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Abstract 
 

Sulfur trafficking pathways in methanogens are distinct from bacteria because sulfide 

rather than sulfate, is the primary sulfur source. Many methanogens also lack the genes 

coding for O-acetylhomoserine sulfhydrylase, O-acetylserine sulfhydrylase, cysteine 

desulfurase, and cysteinyl-tRNA synthase (CysRS), all essential sulfur trafficking 

enzymes in bacteria. In the absence of CysRS, Cys-tRNACys is aminoacylated in a novel 

two step pathway which includes the action of the methanogen-specific sulfur-transfer 

protein, SepCysS. Two protein families are co-conserved with SepCysS, COG2122 and 

COG1900(A-D). COG2122 rescues cells from starvation under low sulfide conditions. 

COG1900A synthesizes homocysteine (Hcy) from aspartate-semialdehyde through the 

conversion of an aldehyde to a thiol. If COG1900D is capable of the same biochemistry, 

it could be the last enzyme in the pathway of coenzyme M biosynthesis, an essential 

cofactor in methanogenesis. To date, no successful purification of any COG1900 

protein has been reported. Using an unusual high pH buffer that includes phosphate, 

COG1900 proteins can be solubilized. The purification process is still prone to 

aggregation making it difficult to achieve a satisfactory level of purity.
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Chapter 1: Introduction 
 

 

Early Life 

Life is hypothesized to have arisen during the Archean eon (4-2.5 Gyr). The 

environment in the Archean was anaerobic and rich in iron and sulfur. It was not until 

the Proterozoic era (2.5-0.7 Gyr) that the Earth was oxygenated by the metabolic 

activities of cyanobacteria1. Upon the evolution of photosynthesis and universal 

oxygenation, anaerobic organisms would be excluded to niche environments that 

remained anoxic. The massive increase in dioxygen (O2) on Earth is sometimes 

referred to as the “oxygen holocaust” as it drove most anaerobic organisms to 

extinction2.  

Despite the near extinction of these organisms, anaerobes were essential to 

Earth’s early ecosystem and provided the foundation for life as we know it by fostering 

the biochemical evolution of methane. Methane was a necessary greenhouse gas in a 

time with reduced solar luminocity3 and methanogens play a continual role in the 
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carbon cycle on Earth4. Surviving anaerobic organisms with ancient genes provide a 

window into the past and the origins of life on Earth.  

Phylogenetic analysis has placed hyperthermophiles as possibly being the last 

common ancestors of living organisms, thus making them key species in the tree of 

life5. Geological C13 fractionation analysis has shown that methanogenesis occurs as far 

back as 3.46 Gyr6. The antiquity of methanogens supports the hypothesis that 

methanogenesis was essential to support early life on Earth. Methanogens evolved in 

an environment much different than the present one; many of their metabolic 

pathways are unique and not well understood. 

The Archaean ocean had low oxygen levels making it much less oxidizing than 

modern oceanic environments; this lack of oxygen resulted in decreased abundance of 

many oxidized chemical species, such as sulfate7. This creates a distinction between 

metabolic pathways pre and post oxygenation. For example, most extant microbes have 

transporters for sulfate while methanogens are able to use sulfide as their only sulfur 

source8. The reduction of elemental sulfur (S0) to sulfide is common to sulfur reducing 

bacteria and archaea, all of which are anaerobic. This is due to the large abundance of 

oxygenated sulfur species now present compared to when methanogens evolved and 

reduced species were much more prominent. 
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 The enzymes responsible for survival under such drastically different conditions 

is of great interest. The study of these enzymes is hindered because they now reside 

primarily in organisms from extreme environments and have many unique adaptations 

to remain functional. No general approach or strategy has been developed in the 

purification of proteins from extremophiles. 

 

Unique tRNA Aminoacylation 

A remnant of early life metabolism was discovered in a Methanocaldococcus 

jannaschii tRNA aminoacylation pathway. Cysteinyl-tRNACys
 is used in translation of 

proteins and is typically biosynthesized in one-step by cysteinyl-tRNA synthetase 

(CysRS). It was discovered that M. jannaschii does not contain the gene for CysRS. 

Instead, a novel two-step pathway is present; aminoacylation of tRNACys with 

phosphoserine using O-phosphoroserine-tRNA synthetase (SepRS) followed by 

conversion to Cys-tRNACys via Sep-tRNA-Cys-tRNA synthase (SepCysS)9 (Fig 1.1). 

This “mis-aminoacylation” of tRNA is present for other aminoacyl-tRNA synthetases 

(AARSs) such as GlnRS and AsnRS that exist in various systems and posed a challenge 

to the adaptor hypothesis that states there are twenty amino acid synthetases, one for 

each amino acid10.  
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Methanogens almost exclusively utilize the two-step pathway11. Phylogenetic 

analysis shows the two-step pathway does in fact pre-date the direct pathway and is 

primarily present in methanogens12. Nearly all methanogens sequenced contain genes 

for SepRS and SepCysS homologs8. This suggests a selective pressure in methanogens, 

not seen in other organisms, to maintain this pathway even when CysRS is present in 

some methanogens through horizontal gene transfer.  
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Figure 1.1 Novel SepCysS Pathway  

The black pathway is the canonical pathway (CysRS) for aminoacylation of tRNA with 
cysteine. The pathway in red represents the unique two step aminoacylation process 
found mainly in methanogens. SepRS mis-aminoacylates tRNACys with phosphorylated 
serine (Sep). Sep-tRNACys is then converted to Cys-tRNACys by SepCysS. 
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The trafficking of sulfur in most extant cells is commonly done through 

persulfide (R-S-S-H) groups13. The persulfide sulfur can have three different oxidation 

states as sulfane (S0), persulfide (S1-), or sulfide (S2-) acting as an electrophile, 

nucleophile, or strong nucleophile respectively13 (Fig 1.2). Transfer of a terminal sulfur 

group from a protein to another protein or cofactor is done by a family of enzymes 

known as cysteine desulfurases (CD). CDs use L-cysteine as a substrate to form L-

alanine and elemental sulfur14. Persulfide groups formed by CDs are used to make iron 

sulfur clusters and are essential in most extant cells15. 

