrA 
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PCR primers, and identification of the mcrA gene sized bands on the Lonza FlashGelTM DNA 

Cassette.  

PCR verified E. coli BL21(DE3) cell line containing pETSUMO:mcrA plasmid was made 

chemically competent using calcium chloride (see Appendix) and transformed with the 

pACYCDuet-1:prmA plasmid. Again, transformed cells were plated on agar plates containing 50 

µg/mL of kanamycin and 35 µg/mL of chloramphenicol and left to grow overnight. Colonies were 

picked and cultured in LB medium containing kanamycin and chloramphenicol and plasmids were 

extracted from the colonies. The presence of the mcrA and prmA genes were verified by PCR 

amplification. 

3.2.4 Anaerobic expression of McrA cell lines 

The E. coli BL21(DE3) cell line containing pETSUMO:mcrA and pACYCDuet-1:prmA was 

grown in broth supplemented with kanamycin (50 µg/mL final concentration) and 

chloramphenicol (35 µg/mL final concentration) with shaking at 37 °C and 200 rpm. At OD600nm 

of 0.6, cells were induced with 200 µM IPTG and supplemented with 0.2 mM iron (II) sulfate, 

0.15 mM cysteine, 0.1 mM cyanocobalamin, 0.2 mM riboflavin, and 0.2 mM methionine, the 

temperature was lowered to 18 °C, and shaking continued at 90 rpm for 18 h. After 18 h, the cells 

were transferred to anaerobic flasks, placed in an ice-bath, and subjected to argon pressurization 

for 2 – 4 h to remove all traces of oxygen from the broth. Deoxygenated cells were left overnight 

(12 – 18 h) standing at 4 °C and then harvested anaerobically. The cells were transferred into an 

anaerobic glove box and measured into centrifugation tubes for centrifugation.  

E. coli BL21(DE3) cells transformed with only pETSUMO:mcrA and grown in broth 

supplemented with kanamycin (50 µg/mL final concentration) at 37 °C and 200 rpm, and subjected 
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to the expression protocol outlined above. Cell pellets were harvested in the glove box and stored 

in -80 °C until use. 

3.2.5 Protein purification using Nickel Immobilized Metal Affinity Chromatography (Ni-
IMAC) 

Harvested cell pellets were thawed at room temperature. They were resuspended in lysis buffer 

(50 mM sodium phosphate, 300 mM NaCl, 5 mM imidazole). The cells were lysed by sonication 

and the resultant solution was centrifuged at 7, 500  × g for 2 h. The decanted supernatant was 

applied to Bio-Rad Econo-Pac column packed with Ni2+-charged Profinity IMAC Resin. The 

column was then washed with 50 mM sodium phosphate, 300 mM NaCl, 5 mM imidazole, pH 8.0 

buffer. The protein was eluted with 50 mM sodium phosphate, 300 mM NaCl, 500 mM imidazole, 

pH 8.0 buffer, and buffer exchanged with 100 mM Tris-HCl, pH 8.0 buffer. All purification 

fractions including flowthrough (FT), wash (W), elution (E) and insoluble (IN) fractions were 

stored for further analysis. Eluted proteins were stored at -80 °C. Purification fractions were 

subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 

western blot for protein identification. 

Aerobically purified Mm4 proteins were subjected to a SUMO-tag cleavage reaction by incubation 

with a histidine tagged SUMO protease and DTT for 18 h. Protein and SUMO protease were 

incubated in a 1:1 ratio and 1% dithiothreitol (DTT) was added to the reaction mixture. The 

reaction mixture was applied to a Bio-Rad Econo-Pac column packed with Ni2+-charged Profinity 

IMAC Resin. The column was then washed with the wash buffer (50 mM sodium phosphate, 300 

mM NaCl, 5 mM imidazole, pH 8.0 buffer), and tagged proteins still bound to the column were 

eluted with the elution buffer (50 mM sodium phosphate, 300 mM NaCl, 500 mM imidazole, pH 
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8.0 buffer). Wash and elution fractions were buffer exchanged using 100 mM Tris-HCl, pH 8.0 

buffer. Aliquots of all collected fractions were used for SDS-PAGE analysis.  

Purification of proteins from all cell lines containing the pETSUMO:mcrA plasmid was carried 

out in the anaerobic chamber using anaerobic buffer solutions. 

3.2.6 Design and construction of Mm4 and McmA peptide substrates 

The Mm4 peptide substrate was designed to mimic the 1-N-methylhistidine methylation site 

(his271) of McrA. Five amino acids to the left and to the right of the active histidine residue were 

added to create the peptide. The peptide SFAAKHAALVS (with a molecular weight of 1100 Da) 

was synthesized using a rink amide resin on a 0.25 mmol scale.  The fluorenylmethoxycarbonyl 

(Fmoc)-protected resin (0.5 g of 0.5 mM resin) was swollen with dichloromethane for 2 h and 

subsequently deprotected by shaking with 20% piperidine in dimethylformamide (DMF) for 5 min. 

Amino acids were added sequentially starting from the last amino acid (C-terminal) to the first one 

(N-terminal). 1.25 mmol of the first Fmoc protected amino acid (S) was dissolved in DMF along 

with coupling agents 1-hydroxy-7-azabenzotriazole (HOAt) (1.25 mmol) and dissolved inorganic 

carbon (DIC) (1.25 mmol), added to the resin, and left to stir on a wrist action shaker for 15 min. 

The rest of the Fmoc protected amino acids (0.75 mmol) in the sequence were sequentially coupled 

to the resin using 0.75 mmol hexafluorophosphate benzotriazole tetramethyl uronium (HBTU) and 

1.50 mmol N,N-diisopropylethylamine (DIEA), which were added to the resin and stirred for 5 

min. All Fmoc protected amino acids underwent deprotection by shaking with 20% piperidine in 

dimethylformamide (DMF) for 5 min before addition of the next amino acid. 

Amino acids ser, his, and lys had side groups that were protected by acid labile trityl (Tr), Tr, and 

tert-butyloxycarbonyl (Boc) groups, respectively. 
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Peptide was cleaved from the resin using a cocktail mix of trifluoroacetic acid (92.5 %), 

triethylsilane (2.5 %), dimethoxybenzene (2.5 %), and water (2.5 %). Cleaved peptide was air 

dried, dissolved in a 1:1 ratio mixture of water and acetonitrile (ACN) and purified. The 

purification was performed using high performance liquid chromatography (HPLC) on an Agilent 

1100/1200 series HPLC equipped with an Eclipse Plus C18 (4.6 x 150 mm, 3.5 μm particle size) 

reversed phase column. All separations involved a mobile phase of 0.1% formic acid (v/v) in water 

(solvent A) and 0.1% formic acid (v/v) in acetonitrile (solvent B). The HPLC method employed a 

linear gradient of 0–80% solvent B over 30 minutes at ambient temperature with a flow rate of 1.0 

mL min-1. The separation was monitored by UV absorbance at 220 nm. The peak containing the 

peptide eluted at 8 min and was collected using 10 mL tubes. 

Purified peptide was characterized by liquid chromatography-mass spectrometry (LC-MS). It was 

lyophilized with a Labconco lyophilizer and stored at 4 °C. 

Lyophilized McmA (PrmA) peptide with sequence DLQDQCGATNV was purchased from 

Biomatik. The McmA peptide was designed to mimic the methylcysteine methylation site (cys472) 

of McrA. 

3.2.7 Mm4 and McmA structural prediction studies  

Using Alphafold2 v1.5.295,96, the structures of the Mm4 and McmA (PrmA) proteins, as well as 

their complexes with their respective peptide substrates were generated. The PyMOL molecular 

visualization system97 was used to analyze the resulting structures.  

Two putative metal binding sites consisting of four cysteine residues each were identified in the 

McmA structure. Zinc (Zn2+) and iron (Fe2+) ions were manually inserted into the structure by 

editing the PDB file of McmA. Structural homologs of McmA were derived through a Dali search. 
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The search algorithm assigns a Z-score to structural homologs, and a Z-score lower than 2 signifies 

that the structural homology of that protein is spurious. The structure of S-adenosyl-L-

homocysteine (SAH) was sourced from the crystal structure of N2,N2-dimethylguanosine tRNA 

methyltransferase in complex with S-adenosyl-L-homocysteine (SAH) (PDB ID: 2eju-A)98. The 

protein was chosen because it is a structural homolog to McmA, and it is a SAM-dependent 

methyltransferase which possesses a C-terminal domain containing a typical alpha/beta 

nucleotide-binding fold found in methyltransferases99. This fold participates in SAM binding and 

was detected in the alpha-fold generated structure of McmA. The McmA-SAH complex was 

generated by using the alignment function in PyMOL to align McmA to the SAH bound 2eju-A. 

Interactions between McmA and SAH were then determined. 

3.2.8 Mm4 activity assay 

Methylation activity of Mm4 was carried out aerobically. 100 µM of the Mm4 peptide was 

incubated with 100 µM of SAM and 40 µM of the Mm4 protein in 50 mM HEPES buffer pH 8.0 

for 18 h. The reaction was quenched with equal volume of methanol incubation for 20 minutes and 

centrifuged for 20 minutes to separate precipitated Mm4 enzyme from solution. The supernatant 

was decanted and used for HPLC analysis. 

3.2.9 McmA activity assay 

The methylation activity of McmA (PrmA) was first investigated using aerobically purified McmA 

protein. 10 µM of protein was incubated with 100 µM of the peptide and 100 µM of SAM for 18 

hours in 100 mM Tris-HCl buffer, pH 8.0. Reaction was quenched with equal volume of methanol 

for 20 minutes and centrifuged for 20 minutes. The supernatant was decanted and used for mass 

spec and HPLC analysis. 
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Anaerobically purified McmA (20 µM) was then incubated for 18 hours with the peptide (100 µM) 

and SAM (100 µM) with the addition of DTT (1%) and zinc sulphate (50 µM) in 100 mM Tris-

HCl buffer, pH 8.0. A no-enzyme control was also set up without McmA. The reaction mixture 

was quenched with equal volumes of methanol. Each aliquot of the quenched reaction was 

subjected to centrifugation and the supernatant was collected and analyzed using HPLC and MS. 

3.2.10 McmA activity assays using adenosylhomocysteinase 

Adenosylhomocysteinase E. coli BL21(DE3) cell line was a generous gift from Prof. William 

Metcalf’s laboratory (University of Illinois Urbana-Champaign). The cell line was grown, 

harvested, and purified by Ni-IMAC method using the aerobic expression and aerobic purification 

protocols described above. 