 

 

Figure 1.2 Persulfide Group Chemistry 

a) Persulfide atom acting as electrophile (S0) 
b) Liberated persulfide (S1-) 
c) Persulfide sulfur atom acting as nucleophile (S2-) 
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While CDs are essential in most organisms, they are surprisingly absent from 

methanogens and many nonmethanogenic archaea16. The novelty of sulfur trafficking in 

methanogens, highlighted by the uptake of hydrogen sulfide rather than sulfate, the 

SepCysS pathway, and the lack of canonical cysteine desulfurases presents many 

unanswered questions about sulfur trafficking in methanogens. These extremophiles 

present a method of life we are very unfamiliar with. The importance of studying 

methanogens has never been greater with our recent journey to Mars where life, if any 

is found, may very well resemble the extremophiles found on Earth17.  

 

Ancient Strategies For An Anaerobic World  

  Bacteria use cysteine as a primary sulfur source after taking up sulfate18. Upon 

uptake, sulfate can be reduced to sulfide in an ATP-dependent pathway and 

incorporated into cysteine by O-acetylserine sulfhydrylase (OASS) for further 

biosynthesis of various other sulfur containing compounds19,13 (Fig 1.3). The sulfur 

from cysteine can then be incorporated into proteins through the activities of CDs, or 

used directly to make Coenzyme A, glutathione and other metabolites.   

In bacteria, cysteine can be converted to cystathionine and homocysteine by 

cystathionine gamma lyase and cystathionine beta lyase respectively, which are  needed 
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for methionine (Met) synthesis, and S-adenosylmethionine (SAM) synthesis.8 A 

shortcut exists to synthesize homocysteine directly from sulfide through O-

acetylhomoserine sulfhydrylase (OAHS). Cysteine can also be directly incorporated on 

to tRNA through CysRS synthesizing Cys-tRNACys. 
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Figure 1.3 E. coli Sulfur Trafficking Pathways 

Sulfur trafficking in bacteria, E. coli modeled above, consists of sulfate uptake for the 
biosynthesis of cysteine which acts as a sulfur source for other biochemical pathways. 
O-acetylserine sulfhydrylase (OASS) traffics sulfur from sulfide to cysteine while O-
acetylhomoserine sulfhydrylase (OAHS) can use the sulfur from sulfide to make 
homocysteine. Cysteine can donate sulfur to persulfide proteins through cysteine 
desulfurases (CD) or be used to synthesize cysteinyl tRNA through the cysteinyl-tRNA 
synthase (CysRS) pathway. 
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Similar sulfur processing mechanisms are not likely to exist in methanogens as 

none of the necessary genes have been identified in many methanogen genomes. 

Instead sulfide is directly taken up and the destination immediately thereafter is still 

unknown. The identification of sulfur donors to unconventional sulfur pathway, such 

as SepCysS, will help elucidate sulfur assimilation in methanogens. 

Sulfide, cysteine, and thiophosphate have all been proposed sulfur donors for 

SepCysS20. Persulfide is another sulfur donor that has been proposed, based on the 

primary sequence SepCysS12. SepCysS has structural similarity with CD21 which is 

known to use persulfide as a sulfur donor. To test if a persulfide was possibly the 

sulfur donor for SepCysS, the CD IscS from E. coli was radiolabeled with 34S and shown 

to donate its sulfur to SepCysS22. An unknown persulfide carrier protein is likely the 

native sulfur donor to SepCysS and possibly other sulfur demanding pathways in 

methanogens (Fig 1.4).  
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Figure 1.4 Methanogen Sulfur Trafficking 

Sulfur trafficking in methanogens. This is a simplified metabolic map for comparison of 
the major differences between bacterial and methanogen sulfur trafficking. This 
representation is not all encompassing for simplicity. The green pathways of OAHS and 
OASS are conventional sulfur pathways in bacteria and are only found in a few 
methanogens, one being M. acetivorans.  
 

 

 



J.W. Stanek, 2016 

 

 21 

Three Protein Families Co-conserved with SepCysS 

Bioinformatics identified three conserved orthogonal genes (COG’s) conserved 

in all methanogens that possess SepCysS, COG1900A, COG1900D, and COG212223 

(Fig 1.5). Conservation with SepCysS suggests that these proteins are involved in 

sulfur trafficking.  

Most methanogens lack conventional sulfur trafficking genes such as those for 

OAHS and OASS which synthesize homocysteine and cysteine respectively; the 

genome of Methanococcus jannaschii revealed many such metabolic gaps in 

methanogens24. Methanosarcina  acetivorans has the largest known archaeal genome25 and 

contain many metabolic redundancies such as CysRS and the SepRS-SepCysS pathway. 

The M. acetivorans genome also contains the genes for OAHS and OASS23, presumably 

redundancies of the methanogen genes that are responsible for homocysteine and 

cysteine synthesis in organisms lacking OAHS and OASS. Such genetic redundancy 

made M. acetivorans an ideal organism for gene knock out studies. By demonstrating 

that ΔOAHS ΔMA1821 (COG1900A) strains were auxotrophic for homocysteine and 

adding back MA1821 saved cells from homocysteine auxotrophy, the role of 

COG1900A as a homocysteine synthesis enzyme was identified23. 
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Figure 1.5 Protein Families Conserved with SepCysS 

Three protein families are highly conserved in organisms that contain the SepRS 
SepCysS tRNA aminoacylation pathway. These three protein families might be 
involved directly in the SepCysS pathway, or could be involved in other important 
methanogen sulfur trafficking pathways. 
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Homocysteine Synthesis in Methanogens 

Knocking out the OAHS gene in M. acetivorans produced a viable strain, 

suggesting the presence of another enzyme capable of filling the role of homocysteine 

synthesis. A double knockout of the OAHS gene and COG1900A (MA1821 gene) 

produces a homocysteine auxotroph, suggesting that COG1900A is capable of 

supplementing homocysteine synthesis in the absence of OAHS. M. acetivorans has a co-

conserved ferredoxin protein (MA1822) that is necessary for MA1821 to function23 and 

that is coded directly downstream of MA1821. Some organisms, such as Thermotoga 

lettingae, have both COG1900A and the ferredoxin protein linked as a fusion protein 

and coded by a single gene. The biochemical role of homocysteine synthesis by 

COG1900A proteins using aspartate semi-aldehyde has been confirmed with isotopic 

sulfur and whole cell lysate26 (Fig 1.6).  

 

Figure 1.6 COG1900A Reaction 

COG1900A catalysis of aspartate semi-aldehyde to homocysteine through conversion 
of an aldehyde to a thiol group.  
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M. jannaschii cells were shown to synthesize more homocysteine when the cell 

extract was supplemented with aspartate semi-aldehyde (Asa). When labeled sulfide 

(H34S-) was also added, almost all (89%) of the homocysteine (Hcy) in the extract was 

labeled. To further confirm that Asa was the substrate for Hcy, heavy Asa ([3,3-2H] 

Asa) was added which produced deuterium labeled Hcy26. 

The same biochemistry was confirmed with sulfide labelling and gene knock 

outs in M. acetivorans. Cell extract with supplemented Asa and labeled sulfide also 

produced 92% labeled Hcy. A mutated triple knock out strain (Δ OAHS, ΔMA1821 

ΔMA1822) produced no labeled Hcy, while a ΔOAHS only strain produces labeled Hcy 

(67%)26.  

Connecting Homocysteine Synthesis with SepCysS 

The reason for co-conservation of COG1900A, COG1900D and COG2122 is still 

unknown. If COG2122 can act as a persulfide donor, this would connect the 

COG1900A and SepCysS pathways, as both have an unknown sulfur donor and 

SepCysS is suspected to have a persulfide donor22. The only functional role of 

COG2122 that has been identified to date is its ability to rescue cells that are supplied 

with very low concentrations of sulfide 27. How it accomplishes this is still not known, 

but the ability to rescue cells from starvation is significant and suggests that the 
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COG2122 protein has a central metabolic role in assimilatory sulfur metabolism, 

connecting multiple pathways.  

Under high sulfide conditions, MA1715 (COG2122) was not necessary for 

adequate growth of M. acetivorans. However, under low sulfide conditions  (0.2-0.8 

mM) growth was rescued with MA1715 present27. This suggests that COG2122 

optimizes available cellular sulfide, whether this is enhanced uptake, more efficient 

intracellular sulfur trafficking, or sulfur donations to certain pathways is still unknown.   

Co-conservation of COG2122 and COG1900 proteins suggests a biochemical 

role between the two that is either necessary or complementary in some way. Knowing 

the COG1900A’s function in homocysteine synthesis and COG2122’s ability to rescue 

cells from sulfide starvation, COG2122’s role likely involves sulfur trafficking; either 

directly supplying pathways such as those with COG1900 proteins, or indirectly 

through cellular sulfur storage.  

 

COG2122; ApbE Protein Superfamily of Flavin Trafficking Proteins 

 COG2122 proteins fall under the ApbE like protein superfamily. The ApbE 

homolog in Salmonella typhimurium, was suspected to be a periplasmic lipoprotein 

involved in 4-amino-5-hydroxymethyl-2-methyl pyrimidine (HMP) synthesis which 

ultimately feeds into the formation of thiamine28, a sulfur containing compound. 



J.W. Stanek, 2016 

 

 26 

Strains carrying mutant ApbE enzymes were found to be thiamine deficient.  The 

thiamine biosynthetic pathway is a cytosolic pathway which is not consistent with 

ApbE proteins being located in the periplasm29.  

The crystal structure of Salmonella enterica ApbE protein revealed that it is an 

FAD-binding protein30. The presence of an ApbE homolog in the parasitic species 

Treponema pallidum, which is suspected to lack thiamine biosynthesis pathways, 

prompted further research into the catalytic reaction of this superfamily. The 

crystallization and structure determination of T. pallidum ApbE protein showed it to be 

a bimetal-dependent FAD pyrophosphatase31.  

ApbE proteins cleave the phosphate bond in FAD producing AMP and FMN. 

There is good reason to believe that COG2122 does not share this biochemical role. 

The FAD binding domain identified on the T. pallidum ApbE protein is conspicuously 

absent from the COG2122 protein family31,32 (Fig 1.7). While this is not definitive 

proof that FAD does not bind COG2122, it raises the possibility of the protein having 

an entirely different biochemical function.  
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Figure 1.7 ApbE Protein Ribbon Diagram 

Figure generated by C.M. Driggers (unpublished) based on the ApbE protein from 
Treponema pallidum with FAD-bound, PDB coordinates IVRM31. 
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The COG1900 Protein Family 

 The COG1900 protein family is one of many protein families in methanogens 

that harbors an iron sulfur cluster domain. While iron-sulfur clusters are highly 

protected by intracellular compartments in aerobic cells due to the threat of oxidation, 

methanogens have a larger fraction of their genome coding for iron sulfur cluster 

proteins33 compared to aerobic organisms. In an anaerobic environment this is not a 

problem as the iron sulfur clusters are not in danger of oxidation. Iron sulfur clusters 

are known to form spontaneously given anaerobic conditions rich in iron and sulfur34,35; 

conditions similar to the early Earth36. Given the proper environment of the early Earth 

and the genomic abundance of iron sulfur cluster binding proteins in methanogens, the 

iron sulfur world hypothesis has developed37, suggesting that iron sulfur clusters are 

possibly the first biological catalysts and played a significant role in evolutionary 

history. 

Little is known about COG1900 proteins beyond COG1900A’s conversion of 

aspartate semi-aldehyde to homocysteine27. An aldehyde to thiol conversion has a 

redox requirement if the mechanism requires the breaking and forming of disulfide 

bonds (Fig 1.8); this explains the necessity of the iron sulfur cluster binding protein 

gene always present near COG1900A on the genome. Interestingly, COG1900A has 

two conserved cysteines but only one (Cys54) is essential23. There are four paralogs of 
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COG1900 proteins (A-D) as determined by phylogenetic analysis23. Only COG1900A’s 

function has been identified to date, with the biochemical function of COG1900B-D 

proteins remaining unknown. 
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Figure 1.8 Proposed COG1900A Mechanism27 

The proposed COG1900A mechanism requires a dimer formation utilizing Cys54 of 
both monomers. The proposed mechanism is specifically for MA1821 and MA1822, 
although all COG1900A homologues would likely use the same mechanism.  
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COG1900 Paralogs 

 COG1900A is the largest of the four paralogs at 500 amino acids in length. The 

larger size is largely due to the inclusion of a C-terminal cystathionine beta synthase 

(CBS) domain. CBS domains, like that of inosine-5′-monophosphate (IMP) 

dehydrogenase 

 from Streptococcus pyogenes, consist of symmetrical, antiparallel β1-α1-β2-β3-α2 structures, 

and are outside of the catalytic center38. Proteins containing CBS domains range from 

chloride channels39, nucleotide synthesis pathway enzymes40, and even AMP-activated 

Protein Kinase (AMPK)41–43. CBS domains have been found to bind ATP, AMP, and S-

adenosylmethionine which has led to the hypothesis that proteins with CBS domains 

act as cellular energy sensors and hence play a regulatory role44,45. 