McmA activity assays were repeated with the addition of adenosylhomocysteinase. The reactions 

were carried out anaerobically and contained the following: anaerobically purified McmA (20 

µM), McmA peptide (100 µM), SAM (200 µM), adenosylhomocysteinase (20 µM), DTT (1%), 

and zinc sulphate (50 µM) in 100 mM Tris buffer, pH 8.0. McmA peptide, SAM, DTT, zinc 

sulphate and aliquots of adenosylhomocysteinase to be used for the reaction were made anaerobic 

by transferring them in 1.5 mL reaction tubes into the glove box 6 hours before the reaction and 

leaving the tubes open. A control group was also set up without McmA protein. Aliquots of the 

reaction mixture were quenched with equal volumes of methanol at 1 h, 2 h, and 18 h time 

intervals. Each aliquot of the quenched reaction was subjected to centrifugation and the 

supernatant was collected and analyzed using HPLC and mass spectrometry. 

3.2.11 HPLC analysis 

HPLC analysis was performed on an Agilent 1100/1200 Infinity Quaternary LC System with 

Diode Array Detector (DAD) VL+, equipped with an Agilent Poroshell 120 EC-C18 (4.6 x 150 
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mm, 2.7 μm particle size) reverse phase column. All separations involved a mobile phase of 0.5 % 

formic acid (v/v) in water (solvent A) and 0.5 % formic acid (v/v) in acetonitrile (solvent B). The 

HPLC method employed a linear gradient of 0–24 % solvent B over 24 min, 24 – 100 % solvent 

B over 1 min, 100 % solvent B for 8 min, 100 – 0 % solvent B over 1 min, and 0 % B for 5 min. 

Flow was at ambient temperature with a flow rate of 1.0 mL min-1. The separation was monitored 

by UV-vis absorbance at 256 nm. 

3.2.12 Mass spectrometry analysis  

LC-MS analyses on the Ni-IMAC elution fractions from McrA cell lines were performed on a 

Thermo-Fisher LTQ Orbitrap Elite Mass Spectrometer coupled with a Proxeon Easy NanoLC 

system (Waltham, MA) located in the Proteomics and Mass Spectrometry Facility at the University 

of Georgia.   

The tryptic peptides were resuspended in 0.1% formic acid/2% acetonitrile. A self-packed column 

with reversed phase resin (Dr. Maisch ReproSil-pur C18-AQ, 3 µm particle size, 120 Å pore size, 

100 µm id ~120 mm) was coupled to the mass spectrometer. Peptides were separated and eluted 

into the electrospray ionization source at a flow rate of 300 nL/min. Briefly, the two-buffer gradient 

elution (water with 0.1% formic acid as buffer A and acetonitrile with 0.1% formic acid as buffer 

B) starts with 0% B for 2 min, linearly increases to 12% B over 25 min, to 30% B over 25 min, to 

50% B over 10 min, and finally to 95% B over 10 min. 

The data-dependent acquisition (DDA) method was used to acquire MS data. A list of expected 

precursor ions was generated for monitoring possible N-terminal peptides. A survey MS scan was 

acquired first (350-1500 m/z), and then the top 10 ions in the precursor list were selected for CID 

MS/MS analysis with an isolation width of 2 m/z. If no peptide ions from the precursor list were 
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found, the most abundant ions are chosen for MS/MS analysis.  Both MS and MS/MS scans were 

acquired by Orbitrap at resolutions of 120,000 and 15,000, respectively. 

Data were acquired using Xcalibur software (version 3.0, Thermo Fisher Scientific). Protein 

identification and modification characterization were performed using Thermo Proteome 

Discoverer (version 3.0) with the Mascot (Matrix Science, London, UK) and Uniprot Salmonella 

databases. The search parameters include: 

• Precursor Mass Tolerance: 10 ppm  

• Fragment Mass Tolerance: 0.02 Da 

• Modification: Oxidation of methionine 

• Validated with Percolator (decoy database) 

• Targeted FDR (restrict/relax): 0.01/0.05 

In the Xcalibur QaulBroswer, the extracted ion chromatograms of monitored N-terminal peptides 

were plotted by combining peptide ions at various charges within the mass tolerance of 5 ppm in 

MS1.  ICIS peak detection in Xcalibur is the default method to integrate the peak area and peak 

intensity at the apex.   

3.3 Results 
3.3.1 McmA and Mm4 purification 

E. coli BL21(DE3) cells transformed with pETSUMO:mcmA and E. coli BL21(DE3) cells 

transformed with pETSUMO:mm4 were expressed, harvested, lysed and purified using a Ni-IMAC 

column. Purified McmA (PrmA) protein (46 kDa) was detected in the elution fraction by SDS-

PAGE and western blot (Figure 20). A band matching the size of the purified Mm4 protein (41 kDa) 

was also detected in the elution fraction of the SDS-gel and western blot (see Figure 21).  
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Figure 21: SDS-PAGE and western blot of purified fractions of Mm4 protein 
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Lanes 1 - 5 represent the molecular weight standards, insoluble, flowthrough, wash and elution 
fractions of the McmA protein 

Lanes 1 - 5 represent the molecular weight standards, insoluble, flowthrough, wash and elution 
fractions of the Mm4 protein 

Figure 20: SDS-PAGE gel and western blot of purified fractions of McmA protein 
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3.3.2 Mass spec result of McmA peptide purchased from Biomatix 

The peptide purchased from Biomatix (DLQDQCGATNV) was analyzed using mass spectrometry 

and the m/z value was detected as shown in Figure 22. 

 

 

 

 

 

 

Figure 22: Mass spec data of McmA peptide (1163.52 m/z value) 

 

3.3.3 McmA structure shows zinc binding sites 

Initial McmA assays were carried out and the methylated peptide was not detected by mass 

spectrometry. It was surmised that the protein might require accessory co-factors for its activity. 

McmA structural prediction studies were carried out to glean insight on enzyme function as it 

relates to its structure. McmA structure was determined using AlphaFold and analysis of the McmA 

structure revealed the presence of several cysteine residues. The presence of 16 cysteine residues 

on the McmA structure suggests that the protein will be very sensitive to oxygen and may purify 

better anaerobically. In particular, some of the cysteine residues had their sulfur residues oriented 

towards an imaginary center as though forming a metal binding site (Figure 23). The possibility of 

a metal binding to this imaginary center was tested first with zinc and then with iron. The zinc 
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metal seemed to be a better fit than the iron in the metal binding site. Two molecules of the metal 

were required for each molecule of the protein (Figure 23).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Alphafold structures of McmA protein showing (a) its cysteine residues shown 
as sticks and (b) McmA binding to zinc 

a 

b 
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3.3.4 McmA expression with zinc sulfate and anaerobic purification 

Prior to McmA structural analysis, McmA purification was good but not great. Truncated versions 

of the protein were observed in its SDS-gel and western blot membrane. It is possible that metal 

binding was required to stabilize the protein and improve purification yield. Data derived from 

McmA structural analysis informed the expression of McmA in LB supplemented with zinc sulfate 

(Zn2SO4) at induction, as well as McmA anaerobic purification. E. coli BL21(DE3) cell line 

containing pETSUMO:mcmA was also expressed with the addition of iron sulfate and purified 

anaerobically. Eluted protein was cleaved with sumo protease and the cleaved fractions from both 

cell lines were subjected to SDS-PAGE and western blot.  

The result of the SDS-gel suggested that McmA protein was expressed with more yield when 

supplemented with zinc sulfate (Figure 24). The molecular weight of McmA is 36 kDa. 
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Lanes 1 - 5 represent the molecular weight standards, cleaved McmA supplemented with iron, 
sumo cleavage elution fraction of McmA supplemented with iron, cleaved prmA supplemented 

with zinc, sumo cleavage elution fraction of prmA supplemented with zinc. 

Figure 24: SDS-PAGE gel of McmA expressed with zinc sulfate and with iron sulfate 

McmA expressed 
with zinc sulfate 
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3.3.5 McmA activity assays 

McmA activity assays were repeated with the anaerobically purified McmA expressed with zinc 

sulfate supplementation. The assay was based on the detection of SAH (Figure 25) and the 

methylated peptide (1177.52 m/z) by HPLC and by mass spectrometry respectively. The protein 

was incubated with SAM, Zn2SO4 and the peptide overnight and the sample was subjected to 

methanol extraction with subsequent decanting of the supernatant for HPLC and mass spec 

analysis. Neither the methylated peptide nor SAH were detected by mass spectrometry (Figure 28 

and Figure 29) or by HPLC (Figure 26 and Figure 27). 

 

 

 

 

 

Figure 25: HPLC analysis with SAM and SAH standards showing their separation 
profiles 
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Figure 26: HPLC analysis of McmA reaction (a) and McmA reaction spiked with SAH (b). 
Reaction contained McmA (20 µM), McmA peptide (100 µM), SAM (100 µM), DTT (1%) and 

zinc sulphate (50 µM) in 100 mM Tris buffer, pH 8.0, and was incubated for 18 hours. Reaction 
was spiked with 100 µM SAH in (b) 

 

 

 

Figure 27: HPLC analysis of McmA control (a) and McmA control spiked with SAH (b). 
Reaction contained McmA peptide (100 µM), SAM (100 µM), DTT (1%) and zinc sulphate (50 
µM) in 100 mM Tris buffer, pH 8.0, and was incubated for 18 hours. Reaction was spiked with 

100 µM SAH in (b).  
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Figure 28: Mass spec analysis of McmA reaction. Reaction contained McmA (20 µM), 
McmA peptide (100 µM), SAM (100 µM), DTT (1%) and zinc sulphate (50 µM) in 100 mM 

Tris buffer, pH 8.0, and was incubated for 18 hours. 
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Figure 29: Mass spec analysis of McmA control group. Reaction contained McmA 
peptide (100 µM), SAM (100 µM), DTT (1%) and zinc sulphate (50 µM) in 100 mM Tris 

buffer, pH 8.0, and was incubated for 18 hours 



108 
 

3.3.6 McmA activity assays with adenosylhomocysteinase 

Activity assays were repeated with the addition of adenosylhomocysteinase. 20 µM of purified 

adenosylhomocysteinase was added to the McmA reaction with the aim of combating possible 

SAH inhibition of McmA, which is common in methyltransferase100. The reaction was conducted 

anaerobically. Mass spectrometry results did not detect the methylated peptide (Figure 30 and Figure 

31). 
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Figure 30: HPLC and mass spec result of the reaction group of McmA time course activity 
assay. Reaction contained McmA (20 µM), McmA peptide (100 µM), SAM (200 µM), 

adenosylhomocysteinase (20 µM), DTT (1%), and zinc sulphate (50 µM) in 100 mM Tris 
buffer, pH 8.0 
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Figure 31: HPLC and mass spec result of the control group of McmA time course activity assay. 
Reaction contained McmA peptide (100 µM), SAM (200 µM), adenosylhomocysteinase (20 µM), 

DTT (1%), and zinc sulphate (50 µM) in 100 mM Tris buffer, pH 8.0 
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3.3.7 McmA structural prediction studies 

The inability to detect either SAH or the methylated peptide by the methods employed so far 

prompted structural prediction studies to determine whether the peptide was interacting with the 

McmA active site. The peptide substrate is a short analog of the actual substrate (McrA) and may 

not be binding properly to the enzyme active site.  