All COG1900A proteins have two conserved Cys residues in their catalytic 

domains; the conserved residues are Cys54 and Cys131 in MA1821. The MA1821 

C54A mutation is non-viable while a C131A mutation is. This suggests that Cys54 is 

directly involved in the mechanism of homocysteine biosynthesis.  

 COG1900B and C are only found in cyanobacteria23. Here Cys54 is substituted 

as Glu, and Asp respectively. COG1900D on the other hand, is exclusive to 

methanogens. COG1900D possess a [4Fe-4S] domain on the C terminus. The shared 

need for an iron sulfur cluster between COG1900A and COG1900D suggests the 
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possibility of a similar biochemical mechanism. COG1900D is exclusively found in 

methanogens, as opposed to COG1900A which is also found in many other anaerobic 

bacteria. This suggests COG1900D has a role directly involved in methanogenesis. 

Reconstruction of phylogenies with respect to COG1900 proteins are in agreement 

with current methanogen phylogenies, suggesting the proteins were vertically inherited 

with methanogenesis pathway23. 

 

A Possible Biochemical Role for COG1900D and Its Implications 

 COG1900A is capable of converting an aldehyde to a thiol; should COG1900D 

have a similar biochemical capability, it could be the last missing enzyme in the 

coenzyme M (CoM) pathway (Fig 1.9). A comparison of the known COG1900A 

biochemistry with the required biochemistry in the final step of CoM synthesis, reveals 

an analogous reaction taking an aldehyde to a thiol (Fig 1.10). CoM is an essential 

cofactor involved in methane synthesis. An understanding of methanogenesis is of 

great interest to many fields from environmentalists, those in energy production, 

evolutionists, astronomers, medical, and many others.  
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Figure 1.9 Coenzyme M Biosynthesis Pathway46 

The final step of coenzyme M biosynthesis involves the conversion of an aldehyde to a 
thiol. COG1900D may be the final enzyme in the pathway, using sulfide to convert 
sulfoacetaldehyde to coenzyme M.  
 

 

 

Figure 1.10 COG1900A and Predicted COG1900D Reactions 

COG1900A’s reaction is known. If COG1900D is the last enzyme in CoM synthesis, 
the reaction it catalyzes would be analogous to the reaction catalyzed by COG1900A. 
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 Methane is a potent greenhouse gas; while it was essential for developing an 

atmosphere that could maintain habitable temperatures47, it is now contributing to 

unwanted global warming48. An understanding of methane synthesis may reveal means 

by which we can inhibit its production in methanogens. One possible application of 

such advancements could be the supplementation of a COG1900D inhibitor in the diet 

of livestock. Methanogens present in livestock produce large amounts of methane that 

greatly contributes to global warming49. A shift of human’s meat intake is not only 

unlikely, but an increase in agriculture comes with its own problems; at the same time 

global food demands are at an all-time high and only increasing50. A reduction in the 

methane produced in livestock would have long lasting benefits.  

As for more industrial purposes, methane is a potential energy source and 

biogas which is already being utilized in some nations such as Germany51. Wastewater 

treatment is another growing global problem that methanogenesis can help resolve. 

Anaerobic digestion of wastewater by methanogens is an efficient way to clean up 

water sources and create methane as an energy source52,53. A better understanding of 

methanogenesis may also have medical benefits. Beyond the detrimental effects to 

human health caused by global warming54, the human microbiome contains 

methanogens and the microbiomes effect on health is increasingly apparent55. 



J.W. Stanek, 2016 

 

 35 

 Methane, while a major contributor to global warming, was essential for creating 

an environment suitable for present life36. For this reason, methanogenesis is an 

extremely important process for astronomers looking for potential life on other 

planets. At the same time it holds a lot of value to evolutionists as a methanogen 

(species not identified) is suspected of being Earths last common known ancestor5, and 

the environment created through methanogenesis shaped all subsequent evolution. A 

clear understanding of methane synthesis and all the enzymes involved in the process, 

will benefit many diverse fields with important implications. The largest obstacle so far 

with this regard, has been the identification of the last enzyme responsible for CoM 

synthesis, and the purification necessary for in vitro studies of such sulfur trafficking 

proteins (COG1900 family) in methanogens.   

 

Purpose of Studying the Proteins in This Study 

Many methanogens are extremophiles. The ability of extremophiles to survive in 

their environments is of interest as they represent the known limits in which life can 

survive; extraterrestrial life may rely on similar mechanisms for survival56. Methanogen 

proteomics are very poorly understood, one major obstacle being the purification of 

their proteins. The ability of extremophile proteins to maintain functionality at such 

high temperatures (45 °C – 110 °C) is currently not well understood beyond the 
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general pattern of tight packing, ion pairs, salt bridges, and increased hydrogen 

bonding41,57–60. Extremophile proteins are also known to have higher order oligomeric 

states and large hydrophobic cores, possible contributing to the challenge involved 

with their purification61. 

Methanogen sulfur trafficking starting with the uptake of sulfide as opposed to 

sulfate, is unique and not very well understood. COG2122 proteins are of interest 

because they have been shown to play a key role in survival under low sulfide 

conditions27. COG2122 might be involved directly in sulfide uptake, sulfur trafficking, 

or it could be a signal transduction protein activating a cascade of sulfur assimilation 

pathways in methanogens; a protein playing any of these roles in methanogens would 

prove of great interest.  

COG1900 proteins are of interest because COG1900A is known to catalyze the 

synthesis of a thiol from an aldeyde23,26 and no COG1900 structure has been solved to 

date. Purification results to date have also suggested that COG1900 proteins prefer a 

higher order oligomeric state and are insoluble under most conditions, characteristic of 

extremophile proteins62. A purification method for COG1900 proteins might prove 

useful for other extremophile proteins that are difficult to purify, possibly for the same 

reasons. Ideally, a purification strategy for methanogen proteins out of E. coli will be 

developed. E. coli are the preferred protein factories because they grow quickly on 
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inexpensive growth media, there are many expression plasmids designed for them, 

there are many engineered strains for recombinant protein expression, and E. coli 

metabolism has been extensively studied63.  
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Chapter 2: Protein Purification Methods 
 

 

Identifying Proteins of Interest 

 The identification of COG1900 and COG2122 proteins was accomplished with 

occurrence profiling. Also referred to as phylogenetic profiling64, this method of 

bioinformatics assumes that genes with interdependent function will be present or 

absent from genomes of genes with known function. This helps identify potential genes 

of interest based on co-conservation.  

 Using the COG database65, which is available for free online, a catalogue of all 

methanogen genes co-conserved with SepCysS was constructed23; all methanogen 

genes in genomes without SepCysS were then removed to simplify the list. The group 

was then narrowed by retaining only genes that were encoded near, or homologous to 

known sulfur assimilation proteins66. This left three genes of interest, COG1900, 

COG2122, and the gene coding for the small ferredoxin protein always neighboring 

COG1900A proteins.  
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Engineered M. acetivorans Strains 

 COG1900A purification has been attempted by Ben Rauch using engineered M. 

acetivorans strains66. Genetic manipulations were done using an M. acetivoran pseudo 

wild type strain (WWM75) from the laboratory of William Metcalf67, a plasmid for 

markerless genetic exchange (pMP44)68, a shuttle vector (pWM321)69, and a promoter 

for tetracycline-dependent gene expression (PmcrB(tetO1))67.  

Expression was accomplished using a pBR31-derived, tetracycline-dependent 

expression plasmid (pBR70) along with an engineered Hcy auxotroph lacking genes for 

MA1821 and MA1822 (COG1900A); this strain permitted higher expression levels 

than the pseudo wild type WWM75 and both MA1821 and MA1822 had C-terminal 

poly-histidine tags66. The doubling time of M. acetivorans is six hours and growth must 

be under anaerobic conditions.  

Recombinant expression of MA1821-22 from M. acetivorans proved to be 

extremely time consuming and only yielded 0.2 mg of purified protein from one liter of 

cells66. Expression in E. coli was also tested66. Because of such drawbacks to purification 

from the native organism, E. coli cells are the preferred organism for overexpression; 

the development of a purification strategy from E. coli would be very beneficial. 
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Engineered E. coli Strains 

 In an effort to work around the impracticality of recombinant protein expression 

in M. acetivorans, E. coli strains were engineered to overexpress COG1900, COG2122, 

and the small ferredoxin proteins. Multiple expression plasmids were constructed to 

express COG1900A (pBR004, pBR038, pBR096, pBR100 and pBR102)66. A MA1821-

22 co-expression strain(pBR039)66 and a COG1900A-ferredoxin fusion protein from 

Thermotoga lettingae (pBR104)66 were engineered to test if COG1900A solubility was 

dependent on the essential ferredoxin protein. A COG1900D strain (which also fuses 

the COG1900 and ferredoxin domain as one protein) was also engineered (pBR117)66. 

 A strain for expressing MA1715 (COG2122) was also made (pBR006)66. Strains 

pertinent to this thesis are pBR004, pBR006, pBR039, pBR104 and pBR117, all 

engineered by Ben Rauch66. The plasmid design and any alterations to the protein (poly 

histidine tag etc.) will be discussed in their respective sections to follow. 

 

Previous COG1900 Purification Attempts from E. coli 

Previous attempts to purify COG1900 (A and D) proteins as well as the small 

ferredoxin protein were attempted from E. coli  with no success (Table 2.1)66. None of 

the conditions tested were able to produce sufficient quantities of soluble protein (>1 

mg). Insoluble pellets of COG1900A were resolubilized with ionic detergent (sarkosyl) 
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and COG2122 proteins were able to be refolded66 using the two step refolding method 

described later in this chapter. Prior purification attempts include the COG1900A 

protein from Thermotoga lettingae (Tlet_1363) which has the COG1900A domain and 

the required ferredoxin domain attached as one protein. The proteins with purification 

strategies presented in this thesis are described (Table 2.2) and a figure of their 

domains (Fig 2.1) can be found below.  
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Plasmid 
Protein 
Encoded Source 

Parent 
Plasmid Host Strain 

Expression 
Conditions 

pBR004 
COG1900A-

CBS-H6 MA1821 pET-22b(+) 
Rosetta2(DE3)pLysS 

Arctic Express 
24 hr at 16 C               

5 hr 37 C 

pBR005 NIL-Fer-H6 MA1822 pET-22b(+) Rosetta2(DE3)pLysS 
25 hr at 16 C               

5 hr 37 C 

pBR038 

COG1900A-
CBS; NIL-Fer-

H6 MA1821-22 pET-22b(+) Rosetta2(DE3)pLysS 

5 hr at 37 C                     
24 hr at RT, 

anaerobic 

pBR096 
COG1900A-Fer-

H6 Tlet_1363 pET-22b(+) BL21(DE3)pLysS            

24 hr at 16 C                  
5 hr at 37 C                     
24 hr at RT, 

anaerobic 

pBR100 
H6-SUMO-

COG1900A-Fer Tlet_1363 

pET-
22b(+)-
SUMO 

BL21(DE3)pLysS           
Arctic Express 

25 hr at 16 C                  
5 hr at 37 C                     
24 hr at RT, 

anaerobic    24 hr 
at 10 C 

pBR113 
H6-SUMO-

COG1900D-Fer MJ1681 
pET-22b(+) 

-SUMO  BL21(DE3)pLysS            

5 hr at 37 C                     
24 hr at RT, 

anaerobic 

pBR006 COG2122-H6 MA1715 pET-22b(+) Rosetta2(DE3)pLysS 

5 hr at 37 C                     
24 hr at RT, 

anaerobic 

pBR089 
H6-SUMO-
COG2122 DVU1097 pSGX4 BL21(DE3)pLysS            

24 hr at 16 C                 
24 hr at RT, 

anaerobic 

Table 2.1 Previous COG1900 Purification Attempts from E. coli 

All purification attempts listed in the table were completed by Ben Rauch and Camden 
Driggers66 prior to this thesis. 
 



J.W. Stanek, 2016 

 

 43 

Table 2.2 Proteins Used in This Study 

 

 

Figure 2.1 COG1900A and COG2122 Protein Domains23 

 

Protein Family Biological Function Characteristics 

MA1821 COG1900A 
Synthesizes homocysteine from 

aspartate semialdehyde.  

500-amino-acids in length. Contains a C terminal 
CBS domain (380-494) which are known to bind 

together forming globular domains, the N 
terminus is the COG1900A domain (4-362). 

MA1822 COG1900A 

Co-conserved with MA1821, 
performs the redox chemistry in 

homocysteine synthesis.  