McmA structure was determined using AlphaFold and Dali search101 was carried out to identify 

structurally homologous proteins to McmA (Table 7). The structural homolog dimethylguanosine 

tRNA methyltransferase (PDB ID: 2eju-A) was chosen because it was co-crystallized with S-

adenosylhomocysteine (SAH). Alignment of the McmA structure (Figure 32) with 2eju-A, revealed 

that McmA contains a putative SAM binding site which is the enzyme’s active site. The cys472 

residue of the peptide substrate was found to be at a distance of 17.8 Å to the sulfur of SAH in the 

McmA structure (Figure 33). This shows that the peptide may not be within a close distance for 

catalysis. Another McrA peptide of 61 amino acid length was found within a distance of 12.8 Å. 

Further studies might explore using the longer peptide for McmA activity assays. 

Analyzing the structural prediction of the 61 amino acid length McrA peptide provided evidence 

for another possibility – that the methylation may be co-translational rather than post-translational. 

The hypothesis of co-translational modification was strengthened by comparing residues around 

the cys472 residue in both the 61 amino acid length peptide and in McrA. Residues after cys472 

in the peptide were less tightly coiled than that of McrA (Figure 34). It is possible that within the 

cell, cys472 was methylated before the complete folding of McrA. 

To test this hypothesis, in-vivo assays were carried out using two cell lines – one cell line harbored 

only an mcrA containing plasmid while the other cell line harbored an mcrA and mcmA containing 

plasmid. 
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Table 7: Dali search result showing proteins with structural similarity to McmA 

 

No Chain Z-score Description 

1 2ytz-B 15.8 Dimethylguanosine tRNA 

2 2eju-A 15.7 Dimethylguanosine tRNA methyltransferase 

3 2ytz-A 14.9 Dimethylguanosine tRNA 

4 7t39-A 14.9 Protein arginine N-methyltransferase 9 

5 6arj-A 14.8 Histone-arginine methyltransferase CARMI 

6 4m38-A 14.8 Protein arginine N-methyltransferase 7 

7 6p7i-B 14.8 Protein arginine N-methyltransferase 6 

8 4c03-B 14.7 Protein arginine N-methyltransferase 6 

9 5dx0-A 14.6 Histone-arginine methyltransferase CARMI 

10 4m36-A 14.6 Protein arginine N-methyltransferase 7 
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Figure 32: Alignment of McmA (Green) and dimethylguanosine tRNA methyltransferase {2eju-
A} (cyan) 

 

 

 

 

 

 

  

 

Figure 33: AlphaFold structure of McmA protein showing the peptide and the protein active site 
where SAH (shown in sticks) is bound. Inset shows a distance of 17.8 Å between the sulfur of the 

Cys472 (shown in sticks) and sulfur of SAH. 
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Figure 34: AlphaFold structure of McmA showing Cys472 of a 61 amino acid length McrA 
peptide within the active site of McmA. Inset shows a 12.8 Å distance of the sulfur of Cys472 to 
sulfur of active site SAH. (b) shows McrA not interacting with McmA (green); residues around 

Cys472 are tightly coiled. Cys472 and SAH shown in sticks. 

a 

b 
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3.3.8 McrA expression with and without McmA 

McrA was expressed from the cell lines E. coli BL21(DE3) harboring pETSUMO:mcrA and E. 

coli BL21(DE3) harboring pETSUMO:mcrA and pACYCduet-1:prmA. Terrific broth was 

supplemented with 200 µM iron II sulphate, 200 µM cysteine, 2 µM cyanocobalamin, 50 µM 

riboflavin and 50 µM methionine at the start of the expression. McrA (74 kDa) was detected in the 

insoluble fraction of the cell line harboring pETSUMO:mcrA (Figure 35). 

 

 

 

Lanes 1 - 4 represent the molecular weight standards, insoluble, flowthrough and elution fraction of the 
cell line E. coli BL21(DE3) harboring pETSUMO:mcrA 

Lanes 5-7 represent the insoluble, flowthrough and elution fraction of the cell line E. coli BL21(DE3) 
harboring pETSUMO:mcrA, and pACYCDuet-1:prmA 
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Figure 35: SDS-PAGE gel and western blot result of McrA expressed with and without McmA 
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3.3.9 McrA expression from E. coli BL21(DE3) cell lines in terrific broth containing 
glycerol 

McrA expression was carried out anaerobically in terrific broth containing 10 % glycerol, with the 

addition of 0.2 mM zinc sulfate to the broth after induction. This was based on the data derived 

from the structural analysis of McmA protein and its interaction with zinc.  

The result showed that for both cell lines, McrA (74 kDa) was detected in the insoluble fraction of 

the cell (Figure 36). 

 

 

 

 

 

 

 

 

 

 

Lanes 1 - 5 represent the molecular weight standards, insoluble, flowthrough, wash and elution 
fraction of the cell line E. coli BL21(DE3) harboring pETSUMO:mcrA 

Lanes 6-9 represent the insoluble, flowthrough, wash and elution fraction of the cell line E. coli 
BL21(DE3) harboring pETSUMO:mcrA, and pACYCDuet-1:prmA 
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Figure 36: SDS-PAGE gel and western blot result of McrA expressed with terrific broth 
containing 10 % glycerol. 



116 
 

3.3.10 Expression of soluble McrA from E. coli BL21(DE3) cell line harboring 
pETSUMO:mcrA 

The successful expression of McrA from the E. coli BL21(DE3) pETSUMO:mcrA cell line in the 

soluble fraction of the cell (Figure 37) was carried out using broth made up of 10 g of tryptone, 5 g 

of sodium chloride and 5 g of yeast extract in 10 % glycerol (100 mL) and to a total volume of 1 

L. Cells were supplemented with 200 µM iron II sulphate, 200 µM cysteine, 2 µM 

cyanocobalamin, 50 µM riboflavin and 50 µM methionine at the point of induction. Cells were 

subjected to argon pressurization to remove all traces of oxygen, prior to harvesting and were 

purified anaerobically. 

 

 

 

3.3.11 Expression of soluble McrA with and without McmA from E. coli BL21(DE3) cell lines 
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Lanes 1 - 8 represent the molecular weight standards, whole cell, sonicated cell, cell free extract, 
insoluble, flowthrough, wash and elution fraction of the cell line E. coli BL21(DE3) harboring 

pETSUMO:mcrA 

Soluble 
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Figure 37: SDS-PAGE gel and western blot results of soluble McrA expressed from E. coli 
BL21(DE3) cell line harboring pETSUMO:mcrA 
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The cell lines E. coli BL21(DE3) harboring pETSUMO:mcrA and E. coli BL21(DE3) harboring 

pETSUMO:mcrA and pACYCDuet-1:prmA were expressed and purified under the new set of conditions 

that generated soluble McrA. Again, McrA (74 kDa) was detected by SDS-PAGE and western blot in the 

soluble fraction of the cell. It was also present in the insoluble fraction (Figure 38). 

Gel bands were excised and sent for mass spectrometry analysis. McmA was detected by mass spec (Table 

8) in the insoluble and elution fraction of the E. coli BL21(DE3) harboring pETSUMO:mcrA; pACYCDuet-

1:prmA (Figure 39). McmA detection in the elution fraction even though it was not tagged suggests that it 

was properly folded and bound to McrA, hence its co-elution with it. McrA was not detected in the insoluble 

or elution fraction by MS, so further analysis was not possible. 
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Lanes 1 - 5 represent the molecular weight standards, insoluble, flowthrough, wash and elution 
fraction of the cell line E. coli BL21(DE3) harboring pETSUMO:mcrA. 

Soluble 
McrA 

Figure 38: SDS-PAGE gel and western blot result of soluble McrA expressed from the E. coli 
BL21(DE3) cell line harboring pETSUMO:mcrA 
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Table 8: Mass spec result showing the McmA protein in the elution fraction of the cell line E. 
coli BL21(DE3) harboring pETSUMO:mcrA and pACYCDuet-1:prmA 

 

 Description Coverage No. of 
peptides 

Sum PEP 
score 

Score 
Mascot: A2 
Mascot 
 

Elution 
fraction 

Uncharacterized protein 
OS=Methanosarcina acetivorans 
(strain ATCC 35395 / DSM 2834 / 
JCM 12185 / C2A) OX=188937 
GN=MA_4545 PE=4 SV=1 

17 
 

5 13.819 
 

292 
 

Insoluble 
fraction 

Uncharacterized protein 
OS=Methanosarcina acetivorans 
(strain ATCC 35395 / DSM 2834 / 
JCM 12185 / C2A) OX=188937 
GN=MA_4545 PE=4 SV=1 

17 5 9.278 
 

153 
 

Lanes 1 - 5 represent the molecular weight standards, insoluble, flowthrough, wash and elution 
fraction of the cell line. 

Figure 39: SDS-PAGE gel and western blot result of soluble McrA expressed from the cell line 
E. coli BL21(DE3) harboring pETSUMO:mcrA and pACYCDuet-1:prmA 
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3.3.12 Mass spec result of synthesized Mm4 peptide 

Synthesized Mm4 peptide with sequence SFAAKHAALVS was lyophilized as detailed in section 

3.2.6. The lyophilized peptide (1 mg) was dissolved in 1 mL of deionized water and subjected to 

mass spec analysis. The peptide which has a molecular weight of 1100.62 Da was detected with 

its corresponding m/z value (See Figure 40). 

 

 

 

 

 

 

Figure 40: Mass spec data of Mm4 peptide (1100.62 m/z value) 
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3.3.13 Mm4 activity assay 

Purified Mm4 protein was incubated with SAM and the Mm4 peptide for 18 h and the sample was 

subjected to methanol extraction with subsequent decanting of the supernatant for HPLC and mass 

spec analysis. The methyltransferase activity of Mm4 can be confirmed by the detection of the 

methylated peptide (mass of 1114.62) using mass spec, and by the conversion of S-

adenosylmethionine (SAM) to S-adenosylhomocysteine (SAH) which can be detected using 

HPLC (Figure 42). 