128-amino-acids in length. The N terminal domain 
contains an NIL domain (5-67), a domain 

proposed to bind substrate in methionine ABC 
transporters. The C terminal domain is part of the 
Fer4_7 superfamily (4Fe-4S). It is almost always 

co-conserved with MA1821 orthologs. 

Tlet_1363 COG1900A 

Suspected to synthesizes 
homocysteine from aspartate 

semialdehyde.  

443-amino-acids in length. N terminal COG1900A 
domain (5-367). The C terminus of this 

COG1900A ortholog has the 4Fe-4S domain fused 
with the COG1900A portion instead of being a 

separate peptide (394-437). 

MJ1681 COG1900D 

Suspected to be the last enzyme in 
coenzyme M synthesis, converting 
sulfoacetaldehyde to coenzyme M. 

380-amino-acids in length. N terminal COG1900D 
domain (1-292). The C terminal domain has the 

4Fe-4S domain fused to it (295-339). 

MA1715 COG2122 

Likely involved in sulfur trafficking 
within the cell. Has been 

demonstrated to support growth 
during starvation conditions (low 

sulfide). 

253-amino acids in length. The COG2122 domain 
is uncharacterized, but falls under the ApbE like 

family. Some ApbE proteins convert FAD to FMN 
and AMP. The domain that has been identified as 
the FAD binding domain of the protein is missing 
from COG2122, suggesting a different purpose in 

methanogens.  
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Protein Purification Using Overexpressed Systems 

Purification of desired proteins is essential for in vitro studies. E. coli has become 

the organism of choice for recombinant protein production. While substantial 

quantities of overexpressed proteins may be obtained, many hurdles are present in the 

overexpression of any non-native protein. The target protein may form inclusion 

bodies, may not be active, or even be truncated due to transcription errors. To address 

these issues many techniques have been developed to help stabilize recombinant 

proteins for purification.  

COG2122 and COG1900 proteins are no exception when it comes to 

purification hurdles. Proteins from both families are susceptible to transcription, 

solubility, and folding issues. Utilizing a small ubiquitin-related modifier (SUMO) tag 

system, optimizing expression conditions, the use of an unusual lysis buffer, and even 

refolding are necessary to obtain proteins from these families (Table 2.3). Purification 

details of each protein will be discussed in their respective chapters. First, a review of 

the purification techniques used in this thesis is needed. 
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 MJ1681	 MA1821	 TL1363	 MA1715	 MA1822	
Refolding	 	 -	 	 +	 +	
SUMO	tag	 +	 	    

Arctic	cells	with	
Chaperone	 	  -	 	  

37	°C	expression	 -	 -	 -	 +	 +	
16	°C	expression	 +	 +	 +	 	 +	
Freeze/thaw	lysis	 +	 	    
Sonication	lysis	 +	 +	 +	 +	 +	
pH	13	soluble	 +	 +	 +	 -	 -	

pH	13	
resuspension	 +	 -	 	 -	 -	

Ni-NTA	 +	 +	 +	 ~	 +	
Anion	IEX	 -	 	  +	 +	
Cation	IEX	 +	 	    

Gel	Filtration	 +	 -	 	 +	 +	
Stable	in	HEPES	 ~	 	  +	 	

 

Table 2.3 Purification Strategies Tested 

All protein used was expressed and purified from E. coli cells under aerobic conditions. 
A value of (+) means the method works for the corresponding protein, a (–) value 
means it does not work, the value (~) means it will work but not well, and a blank 
means the technique was never tested.  

 

 

 

 



J.W. Stanek, 2016 

 

 46 

Refolding 

Overexpressed proteins are often insoluble. This can be due to the formation of 

inclusion bodies (amorphous accumulation of proteins)70 or because the lysis buffer is 

missing an essential additive that would support solubility71. If additives have been 

screened with no success, the insolubility is likely due to the formation of inclusion 

bodies. If inclusion bodies are forming, and it is not practical to try expression in 

another system (native organism for example), the protein must be refolded.  

Traditionally this has been accomplished by resuspending an insoluble pellet of 

inclusion bodies in a chaotropic (disordering) agent such as urea followed by slowly 

dialyzing out the chaotropic agent to allow the protein to find its proper conformation. 

Successful refolding of proteins has been enhanced using a two-step denaturing 

procedure72, which will be described below in the purification details of  COG1900D. 

Refolding a recombinant protein is typically the last resort after screening lysis 

additives. An alternative to screening a plethora of additives or attempting refolding is 

the use of protein tags and chaperones.  
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Protein Tags, Chaperones, and Expression Conditions 

If a recombinant protein is forming inclusion bodies, it might be possible to 

prevent such aggregation by cloning a cleavable small ubiquitin modifier (SUMO) tag 

to either the N or the C terminus. Unlike ubiquitin, SUMO conjugation to peptides is 

not a label for degradation, rather it is known to help stabilize proteins73–78. 

Deconjugation of SUMO can be accomplished by multiple enzymes, the most popular 

being ubiquitin like protease (ULP)79.  

Using a His6 modified SUMO tag as well as a His6 modified ULP, stabilization of 

a target recombinant protein can often be achieved through cloning a modified SUMO 

tag to the N-terminus of the target protein, purifying the conjugated protein through 

Ni2+ affinity chromatography, cleaving the SUMO tag with the modified ULP, and 

finishing with a second Ni2+ affinity column eluting the desired protein with no tag 

while removing the SUMO tag and ULP80. This purification system is highly desirable 

as it produces purified target protein with no His6 tag or large fusion peptide which can 

alter the proteins structure and or function.  

The utilization of chaperone proteins is another means of preventing inclusion 

body formation or misfolding during overexpression. ArcticExpress E. coli cells have 

been developed that express the chaperonin system Cpn60/10 from Oleispira 
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antarctica81. This chaperone system can help fold some proteins that misfold during 

overexpression.  

A chaperonin system may be necessary for proper expression of recombinant 

protein, however it is known that expression of recombinant proteins in E. coli at lower 

temperatures improves proper folding82. Simply inducing E. coli cells at an earlier 

optical density than the conventional OD600 = 0.6, using less inducer (IPTG in T7 

promoter cells is very common), and expressing at lower temperatures such as 16 °C 

can save overexpressed proteins from aggregation and inclusion body formation.   
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Chapter 3: Purification of COG1900D Proteins 
 

 

COG1900 Initial Purification Observations 

To date there has been no reported purification of any COG1900 protein. 