Similar to what was observed with McmA protein, mass spectrometry result did not show the 

presence of the methylated peptide (Figure 41), and HPLC did not detect SAH (Figure 43). Upon 

spiking the reaction group with SAH, a new peak for SAH was detected by HPLC (Figure 43 and 

Figure 44). 
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Figure 41: Mass spec data showing the reaction and control groups of the Mm4 activity 
assay. Reaction contained 100 µM of the Mm4 peptide, 100 µM of SAM and 40 µM of the 
Mm4 protein in 50 mM HEPES buffer pH 8.0 for 18 h. Mm4 protein was not added to the 

control group. 
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Figure 42: HPLC analysis with SAM and SAH standards showing their separation 
profiles 
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Figure 43: HPLC analysis of Mm4 reaction (a) and of Mm4 reaction spiked with SAH (b). 
Reaction contained 100 µM of the Mm4 peptide, 100 µM of SAM and 40 µM of the Mm4 protein 

in 50 mM HEPES buffer pH 8.0 for 18 h. Reaction was spiked with 100 µM SAH in (b) 
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Figure 44: HPLC analysis of Mm4 control (a) and Mm4 control spiked with SAH (b). Reaction 
contained 100 µM of the Mm4 peptide, and 100 µM of SAM in 50 mM HEPES buffer pH 8.0 for 

18 h. Control group was spiked with 100 µM SAH in (b) 
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3.3.14 Mm4 structural prediction studies 

Neither the methylated peptide nor SAH were detected using the assay. This raised the question of 

the possibility of the peptide not binding to the enzyme due to its small size. Structural prediction 

of the Mm4:peptide complex was carried out using the AlphaFold software95,96, and visualized 

using PyMOL97. It showed that the Mm4 peptide was not binding inside or near the active site of 

the Mm4 protein. The exact position of the Mm4 active site (Figure 46) was predicted by comparing 

the AlphaFold derived structure of Mm4 to that of structural homologs identified through Dali 

search101. Phosphate butaryl transferase was identified as one of the structural homologs (Table 9). 

A crystal structure of phosphate butaryl transferase (3u9e-B) co-crystallized with coenzyme A 

(CoA) was aligned with Mm4 using PyMOL (Figure 45) and the active site of Mm4 was predicted. 

 

Table 9: Dali search result showing proteins with structural similarity to Mm4 

 

No Chain Z-score Description 

1 7vg9-C 24.5 Phosphate butyryl transferase 

2 3u9e-B 23.5 Phosphate butaryl transferase 

3 1vil-A 20.8 Fatty acid/phospholipid synthesis protein PLSX 

4 6e85-A 17.7 D-Threonate 4-phosphate dehydrogenase 

5 6znj-A 16.4 NADP-dependent malate dehydrogenase 

6 3tsn-A 15.5 4-hydroxythreonine-4-phosphate dehydrogenase 

7 2d1c-A 10.9 Isocitrate dehydrogenase 

8 61kz-C 10.7 Isocitrate dehydrogenase 

9 6tdw-B 9.4 ATPTB1 
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Figure 45: Structural alignment of Mm4 (wheat) to phosphate butaryl transferase {3u9e-B} 
(cyan) 

 

 

 

 

 

 

 

 

Figure 46: Mm4 protein structure showing the predicted enzyme active site. CoA shown in sticks. 
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Subsequent extension of the Mm4 peptide by addition of amino acids to the C- and N-terminals 

(15 amino acid length peptides) did not result in the peptide binding to the active site of the Mm4 

protein (Figure 47). Upon extension to 51 amino acid length, the peptide appeared to be extending 

into the active site of Mm4 though the his271 residue remained outside the active site. With the 

101 amino acid length peptide, its extension into Mm4 active site was not observed and with the 

full length McrA, Mm4 protein was too far away to be interacting with its substrate in any way 

(Figure 48). 

This observation was unexpected but not surprising considering the results of the Dali search (Table 

9). It can be inferred that Mm4 was not accurately labeled as a methyltransferase. The protein 

structure is more closely related to that of transferases and dehydrogenases. It should be noted that 

the Mm4 structure used in this study is a predicted structure, and conclusions on whether or not it 

is correctly annotated as a methyltransferase will be more apt when this analysis is conducted with 

the enzyme crystal structure. 

However, the data supports the conclusion that neither McrA nor its peptide fragments is a 

substrate for Mm4. Therefore, the mm4 gene is not responsible for the methylhistidine PTM in 

MCR. Other gene candidates that can be explored include MA0673 which is also annotated as a 

methyltransferase. MA0673 homolog is clustered with mcrC and A2 genes in ANME-1, suggesting 

a role in MCR maturation. The MA0673 protein also exhibited more promising structural 

interactions with the McrA protein. 
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Figure 47: AlphaFold structure of Mm4 protein with (a) 11 amino acid length peptide, (b) 15 
amino acid length peptide and (c) 51 amino acid length peptide. His271 shown as sticks 
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Figure 48: AlphaFold structure of Mm4 protein with (a) 101 amino acid length peptide, (b) full 
length McrA (rose pink). His271 shown in sticks 

a 
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3.4 Discussion 

Both Mm4 and McmA (PrmA) proteins were successfully expressed and purified aerobically. Both 

proteins were detected in the elution fraction after purification as shown on the SDS-gel and the 

western blot results (Figure 21 and Figure 20). 

However, results for the initial activity assays for McmA did not show the methylation of its 

peptide substrate. The peptides are tiny analogs of the actual substrate (McrA), so there was always 

the possibility that they would not be accepted as a substrate by the enzyme. The HPLC analysis 

detected only SAM in both the reaction and control groups and the mass spec analysis showed 

only the peptide mass in both the reaction and the control groups. 

Analysis of the AlphaFold generated structure of the McmA (PrmA) protein revealed that it 

contained 16 cysteine residues, some of which appeared to be oriented towards an imaginary metal 

binding center (Figure 23). Both zinc and iron were inserted into the metal binding center and zinc 

appeared to be a better fit pictorially. McmA was also better expressed from the cell line E. coli 

BL21(DE3) pETSUMO:prmA when the cell line was supplemented with zinc rather than with iron.  

Subsequent McmA expression was carried out with zinc supplementation and McmA purification 

was carried out anaerobically to account for the cysteine residues which may be sensitive to 

oxygen. McmA activity assays were also carried out anaerobically, with the addition of 1% DTT 

to keep the reaction under reducing conditions and with the addition of zinc sulphate to the reaction 

group. However, despite these adjustments, Mass spec and HPLC analysis of the McmA activity 

assays did not detect the presence of the methylated peptide (Figure 28) or the formation of SAH 

(Figure 26) respectively.  
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The observed results led to the exploration of the possibility of product inhibition phenomenon. It 

is not uncommon for methyltransferases to exhibit strong product inhibition by SAH100, preventing 

product formation in quantities substantial enough to be detected by mass spec or HPLC. To 

address this, the addition of the enzyme adenosylhomocysteinase to the McmA reaction was 

explored. Adenosylhomocysteinase catalyzes the reversible hydration of S-adenosyl-L-

homocysteine into adenosine and homocysteine. With SAH conversion into adenosine, the SAH-

inhibited McmA will be available for enzymatic methylation of the peptide.  

Mass spectrometry results of the McmA methylation assay with addition of 

adenosylhomocysteinase did not detect the methylated peptide (See Figure 30). These results 

suggest that the McmA enzyme may require the intact McrA protein for catalysis to occur. 

Structural prediction studies of the McmA enzyme with the peptide showed that the peptide was 

within the active site of McmA but at a distance of 17.8 Å from SAH (Figure 33). This, along with 

the research by Nayak, et al.62, showing that mutant strains of M. acetivorans lacking the mcmA 

gene produced MCR without the methylcysteine modification, informed the decision to continue 

investigation into the methylation activity of the enzyme. 

The possibility that the methylation of McrA by McmA may be a co-translational modification 

rather than a post-translational one was explored next. In co-translational modification, the 

modification of the protein occurs while the protein is being translated on the ribosome. An 

example of a co-translational system is the N-terminal acetyltransferases (NATs) system102. A 

member of the NATs family, NatA, is composed of a catalytic NAA10 subunit and an auxiliary 

NAA15 subunit103. The NAA15 subunit acts as an anchor connecting the catalytic NAA10 subunit 

to the ribosome during translation for co-acetylation of the nascent peptide104. It is possible that 

McmA may function in a similar manner and may act in tandem with an anchor protein.  
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An in-vivo approach was therefore employed to study the methylation of cysteine by McmA. Two 

E. coli BL21(DE3) cell lines were created. One cell line contained the pETSUMO:mcrA plasmid 

and was expected to express McrA without the methylcysteine modification. The other cell line 

contained pETSUMO:mcrA and pACYCDuet-1:prmA plasmids and was expected to express 

McrA with the methylcysteine modification. Initial McrA expression from both cell lines produced 

McrA in the insoluble fraction of the cell (Figure 35). Experimentation with broth composition was 

carried out to determine optimum conditions for soluble McrA expression. 

Upon reduction of the salt content of the broth media used for expression, supplementation with 

some nutrients, and using anaerobic purifications protocols, a band corresponding to the size of 

McrA was found on the SDS-gel and western blot membrane of the purification fractions. The 

McrA band was detected in the elution fraction of the cell (see Figure 37). 

The method for soluble McrA expression and purification was repeated in purifying the two cell 

lines E. coli BL21(DE3) harboring pETSUMO:mcrA and E. coli BL21(DE3) harboring 

pETSUMO:mcrA and pACYCDuet-1:prmA, under the same set of conditions and at the same time. 

McrA was found in the soluble fraction in both cell lines (Figure 38 and Figure 39).  

This sets the stage for future work, expressing large volumes of soluble McrA for use in in vitro 

methylation experiments. However, McrA degrades very quickly so care must be taken to detect 

the methylated product through MS as fast as possible. McmA protein was detected through MS 

in the soluble fraction of the E. coli BL21(DE3) cell line harboring pETSUMO:mcrA and 

pACYCDuet-1:prmA (Table 8) while McrA was not detected. Considering that only the McrA 

protein was tagged and should be present in the elution fractions, the presence of McmA in the 

fractions indicates that McrA co-eluted with McmA, but while McmA could be detected, McrA 

could not be detected most likely due to the instability of McrA. 
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It is possible that soluble McrA is not easily ionizable, or it is easily degraded in the absence of its 

co-subunits. It is also possible that McrA requires binding to some other elements for stability. 

Every MCR crystal structure obtained to date has composed of the complete hexamer, usually 

bound with F430 and/or some of the substrates. This raises the question of the suitability of the E 

.coli cell as a viable host for the expression of archaeal proteins. While both organisms are single-

celled prokaryotes, variations exist in the chemical composition of their respective DNAs, which 

might influence how archaeal proteins expressed in E. coli cells might behave post expression. 