Attempts have been noted in the literature however, with a group attempting to purify 

COG1900A from Methanocaldococcus jannaschii (MJ0100)83. The CBS domain of MJ0100 

was eventually crystallized by removing the COG1900 portion of the protein. Attempts 

at the full COG1900A purification were too difficult: “Previous studies suggested 

that the full-length MJ0100 has a strong tendency to aggregate, making physical 

studies of the protein very difficult”84. The previous study mentioned did not 

give any examples of attempted purification83. The ability to solubilize the CBS 

domain suggests that the instability and insolubility is due to the COG1900 

domain.  

Working with COG1900A and COG1900D (MA1821 and MJ1681 

respectively), both proved to be completely insoluble in conventional lysis 
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buffers. Although they are homologues, they have enough variation in their 

primary sequence to believe their solubilization will not be identical. The two 

proteins purified have 28% sequence identity and varying domains. MA1821 

contains an C-terminal CBS domain while MJ1681 has a C-terminal ferredoxin 

domain (Fig 3.1). The size, predicted pI, and extinction coefficient of the 

COG1900 proteins purified in this study are all unique (Table 3.1). 

Analysis of the amino acid composition of MA1821 in comparison to 

average cytoplasmic and membrane proteins, has the protein aligning primarily 

with cytoplasmic proteins (Fig 3.2). A notable exception is fewer charged 

residues are seen in MA1821 when compared to the average cytosolic protein 

(arginine, glutamic acid, and aspartic acid). MJ1681 corresponds more strongly 

with the average cytosolic protein with respect to Arg, Glu, and Asp, but 

strongly differs with a much higher frequency in lysine residues85 (Fig 3.3). The 

high lysine frequency is very common in the M. jannaschii proteome86. This is 

consistent with the observation that proteins from hyperthermophiles have a 

high frequency of charged, hydrophobic, and large residues87. The increased 
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frequency of hydrophobic residues may contribute to the challenge in purifying 

COG1900 proteins.  

 

 

 

 

 

 

 

Figure 3.1 Domain Comparison Between MJ1681 and MA1821 

 

 

COG1900A CBS 

COG1900A Ferredoxin 

COG1900D Ferredoxin 

Structure unknown 4Fe_4S 

MJ1681 

4Fe_4S Structure unknown 

Tlet_1363 

Structure unknown 

MA1821 
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 MJ1681 Tlet_1363 MA1821 
Amino Acids 380 443 500 

Molecular Weight (kDa) 42.58  48.74 54.34 
Theoretical pI 7.39 6.84 5.92 

Extinction Coefficient (M-1cm-1) 24130  38445 48945  
Absorbance 0.1% (e0.1%) 0.567 0.789 0.901 

 

Table 3.1 COG1900 Protein Profiles 

The parameters were calculated using an ExPasy Prediction tool88.  

 

 

Figure 3.2 MA1821 Amino Acid Composition 

The frequency of each amino acid in the primary structure of MA1821 compared to the 
averages of cytoplasmic and membrane proteins. Cytoplasmic and membrane proteins 
averages include representation from all three branches of life.  
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Figure 3.3 MJ1681 Amino Acid Composition 

The frequency of amino acids in the primary structure of MJ1681 compared to the 
average for cytoplasmic, membrane, and jannaschii proteins. Cytoplasmic and 
membrane proteins averages have representation from all three branches of life.  
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COG1900D Solubilization 

 MJ1681 protein was purified from E. coli cells under aerobic conditions using 

strain pBR11766. An pET22b(+) vector had the MJ1681 gene with an N-terminal 

SUMO (N-terminal poly histidine tagged SUMO) tag inserted using BamHI and XhoI 

restriction sites; the plasmid was transformed into BL21(DE3) cells (Fig 3.4). 

Identification of MJ1681 was accomplished by inducing cells containing the pBR117 

with various amounts of Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Fig 3.5). 

  Conventional lysis buffers failed to produce any soluble MJ1681 (COG1900D) 

based on previous attempts and buffer screening including buffers with DTT to reduce 

any unwanted disulfide bonds (data not shown). A screen of lysis conditions was done 

to test a wide array of pH, stabilizers, and kosmotropic agents (Fig 3.6). It is 

hypothesized that kosmotropic agents are capable of helping stabilize proteins in 

solution, however it should be noted that kosmotropic agents are still poorly 

understood89. Of forty tested lysis conditions, just one solubilized MJ1681. The pH of 

the lysis buffers was adjusted before the additives were presented causing some pH 

fluctuation. The successful lysis buffer consisted of 50mM HEPES pH 8, 200mM NaCl, 

100mM potassium phosphate tribasic (the phosphate adjusted the final pH of the 

buffer to 12.7) (Fig 3.7).  
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 Cells used in screening conditions were grown to an OD600 of 0.6-0.7 and 

MJ1681 expression was induced using 0.25mM IPTG and expression was done for 2h 

at 37 °C. The solubilizing ability of the buffer might be attributed to the kosmotropic 

(order-making) properties of phosphate47. It is hypothesized that molecules with a 

high ionic density help stabilize proteins91. A kosmotropic agent reduces the density of 

water molecules while a chaotropic agent increases the density. Kosmotropic agent’s 

ability to help stabilize proteins can be understood then as reducing the interaction of 

water with sensitive regions of the protein such as exposed hydrophobic regions. The 

smaller and hence denser the ion is, the better it is as a kosmotropic agent92. At a pH of 

12.7, 57.43% of phosphate molecules are completely deprotonated, creating a very 

dense negative charge with strong kosmotropic properties (Table 3.2). The alkalinity 

of the solution can cause dehydro reactions and cross linking of amino acids on 

proteins and this is a point of concern when preparing a protein under such extreme 

pH conditions93. 
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Figure 3.4 Expression Plasmid for MJ1681 Generation 

MJ1681 was expressed aerobically in E. coli using a SUMO tag on the N-terminus with 
a six histidine residue tag attached to the N-terminus of the SUMO tag. The genes 
were transformed into BL21(DE3) cells on a pET22b plasmid inducible with IPTG. 
 