Expression of stable, soluble McrA for methylation activity assays such as this one may require 

the use of the native archaea (M.acetivorans), after deleting the post-translational modification 

genes of interest, as well as the mcrB and mcrG genes from M. acetivorans. Alternatively, only the 

post-translational modification genes can be deleted, and the intact MCR can be expressed and 

used for the activity assays.  

A similar challenge was encountered when testing for the methylation activity of Mm4 on its 

peptide. The mass spec result for Mm4 activity assay showed the intact peptide (m/z = 1100.62) in 

the control group lacking the Mm4 enzyme (Figure 41). In the reaction group, the unmethylated 

peptide was detected as a potassium adduct [M+H+K]+ and [M+H+K]2+. HPLC analysis of the 

Mm4 activity assay corroborated the mass spec result, with only SAM detected by HPLC in both 

the reaction and control groups (Figure 44 and Figure 43). Subsequent spiking of both the reaction 

and control groups with SAH led to the formation of a new peak which corresponded to the SAH 

standard, confirming that SAH was not formed in the reaction. 

Structural prediction studies of the Mm4 protein and the peptide provided some explanation for 

the mass spec and HPLC results observed. The generated structures showed that the peptide did 

not bind within the active site region of the mm4 protein (Figure 47). Peptides with amino acid 
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lengths 11, 15, 51, 71, and 101 were used for the analysis to ascertain their interaction with the 

Mm4 protein in silico. Extension of the peptide length did not improve active site binding of the 

peptide to the Mm4 protein. Enzyme catalysis is only possible when the substrate interacts with 

the active site of the enzyme, leading to product formation. Because the peptide is only a fragment 

of the McrA substrate, non-interaction between the peptide and the Mm4 enzyme could be because 

of the short peptide length which may make it impossible for the mm4 protein to initiate other 

interactions with the missing residues of the peptide that will facilitate active site binding. In this 

case, only the presence of a full-length McrA protein as a substrate can negate the potential of non-

interaction between the Mm4 enzyme and its substrate.  

However, subsequent analysis revealed that the full length McrA did not bind to Mm4 and the 

his271 residue on full length McrA was not situated anywhere close to Mm4 active site (Figure 48). 

Structural comparison of Mm4 homologs using Dali search (Table 9) showed that the protein was 

structurally similar to transferases and dehydrogenases, rather than methyltransferases. This 

strongly suggests not only that mm4 is the wrong gene candidate for the methylation of the his 

271, but also that Mm4 was wrongly annotated as a methyltransferase. In general, these results 

highlight the knowledge gap yet to be covered in the quest to fully understand and elucidate the 

mechanism by which active MCR is assembled and activated.  

The M. acetivoran genome is replete with several other genes annotated as methyltransferases, any 

of which could be responsible for the methylation of histidine. Another gene currently being 

investigated by the Mansoorabadi lab for histidine methylation is the MA0673 gene. 

Dali search of MA0673 shows its structural similarity to methyltransferases (Table 10). Structural 

prediction analysis showed that the his271 residue on McrA was in a position close enough to 

interact with the SAH binding region of MA0673 protein (Figure 49), supporting the hypothesis 
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that the gene is a promising target for his271 methylation. The SAM binding site in MA0673 was 

deduced by aligning MA0673 with a structural homolog (PDB ID: 1wzn-A). 

 

Table 10: Dali search result showing proteins with structural similarity to MA0673 

 

No Chain Z-score Description 

1 3sm3-A 16.6 SAM-dependent methyltransferase 

2 1ve3-B 16.6 Hypothetical protein PHO226 

3 1wzn-A 16.4 SAM-dependent methyltransferase 

4 3mgg-B 16.1 Methyltransferase 

5 3tm5-A 16.0 Cystal structure of TRM14 

6 5m58-A 15.9 C-methyltransferase COUO 

7 2o57-A 15.9 Putative sarcosine dimethylglycine methyltransferase 

8 3dli-A 15.8 Methyltransferase 

9 5f8c-B 15.8 Methyltransferase 

10 7v6h-A 15.7 Cyclopropane fatty-acyl-phospholipid synthase-like 
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Figure 49: AlphaFold structure of MA0673 (yellow) interacting with McrA (Rose pink), SAH and 
his271 shown as sticks 
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Chapter 4 

Molecular dynamics studies of the effects of F430 and post translational modifications on 

methyl-coenzyme M reductase and homologs catalyzing anaerobic alkane oxidation 
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4 Chapter 4 
4.1 Introduction 

Tetrapyrroles are one of the most abundant pigments on earth and exist in nature in different 

forms105. The biosynthetic pathway of tetrapyrroles usually starts with either glycine or L-

glutamate106. Irrespective of the starting material, both pathways lead to the formation of 5-

aminolevulinic acid, which proceeds to the formation of uroporphyrinogen III106 (See Scheme 6) 

in Chapter 1.  

4.1.1 Tetrapyrroles in MCR 

The enzyme methyl coenzyme M reductase (MCR) catalyzes the production of methane in 

methanogens, through a process called methanogenesis. MCR is typically isolated as a yellow-

hued protein composed of three subunits organized in an α2β2γ2 configuration, with a molecular 

weight of about 300 kDa28. Intrinsic to the activity of MCR is the highly reduced tetrapyrrole - 

coenzyme F430 (Figure 50) which is a unique nickel tetrahydrocorphin29,30. Coenzyme F430 is 

found in the active site of MCR and contains two exocyclic rings: a carbocyclic F ring and a γ-

lactam E ring10. 

 

 

 

 

 

 

 

Figure 50: Structure of coenzyme F430 
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MCR catalyzes the conversion of coenzyme B (CoB-SH) and methyl coenzyme M (MeS-CoM) to 

methane and the heterodisulphide (CoB-S-S-CoM)30. This reaction occurs in methanogens where 

MCR functions as the key methane forming enzyme. Additionally, MCR plays a pivotal role in 

initiating the anaerobic oxidation of methane (AOM) in methanotrophic archaea (ANME)38,107. 

Methanotrophs operate via a reverse methanogenesis pathway leading to the oxidation of methane, 

with MCR catalyzing the first step38,39,107. 

The α subunit of MCR contains several post translational modifications (PTMs)23,30,52,74. MCR 

from Methanobacterium thermoautotrophicum features 1-N-methylhistidine, 2-(S)-

methylarginine, and thioglycine PTMs which appear to be conserved in all methanogenic MCR 

analyzed to date30–32,108, as well as 2-(S)-methylglutamine, S-methylcysteine PTMs30 and 

didehydroaspartate23. MCR from ANME-1 lacks the 2-(S)-methylarginine, 2-(S)-methylglutamine, 

S-methylcysteine and didehydroaspartate PTMs, but in addition to 1-N-methylhistidine and 

thioglycine, it also features 7-hydroxytrptophan and S-oxymethionine PTMs52. In contrast, the 

ethane oxidizing homologue of MCR, ethyl-coenzyme M reductase (ECR) from Candidatus 

Ethanoperedens thermophilum contains all of the PTMs of M. thermoautotrophicum MCR except 

for didehydroaspartate, as well as additional 3-N-methylhistidine and 3-methylisoleucine PTMs74. 

All MCRs studied to date show a requirement of coenzyme F430 for activity30,38,52. However, 

variations exist in the F430 found in homologues of MCR. The MCR structure derived from 

ANME-152 possesses a uniquely modified F430, 172-methylthio F430, and ECR was found to 

possess 17,172-dimethyl F43074 (See Figure 51). While the exact functionality of these F430 

modifications and PTMs are unclear, several hypotheses have been proffered. Nayak and 

colleagues have suggested that the PTMs may be needed to finetune catalytic MCR activity53,62, 

while Deobald and colleagues opine that the methylglutamine modification may be necessary for 
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maintaining the ideal shape of the MCR substrate channel for efficient binding92. It is possible that 

for ECR, the methyl groups added to F430 is necessary to make the space where ethane binds more 

greasy, and thus improve ethane binding. The positioning of the regular F430 may be impaired by 

the wider ethane binding catalytic chamber present in ECR (Figure 52)74. 

 

 

  

 

 

 

 

 

 

Figure 51: Structure of 172-methylthio F430 and 17,172-dimethyl F430 
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Figure 52: Structure comparing the catalytic cavity volume of ANME-1 MCR (black) and ECR 
from Ca. E. thermophilum (purple mesh)74  

 

While the functions of the coenzyme F430 and post-translational modifications found in MCR are 

still unclear, it is highly unlikely that nature would invest energy into such rare modifications 

without an overarching significance. Their presence near the enzyme active site suggests that they 

play yet undetermined roles in MCR catalytic function. In this chapter, the effect of coenzyme 

F430 and post-translational modifications on active site features such as active site cooperativity 

and methane/ethane binding, of three homologues of MCR in complex with their 

substrates/products were explored. MCR from Methanothermobacter marburgensis containing 

regular coenzyme F430, MCR from ANME-1 containing 172-methylthio F430 and ECR from Ca. 
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E. thermophilum containing 17,172-dimethyl F430 were investigated using molecular dynamics 

(MD) simulations. Simulations on MCR from ANME-1 and on ECR were also carried out with 

regular F430, rather than their native coenzymes. Additionally, all MCR simulations were carried 

out with and without their native PTMs. 

MCR from methanogens such as M. marburgensis and M. acetivorans catalyzes the conversion of 

CoB-SH and MeS-CoM to HDS and methane, while the analogous MCR-catalyzed reaction runs 

in reverse in ANME-152. For the ECR-catalyzed reaction, the substrates are ethane and HDS and 

the products are CoB-SH and EtS-CoM74. The active form of MCR contains an F430 that is in the 

Ni(I) oxidation state109. Since the reaction catalyzed is a reversible one, calculating the distance of 

a carbon atom in an MCR substrate/product like methane to the Ni(I) atom will provide 

information on active site behavior of each MCR analyzed and illuminate the influence of the 

coenzyme F430 analogues on MCR. A clear picture of the influence of F430 homologues on MCR 

active site can potentially provide insights into the exact role of F430 modifications in MCR. 

Furthermore, the crystal structure of MCR from M. thermoautotrophicum showed that the Ni atom 

in coenzyme F430 of MCR coordinated to six ligands in an octahedral configuration: four 

equatorial nitrogen atoms from the tetrapyrrole ring, a lower axial ligand from the side chain 

oxygen of α Gln 147, and an upper axial ligand from the thiol group of CoM or the sulfonate 

oxygen of HDS 23,30,74. Shima and coworkers reported that ANME-1 MCR was virtually identical 

to methanogenic MCR in overall structure and in the conformation of the substrates HS-CoM and 

CoB-SH in the active site52. As shown in Figure 53, the ECR from Ca. E. thermophilum also shares 

a similar active site configuration with the notable exception of the lower axial ligand being an α′ 

Met 181 residue74. 
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Figure 53: Comparison of coenzyme F430 coordination to its ligands in (A) ECR from Ca. E. 
thermophilum and (B) MCR from Methanobacterium thermoautotrophicum74 

 

4.1.2 Simplified background on the process of molecular dynamics 

Molecular dynamics (MD) are computational methods that simulate systems following Newton’s 

second law of motion. 

 

F⃗ = ma⃗ 

 

MD simulations utilize a generalized model of interatomic interactions to predict the motion of 

each atom within a molecular system (e.g., an enzyme) over time110. These simulations can depict 

numerous significant biomolecular phenomena, such as conformational transitions, binding of 

ligands, and the folding of proteins110,111. They provide detailed atomic-level insights, including 

the precise positions of all atoms, with a temporal resolution as fine as femtoseconds. Notably, MD 

Where: 

F⃗ = Force applied to an object 

m = Mass of the object 

a⃗ = acceleration of the object 
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simulations can also anticipate how biomolecules will react at the atomic level to perturbations 

like mutations, phosphorylation, protonation, or the introduction or removal of a ligand112,113. 

The MD force field which is a derivative of the potential energy of the system is given as: 

𝑉𝑉(𝑟𝑟𝑁𝑁) = �  
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where the first term on the right-hand side of the equation represents the energy between covalently 

bonded atoms, the second term (summing over angles) represents the energy due to the geometry 

of electron orbitals involved in covalent bonding, the third term (summing over torsions) 

represents the energy for twisting a bond due to bond order, and the last term represents the non-

bonded energy between all atom pairs. 

 

In general, MD simulations of proteins follow an established protocol usually starting with an 

experimentally determined crystal structure of the protein or a computationally generated model 

such as that derived using the Alphafold software95,113,114. To prepare the protein for MD, solvents, 

polyethylene glycol (PEG) and other unnecessary molecules that are a part of the crystal structure 

are stripped off the protein, also potential ligands not part of the original structure, such as products, 

substrates and substrate analogues, and hydrogen are added to the protein112,113. The next stage 

called parameterization is carried out if non-standard residues such as unusual PTMs, F430, CoM 

and CoB are present. This involves using a program like Gaussian to obtain compatible force field 
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parameters so that calculations can be carried out on the entire system. After all components of the 

system are parameterized, the minimization step is carried out to alleviate potential stearic clashes 

and to ensure that the atoms of the system (e.g., protein plus ligands) are placed in energetically 

favorable positions. Next, the minimized system is heated to the desired temperature using a 

thermostat. This serves to raise the temperature of the minimized system slowly to the specific 

biologically relevant temperature (e.g., 300 or 310 K). After the heating comes the equilibration step. 

During the equilibration phase, the system undergoes a brief simulation akin to the setup for the 

production or primary MD calculation. The main purpose of the equilibration step is to ensure that 

the system does not initiate a production run in a phase space region (coordinates of positions and 

velocities) that is significantly distant from equilibrium, as this could introduce biases into 

subsequent analyses. Data derived from MD simulation is analyzed in a number of ways, including 

root mean square deviation (RMSD) and root mean square fluctuations (RMSF) analyses and 

distance calculations113. 

RMSD is used in the assessment of two coordinate sets and provides a measurement of the 

difference between the two static structures. It is typically used in comparing the starting 

coordinates of a simulation with the coordinate at a chosen time point113. The RMSD  between two 

proteins is typically reported as the minimum value between backbone atoms in the aligned 

structures. 

While RMSD assesses two complete sets of coordinates, RMSF evaluates the coordinates of a 

specific portion of the system (e.g., an amino acid residue of an enzyme) in relation to its average 

position throughout the entire trajectory. RMSF serves as a valuable tool for identifying areas of 

conformational flexibility in enzyme MD simulations113.  
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Distance calculations are used in determining the distance between any two atoms, such as the 

distance between a substrate atom and a catalytically relevant residue side chain.  

4.2 Methods 

4.2.1 Starting MCR crystal structures 

Protein Data Bank (PDB) structures of MCR from M. marburgensis (5A0Y)23 containing regular 

F430, MCR from ANME-1 (3SQG)52 containing 172-methylthio-F430 and ECR from Ca. E. 

thermophilum (7BIS)74 containing dimethylated F430 were obtained. 

4.2.2 Parameterization of nonstandard residues 

Thioglycine, 5-(S)-methylarginine, 1-N-methylhistidine, and S-methylcysteine were 

parameterized using MRP.py115. Restrained electrostatic potential (RESP) calculations were 

conducted in Gaussian using the B3LYP hybrid functional and the 6-31G* basis set. The resulting 

modified force field parameters were generated via the AM1-BCC116 method implemented by the 

antechamber program within AMBER Molecular Dynamics software package117–119. For the post-

translational modifications didehydroaspartate, 2-(S)-methylglutamine, 7-hydroxytryptophan, S-

oxymethionine, 3-methylisoleucine, and the thioglycine/2-N-methylhistidine dipeptide, RESP 

calculations were performed in the gas phase using the Hartree-Fock level of theory with the 6-

31G* basis set. Subsequently, the AM1-BCC method was utilized in antechamber to generate the 

necessary files for creating amber prep files through the prepgen tool within AmberTools20119. 

Cofactor F430 and its variants underwent parameterization using the MCPB.py program included 

in AmberTools20120. For coenzyme B, methyl- and ethyl-coenzyme M, CoB-S-S-CoM, methane, 

and ethane, parameterization was achieved using the antechamber and parmchk2 programs within 

AmberTools20, applying the AM1-BCC charge derivation method. 
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All nonstandard residues were parameterized according to the general amber force field (GAFF), 

except for Ni(I) atoms and their ligands within F430, which were assigned custom atom types 

through MCPB.py. Standard residues were handled using the amber ff14SB force field121 and were 

explicitly solvated. Each residue was situated at least 12 Å away from the solvation box edge, 

employing the TIP3P force field121. The charge of the system was neutralized using Na+ 

counterions. 

4.2.3 Molecular dynamics simulations 

The MD simulations of the MCR homologs began with 2500 steps of steepest descent optimization 

followed by 2500 steps of conjugate gradient minimization. Subsequently, a 2 ns heating phase 

was conducted, gradually increasing the temperature from 10 to 310 K. This heating step employed 

a Langevin thermostat and constant volume periodic boundary conditions122. During both the 

minimization and heating phases, 2 kcal mol-1 positional restraints were applied to backbone 

atoms. 

Afterward, a 0.2 ns density equilibration phase was performed under constant pressure periodic 

boundary conditions, utilizing a 10 Å cutoff and a 1 ps pressure relaxation time. During this phase, 

2 kcal mol-1 restraints were still imposed on backbone atoms. Subsequently, the simulations 

underwent further equilibration under constant pressure periodic boundary conditions for 2 ns with 

the same cutoff, but with a 2 ps pressure relaxation time and without restraints on backbone atoms. 

All heating, density, and equilibration steps were performed with a collision frequency of 5 ps-1. 

Following these equilibration steps, production simulations were conducted for 25 ns under similar 

conditions, but with a collision frequency of 2 ps-1. To assess the impact of PTMs and/or F430 

modifications on substrate binding, calculations for RMSD to the initial frame and per-residue 
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RMSF analyses were performed, along with atom-atom distance calculations, using the cpptraj 

program in Amber20123. 

4.3 Results 

4.3.1 Evidence of active site cooperativity during MCR catalysis 

Previously, Thauer in his review81 suggested that though MCR can bind to both substrates 

independently, only one binding complex is productive, while the other is inhibitory. Evidence for 

this assertion was provided by structural studies124 which indicates that one MCR active site was 

bound to methyl-coenzyme M and was productive while the other site was bound to coenzyme B 

and was inhibitory. This provided initial evidence of MCR exhibiting active site asymmetry and 

half site reactivity. Ermler et al.30 determined from the crystal structure of MCR from M. 

thermoautotrophicum that the active site cavity was accessible through one channel, which was 

only wide enough for molecules up to a diameter of 6 Å. The crystal structure of MCR from 

Methanothermobacter marburgensis23 show that in both active sites, coenzyme F430 was 

coordinating with its substrate (coenzyme M) in a symmetrical fashion as shown in Figure 54. In 

calculating the methane/ethane distance from the active site Ni-F430, we reason that as a substrate 

(in ANME-1 MCR and in ECR) or as a product (in M. marburgensis MCR), methane/ethane is 

expected to be in close proximity to Ni for catalysis to occur. The substrates/products in the 

relevant MCR structures used for this study were symmetrically bound to its active sites, the MD 

simulations were started with this symmetrical starting point, and then became asymmetric with 

methane/ethane close to Ni in one active site, and further away in the other site, providing evidence 

of cooperativity between both active sites (Figure 55). 
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The first evidence of the half site reactivity exhibited by MCR active sites was provided by distance 

calculations between the methane/ethane substrate and Ni using the entire trajectory of the MD 

run as shown in Figure 56.  

 

 

 

Figure 54: Crystal structure of MCR (5A0Y) showing both coenzyme F430 in close proximity 
with magenta colored CoM  
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Figure 55: Closest to average structure of wild type MCR from M. marburgensis showing 
evidence of active site asymmetry/half sites reactivity between both active sites. 
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As shown in  Figure 55 which is a closest to average structure of MCR, methane is within an average 

distance of 4.8 Å from the Ni in only one of the active sites and is further away (17.2 Å average 

distance) in the other active site. A distance analysis comparing the distance of both methane 

molecules to the Ni atom confirmed the observation that only one methane was coordinating to 

the active site per time. It is worthwhile to note that the other methane remained at the same 

position for the entire duration of the production run (Figure 56), which suggests that it is bound to 

a distal methane binding pocket. Both active site Ni atoms were properly coordinated to their 

respective tetrapyrrole nitrogen, and to the lower axial ligand (Gln 147) (data in Appendix). 

 

 

 

 
Figure 56: Distance plot showing methane distance to Ni in MCR. Methane remains closely 

bound to Ni within a distance of 4.8 Å on average in only one of the active sites. Data sets 1 and 
2 refer MCR active sites 1 and 2 
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Similarly, distance plots for ANME-1 MCR show that one methane remains bound/close to the 

active site Ni, while the other is at a considerable distance from Ni. A similar result was observed 

when production run for ECR was carried out, only one ethane was in a close distance to Ni while 

the other ethane is in a distal pocket (Figure 57).  

  

 

 

 

 

A study by Duin and McKee125 on the mechanism of methane production from MCR using density 

functional calculations, proposed that in one of the intermediate steps of catalysis, Ni moves out 

of the plane of the four tetrapyrrole nitrogen upon protonation of a C-ring nitrogen atom. The 

protonated C-ring oxidatively adds CH3SCoM- to Ni, giving rise to a 4-coordinate Ni center with 

Ni bound to two tetrapyrrole nitrogen, methane, and CoM. This was not observed in this study. 

Figure 57: Distance plots of MCR from ANME-1 and ECR showing (A) methane distance to 
Ni, (B) ethane distance to Ni. Data sets 1 and 2 refer to MCR/ECR active sites 1 and 2 

A B 
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4.3.2 Effect of post-translational modification on the active site of MCR and on ECR 

MD runs were carried out with and without the presence of the PTMs found in MCR. The crystal 

structure of MCR reported by Ermler30 revealed that F430 was coordinated to six ligands including 

the four tetrapyrrole nitrogen atoms (approximately 2.2 Å distance), the thiol group of CoM (2.4 

Å distance) and the oxygen atom of a side chain α Gln 147 (2.3 Å distance). Hahn and colleagues74 

in reporting the crystal structure of ECR, showed that the Gln 147 residue in MCR is replaced by 

Met 181 which was at a 3.17 Å distance from the Ni atom.  

4.3.2.1 Effect of PTMs on MCR 

The absence or presence of the PTMs made no significant difference on the tetrapyrrole nitrogen 

distance to Ni. Ni remained bound to its tetrapyrrole nitrogen unlike what was proposed by Duin 

and McKee125. The Gln 147 distance to Ni (See Appendix) also remained the same in WT-MCR 

and in MCR without PTMs. However, for methane distance to Ni (Figure 58), the data shows a loss 

of active site asymmetry in MCR without PTMs, which suggests that the PTMs may be playing a 

role in synchronizing active site cooperativity through some form of allosteric communication. 

The data suggests that the absence of PTMs resulted in the loss of allosteric communication as 

shown in Figure 59.  
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Unlike the wildtype where methane was close to Ni in only one active site of MCR, without the 

PTMs, both methane molecules were close to both active sites of MCR, showing a loss of half site 

reactivity. 

 

 

 

 

 

 

 

 

Figure 58: Distance plots of MCR showing (A) methane to Ni distance with WT MCR and (B) 
methane to Ni when MCR without PTMs was used for MD. Data sets 1 and 2 refer to MCR 

active sites 1 and 2 

A B 



154 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59: Closest to average structure of MCR from M. marburgensis without PTMs showing a 
loss of active site asymmetry. 
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4.3.2.2 Effect of PTMs on ECR  

For ECR, no difference was observed in the tetrapyrrole nitrogen distance to Ni (Figure 61) when 

comparing the WT ECR to the ECR without PTMs. The distance between the lower axial 

methionine ligand distance to Ni was also within the range observed by Hahn and his group74 

(Figure 60) and did not change significantly in the WT ECR and ECR without PTMs. 

Again, in observing the ethane distance to Ni distance for the WT and for the ECR without PTMs, 

inference can be made that the asymmetry between the active sites was affected by the absence of 

the PTMs. One ethane stayed within a close distance to the active site, while the other ethane 

alternated between staying close to the active site and moving away from it (Figure 62). 

 

 

 

 

Figure 60: Distance plots of ECR showing (A) Met 181 distance to Ni with WT ECR and (B) 
Met 181 distance to Ni when ECR without PTMs was used for MD. Data sets 1 and 2 refer to 

ECR active sites 1 and 2 

A B 
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Figure 61: Distance plots of ECR showing (A) tetrapyrrole nitrogen distance to Ni with WT 
ECR and (B) tetrapyrrole nitrogen distance to Ni when ECR without PTMs was used for MD. 

Data sets 1 and 2 refers to ECR active sites 1 and 2 

Figure 62: Distance plots of ECR showing (A) ethane distance to Ni with WT ECR and (B) 
ethane distance to Ni when ECR without PTMs was used for MD. Data sets 1 and 2 refer to 

ECR active sites 1 and 2 
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4.3.3 Effect of F430 modification on active sites of ANME-1 MCR and ECR  

MD runs were also performed on MCR from ANME-1 and on ECR with their native F430 and 

with the regular F430.  

4.3.3.1 Effect of F430 modification on ECR  

When regular F430 was used in the production run of ECR instead of 17,172-dimethyl F430, no 

significant difference was observed in nitrogen and Met 181 distance to Ni. Distance plots of lower 

axial Met 181 distance to Ni (Figure 63) and of tetrapyrrole nitrogen distance to Ni (Figure 64) was 

similar to that of the wildtype. Both plots show that the F430 was fairly well coordinated to its 

ligands and stable for the duration of the production run. 

 

 

 

 

Figure 63: Distance plots of ECR showing (A) Met 181 distance to Ni with WT ECR and (B) 
Met 181 distance to Ni when ECR with regular F430 was used for MD. Data sets 1 and 2 

refer to ECR active sites 1 and 2 

A B 
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Figure 64: Distance plots of ECR showing (A) tetrapyrrole nitrogen distance to Ni with WT 
ECR and (B) tetrapyrrole nitrogen distance to Ni when ECR with regular F430 was used for 

MD. Data sets 1 and 2 refer to ECR active sites 1 and 2 

Figure 65: Distance plots of ECR showing (A) ethane distance to Ni with WT ECR and (B) 
ethane distance to Ni when ECR with regular F430 was used for MD. Data sets 1 and 2 refer 

to ECR active sites 1 and 2 

A 

B A 

B 
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Distance plots of ethane distance to Ni in the wildtype ECR and in ECR with regular F430 (Figure 

65) show consistency with half-sites reactivity previously reported (4.3.1). With regular F430 

however, while one ethane stays in close proximity to Ni, the other ethane molecule starts out 

pretty close (approximately 6 Å distance from Ni30) and escapes to a distal site towards the end of 

the simulation, where it is getting ready to dissociate from the enzyme. Inference can be made that 

the distal ethane is not bound tightly to the active site. This data suggests that the F430 modification 

could conceivably play a role in modulating the affinity of the Ni to ethane.  

4.3.3.2 Effect of F430 modification on ANME-1 MCR 

For WT ANME-1 MCR and ANME-1 MCR with regular F430, the tetrapyrrole nitrogen was 

stable and in close distance to Ni in both active sites (Figure 67). 

 

  

Figure 66: Distance plots of ANME-1 MCR showing (A) Gln 147 distance to Ni with WT 
MCR and (B) Gln 147 distance to Ni when MCR with regular F430 was used for MD. Data 

sets 1 and 2 refer to MCR active sites 1 and 2 

Figure 67: Distance plots of ANME-1 MCR showing (A) tetrapyrrole nitrogen distance to Ni 
with WT MCR and (B) tetrapyrrole nitrogen distance to Ni when MCR with regular F430 was 

used for MD. Data sets 1 and 2 refer to MCR active sites 1 and 2 

A B 
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In analyzing methane distance to Ni in both WT ANME-1 MCR and in ANME-1 MCR with 

regular F430, half site reactivity is observed. For MCR with regular F430, the distant methane 

stays at a fairly stable position, possibly in a distal binding pocket, for the entire duration of the 

run (Figure 68 and Figure 69). This is similar to what was observed for ethane binding in ECR 

with regular F430 (Figure 65). For the wildtype, the distant methane is not tightly bound and was 

completely dissociated from MCR at the end of the run. 

 

 

Figure 68: Distance plots of ANME-1 MCR showing (A) methane distance to Ni with WT 
MCR and (B) methane distance to Ni when MCR with regular F430 was used for MD. Data 

sets 1 and 2 refer to MCR active sites 1 and 2 

A B 
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Figure 69: Closest to average distance structure of ANME-1 MCR with regular F430 
displaying active site asymmetry. Methane distance to Ni in one active site is 3.9 Å, while it is 

31.7 Å in the other active site 
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4.3.4 MCR post translational modifications play a role in the dynamism of McrA residues 

Comparison of RMSF plots of MCR from M. marburgensis with and without its PTMs show that 

without PTMs, the movement of the amino acid residues in McrA were more attenuated. As shown 

in the plots (Figure 70), both McrA subunits are attenuated when the PTMs were deleted. 

 

  

 

Figure 70: RMSF plots of post MD MCR with and without PTMs 
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4.4 Discussion 

4.4.1 MCR active sites exhibit half sites reactivity  

Half sites reactivity, a type of cooperativity, between both MCR active sites was strongly suggested 

by data from the MD runs. Cooperativity is usually exhibited by enzymes with more than one 

binding site and is characterized by substrate binding to one active site influencing substrate 

binding to the other active site. In this case, it was illustrated by the fact that methane was bound 

close to the reactive Ni center in only one of the active sites. In the other site, methane was 

generally found in a remote binding pocket, waiting its turn, as shown in the closest to average 

structures (Figure 55 and Figure 69). More specifically, the data indicates active site asymmetry, 

given that the simulation started with roughly symmetrical crystal structures of MCR. This was 

consistent with all MCR structures analyzed in this study and was corroborated by the distance 

plots in Figure 56 and Figure 57. We can infer from the data that both MCR active sites communicate 

with each other via some form of allosteric communication mechanism facilitated by the PTMs.  

4.4.2 Post translational modifications may play a role in allosteric communication 
between MCR active sites 

For both MCR, ECR and ANME-1 MCR, absence of the PTMs had no impact on the distance of 

the tetrapyrrole nitrogen to Ni. This makes sense when you consider that the Ni-bound coenzyme 

F430 is an intact unit and can exist as a separate entity from the rest of the MCR protein. While as 

a catalytic center of MCR, it can be influenced by the presence and absence of substrates, it stands 

to reason that it will not be impacted on by the slight variations accruing from the absence of the 

PTMs on the implicated residues. This is in contrast with the results of the study by Duin and 

McKee125 where it is proposed that one of the tetrapyrrole nitrogen (ring C) is uncoordinated from 

the Ni during the catalytic cycle, leading to Ni being out of plane and coordinated by two 

tetrapyrrole nitrogen, methane, and CoM. It is worth mentioning that DFT calculations were used 
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for that study while MD was used here. Also, it is possible that both studies did not simulate MCR 

in the same states. 

A close look at the methane/ethane to Ni binding pattern in post MD MCR and ECR without the 

PTMs show that PTMs coordinate allosteric communication between MCR active sites under the 

conditions tested. For MCR without PTMs from M. marburgensis, data (closest to average 

structure and distance calculations) show that while one active site methane was within 3.5 Å 

distance from Ni and at a stable position for the entire duration of the run, the other methane 

fluctuated between 4 – 6 Å for the most part, and stayed in the area around the enzyme active site 

(Figure 71). For ECR without PTMs, the fluctuation of one ethane molecule between being in close 

distance to Ni and being far away at a distal binding site was more dramatic, while the other ethane 

molecule stayed within the 6 Å of the active site. 

 

 

Figure 71: Distance plots showing (A) methane distance to Ni in MCR without PTMs and (B) 
ethane distance to Ni in ECR without PTMs. Data sets 1 and 2 refer to MCR/ECR active sites 

1 and 2 

A B 
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From the data in Figure 58 and Figure 62, an argument can be made that the PTMs posit a geometric 

hindrance to the binding of one substrate in one active site, thereby playing a role in allosteric 

communication of the active sites, leading to the observed half sites reactivity. Without the PTMs, 

both substrates migrate freely to their active sites. Inference can be made that the PTMs facilitated 

some form of communication between MCR active sites, and this communication was lost in the 

absence of the PTMs. Previously, Deobald and colleagues had posited92 that the methylation of 

arginine in MCR from M. acetivorans resulted in the formation of a salt-bridge between the 

arginine and a nearby glutamate of the McrB subunit. Without the methylation, the arginine residue 

is more flexible and can protrude into the substrate channel31,92. Conformational changes such as 

this may explain how the PTMs function to aid cooperativity in MCR active sites, and how their 

absence can result in the loss of cooperativity. 

The effect of the PTMs on MCR was further illustrated by the RMSF plots (Figure 70) showing the 

relative distance of each residue from the average moved by each residue during the run. All PTMs 

are located in the McrA subunit, and the RMSF plot is a glimpse into the movement of each residue 

located in McrA during the course of the run. In comparing the wildtype MCR to that without 

PTMs, it can be inferred that the diminished movement of residues in MCR without PTMs 

impacted the allosteric communication between both active sites, leading to loss of negative 

cooperativity. This finding corroborates the hypothesis by Nayak and colleagues62 showing that 

the PTMs were necessary for the enzyme’s adaptation to mesophilic conditions. Movement of an 

enzyme’s amino acid residues is essential to active site interaction with its substrate and to catalysis 

in general. Absence of MCR PTMs diminishes the movement of its residues which limits its 

activity, and this is more pronounced when the enzyme is exposed to lower temperatures. 

Methanogens are very old organisms that probably existed under thermophilic environments. It is 
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very possible that proto-MCR did not possess PTMs and that the PTMs on MCR are an adaptation 

to cooler temperatures as the earth evolved. To remain functional at lower temperatures, PTMs 

were introduced to the enzyme to enhance its dynamics and fine-tune the cooperativity of the 

enzyme. 

In conclusion, for MCR, ANME-1 MCR and ECR studied under the various conditions, one thing 

was consistent - the half-sites reactivity of MCR active sites observed. PTMs were also found to 

influence allosteric communication and are potentially important for the adaptation of MCR to 

mesophilic conditions. For ECR, the data suggests that the dimethyl modification of F430 function 

to enhance the binding affinity of Ni to ethane. Future work should expand this study to include 

studying the effect of PTMs on ANME-1 MCR and calculating the dissociation constant (Kd) of 

methane/ethane to Ni using a program like MMPBSA. Cooperativity of MCR active sites can also 

be studied through enzyme kinetic assays using wildtype MCR and MCR without its PTMs.  
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Chapter 5 

Discussion and future work 
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5 Chapter 5 
5.1 Discussion and future work 

Research into methyl coenzyme M reductase MCR is riddled with so many unknowns about the 

maturation and assembly process, the enzyme mechanism, and the exact function of its post 

translational modifications (PTMs). Considering its unique role in methane production and 

consumption, which is implicated in global warming and in the recycling of natural gas, strategies 

geared towards alleviating these burdens require a comprehensive, in-depth knowledge of the 

enzyme, and ways of effectively regulating it.  

Data from my work gives insight into the possible functions of MCR PTMs and how they impact 

MCR activity. While previous work has demonstrated the essentiality of coenzyme F430 to MCR 

activity 30,63,65,67, the exact function of the PTMs has not yet been established, though the general 

consensus is that the PTMs neither impact the overall geometric structure of the enzyme, nor its 

catalytic ability33,53,55,62,126. Nayak et al.62 postulated that the methylcysteine modification might 

be important to the enzyme’s adaptability to mesophilic conditions, and work by Radle and 

colleagues33 opines that the methylarginine modification improves the thermal stability. However, 

the question does arise on the rationale warranting the existence of these energy-intensive 

modifications in nature for any reason short of its contribution to the enzyme function. 

Data from this research provides useful information on the function of MCR PTMs. Molecular 

dynamics (MD) simulations of MCR from M. marburgensis, and ANME-1 and of ethyl-coenzyme 

M reductase (ECR) from Ca. E. thermophilum showed evidence of negative cooperativity between 

active sites. Allosteric communication between active sites in MCR without its PTMs was 

significantly attenuated. In addition, PTMs appear to improve the dynamism of McrA residues as 

shown in Figure 70. Thus, the introduction of the PTMs may have been one of the strategies utilized 
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for the adaptation of proto-MCR from thermophilic early-earth conditions to mesophilic growth 

as the earth temperatures cooled, by enabling the proper enzyme dynamics at lower temperatures 

and absence of PTMs led to reduced movement of McrA residues. These findings present 

interesting opportunities for further research to substantiate MCR active site cooperativity and how 

it is affected by PTMs. 

Active site cooperativity and the influence of PTMs on it can be determined via MCR kinetic 

assays using wildtype MCR and MCR variants without PTMs. Activity of MCR without PTMs is 

expected to differ from that of wildtype MCR. Furthermore, hydrogen deuterium exchange (HDX) 

experiments can be used to determine the dynamics of the enzyme, and changes in solvent 

accessibility. Deletion of the PTMs should decrease the dynamics of MCR, which should lead to 

a net decrease in the rate of exchange/deuterium uptake.   

The gene responsible for methylhistidine is yet to be discovered, and while the mm4 gene was 

investigated in this study due to its annotation as a methyltransferase, this study has successfully 

established that it is not responsible for the methylhistidine modification. Analysis of the protein 

structure also revealed that the protein is more likely to be a dehydrogenase or an acyl-coA 

transferase due to its close structural alignment with proteins in those classes. The gene candidate 

MA0673 may be a more likely candidate for the methylhistidine modification. 

In studying the role of mcmA gene in the methylcysteine modification of MCR, structural 

prediction analysis show that the McmA protein requires the cofactor Zn for activity. The presence 

of several cysteine residues on McmA led to the inference that the protein would purify better 

anaerobically. Expression of the cell line with zinc supplementation and purification of McmA 

anaerobically led to an increased yield of the McmA protein. Expression and purification of soluble 

McrA for use in in vivo assays was also successfully carried out, with McmA protein co-eluting 
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with McrA in the cell line harboring both genes. Furthermore, enzyme activity assays, in vivo 

experiments, and structural prediction studies, provided data which strongly suggests that the 

methylcysteine modification is co-translational rather than post-translational. 

Finally, attempts to express MCR in a heterologous host such as Escherichia coli resulted in the 

successful expression of soluble McrA and McrG proteins in different non-methanogenic cell lines 

used for this study. It unearthed evidence of interaction between McrG and the Cfb proteins, giving 

credence to the discovery by the Mansoorabadi group that CfbE catalyzes the last step in F430 

biosynthesis10,80, interacts with McrD and may be activated by it80. The interaction of Cfb proteins 

with McrG hints at the possibility of the existence of a coenzyme F430 synthase complex which 

coordinate with McrD (which serves as a chaperone) to insert the coenzyme F430 into MCR. 

Future work can explore expressing the Cfb proteins with McrABCDG singly and in combination, 

as well as using x-ray crystallography and HDX experiments to obtain and study crystal structures 

and/or stable complexes of the proteins to ascertain the exact nature of the interaction between Cfb 

proteins and the Mcr proteins. 
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6 Appendix  
6.1 Making of competent cells using calcium chloride  

A single cell colony from an agar plate was inoculated into a 15 mL tube containing 5 mL of 
lysogeny broth (LB) and left to shake overnight at 37 °C. 200 µL of the overnight culture is used 
to inoculate 20 mL of LB and left to shake for 2 - 3 hours at 37 °C. the cells are placed on ice after 
3 hours for 10 minutes and collected by centrifugation at 6000 rpm for 3 minutes. Supernatant is 
decanted and the cells are gently resuspended in 2 mL cold 0.1 M calcium chloride solution. Cells 
are incubated on ice for 20 minutes, centrifuged at 6000 rpm for 3 minutes and the supernatant is 
decanted. Cells are gently resuspended in 1 mL of cold 0.1 M calcium chloride solution containing 
15 % glycerol. Finally suspended cells are dispensed in 100 µL in 1.5 mL tubes, frozen 
immediately in liquid nitrogen and stored in the -80 C refrigerator. Competent cells are 
subsequently used for cell transformation. 

6.2 Gibson Assembly protocol 
Freshly purified DNA fragments from PCR are incubated in a plasmid:gene ratio of 1:3 to a total 
volume of 10 µL. 10 µL of the Gibson Assembly Master mix is added to the reaction mix, and 
mixture is incubated for 15 minutes at 50 °C. When large gene fragments are being assembled, 2 
µL of DMSO is added to the reaction mix. Following incubation, samples are stored on ice or at – 
20 °C in readiness for transformation of a competent cell. 

6.3 Transforming competent cells  
About 2 – 5 µL of plasmid from a ligation reaction such as Gibson Assembly or freshly extracted 
from a cell line is added to 100 µL of competent cells and incubated on ice for 30 minutes. Cells 
are subjected to heat shock at 42 °C for 30 seconds and put back on ice for two minutes. After two 
minutes, 200 µL of Super Optimal broth with Catabolite repression (SOC) media is added to the 
cell and cells are incubated with shaking for one hour at 37 °C. incubated cells are subsequently 
plated on LB agar plates containing the requisite antibiotics and left overnight at 37 °C. 

 

 

 

 

 

 

 

 

 

 



173 
 

6.4 Distance plots of MCR from Methanothermobacter marburgensis 
 

  

 

 

 

 

Figure 72: Distance plots of post MD WT MCR from Methanothermobacter marburgensis 
showing (A) Gln 147 distance to Ni and (B) tetrapyrrole nitrogen distance to Ni. Data sets 1 and 

2 refer to MCR active sites 1 and 2 

A 

B 
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Figure 73: Distance plots of post MD MCR from Methanothermobacter marburgensis without 
PTMs showing (A) Gln 147 distance to Ni and (B) tetrapyrrole nitrogen distance to Ni. Data sets 

1 and 2 refer to MCR active sites 1 and 2 

A 

B 
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