 

 

 

 

 

MJ1681 SUMO 6	His 
BamHI XhoI 

pET22b  
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Figure 3.5 Induction of Cells with COG1900D Expression Plasmid  

COG1900D is only expressed when IPTG is added to growth media. A value of (-) 
indicates no iron was added to the growth media, while (+) indicates iron was added. 
All lanes are whole cell lysate. Lanes are as follows, 

1- Standard ladder 
2- 0 mM IPTG  - 
3- 0 mM IPTG + 
4- 0.25 mM IPTG – 
5- 0.25 mM IPTG + 
6- 0.5 mM IPTG – 
7- 0.5 mM IPTG + 
8- 0.75 mM IPTG – 
9- 0.75 mM IPTG + 
10-  1 mM IPTG – 
11-  1 m 
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Figure 3.6 Lysis Conditions Screened 

Forty lysis conditions tested yielding only one successful test. All pH values were prior 
to adding the stabilizing agent in the bottom row. The only successful conditions have 
a grayed background. The phosphate added was potassium phosphate tribasic, making 
a final pH of 12.8 without adjustments at 25 °C.  
 

 

 

 

 

 

 

 

Adjusted to 12.8 with phosphate addition 
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Figure 3.7 Gel of Lysis Additives Screen 

Lane additives from left to right are as follows: 
1 - Ladder  
2 - Control  
3 - Proline  
4 - Arginine  
5 - Glycine  
6 - Triton X-100  
7 - Citrate  
8 - Acetate  
9 - Phosphate  
10 - Xylitol  
11 - Imidazole 
MJ1681 appears in the phosphate lane between ladder positions of 52kDa and 72kDa. 
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pH	 %	PO4
3-	

7	 0.00%	
8	 0.00%	
9	 0.02%	
10	 0.21%	
11	 2.09%	
12	 17.61%	
12.5	 40.34%	
12.7	 57.43%	
13	 68.13%	
13.3	 81.01%	

 

Table 3.2 Shift of Deprotonated Phosphate Species by pH 

Using the Henderson Hasselbalch equation (pH = pKa + log(Base/Acid)), the amount 
of PO4

3- in solution can be calculated. A pKa value of 12.67 was used for the reaction of 
HPO4

2-  ⇋ PO4
3-.  
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As unusual as a pH 13 buffer is, it may be necessary in providing enough strong 

kosmotropic phosphate species to solubilize difficult proteins such as COG1900. Such 

a powerful stabilizing agent does generate other problems. Phosphate, likely because of 

kosmotropic properties, has been known to help solubilize membrane proteins. This 

could explain some of the contaminants seen when resuspending an insoluble pellet 

containing MJ1681 (data not shown). 

When cells containing COG1900D are lysed in a buffer that COG1900 proteins 

are insoluble in and centrifuged, the pellet contains COG1900D as well as the cells’ 

membrane proteins. Upon discarding the soluble fraction, and thereby removing the 

cells non-membrane proteins, the insoluble pellet can be resuspended in the high pH 

phosphate buffer that solubilizes COG1900D. Preparing COG1900D through 

resuspension has the benefit of eliminating most of the contaminant proteins in the 

cell as well as increasing the yield of COG1900D. Aerobic lysis will certainly remove 

the iron sulfur clusters in COG1900D and render the protein inactive.  

The same high pH buffer that solubilizes MJ1681 (COG1900D) also solubilizes 

MA1821 (COG1900A). This buffer was used in an attempt to solubilize MA1822, the 

ferredoxin protein neighboring MA1821 on the genome, and was unable to produce 

any soluble protein; MA1822 can be solubilized through refolding, see chapter 4. This 

suggests a unique interaction between COG1900 and the completely deprotonated 
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phosphate species, and also alleviates some of the concern that such extreme 

conditions could be solubilizing through a general denaturing effect like chaotropic 

agents such as guanidinium hydrochloride. A residual concern is the possibility of 

unwanted amino acid side chain reactions on COG1900D due deprotonation of every 

side chain at pH 13. 

 

COG1900D Expression Conditions in E. coli 

While much more COG1900D is expressed at 37 °C than lower 

temperatures, it is apparent that many of the contaminants in the preparation 

were actually truncated pieces of MJ1681. E. coli cells that over express MJ1681-

SUMO at 37 °C produce multiple proteins that are cleaved by ULP determined 

by unexpected band migrations after adding ULP a purified sample (Fig 3.8). 

ULP is an extremely specific protease94 and is not expected to cleave any 

proteins without a SUMO tag. The specificity of ULP, multiple band migration 

on SDS PAGE gel after ULP is added to the sample, and the prominence of the 

contaminants suggests they are truncated MJ1681-SUMO.  

This is likely either due to transcription errors in bacterial E. coli trying to 

transcribe an archaeal protein or unwanted protease activity in the cell during 
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expression. Overexpression of proteins at lower temperatures has been shown 

to help reduce transcription errors82 and indeed, expression of MJ1681 at 16 °C 

reduces the amount of contaminants produced compared to at 37 °C; the 

difference in purity produced through the two expression temperatures is easy 

to verify after a gel filtration column (Fig 3.9). 

 

 

 

 

 

 

 

 

 

Figure 3.8 Evidence of MJ1681 Truncation During Expression 

When expressed at 37 °C, MJ1681 appears truncated through migration of unexpected 
bands upon SUMO tag cleavage. Bands that were present before ULP addition are 
absent in the post cleaved sample of the same dilution. The smallest truncated product 
does not appear because it is small enough it likely ran off the gel.   
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Figure 3.9 MJ1681 Expression Temperature Comparison 

The gel on the left is MJ1681 expressed aerobically from E. coli at 37 °C for two hours 
while the figure on the right is the same strain expressed overnight at 16 °C. Both 
samples were elutions from gel filtration chromatography of comparable concentration 
and elution volume. Lanes for both gels are as follows, 

1- Standard ladder 
2- Elution fraction (85 mL) 
3- Elution fraction (88 mL) 
4- Elution fraction (91 mL) 
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Purification Hurdles of COG1900 Proteins 

 While finding conditions that permitted soluble COG1900 proteins was the 

biggest hurdle, the purification still presents many challenges with each step. The first 

obvious hurdle in this purification is the unusually high pH. Protein purification has 

been optimized for a more canonical pH range of 6-8. Stepping out of that range 

possibly jeopardizes conventional purification methods. Common affinity columns 

such as Ni2+ used with histidine tagged proteins become less efficient as more proteins 

will have an overall negative charge.  

 The answer to these problems is then to move the protein into a buffer that 

maintains stability and is within an ideal operating range for common purification 

methods, unless a new buffer that can solubilize the protein is pursued. While the 

phosphate and high pH buffer works in solubilizing all COG1900A and COG1900D 

proteins tested, the dialysis into new buffers is where the two protein groups begin to 

show different behaviors. While COG1900D appears to tolerate large shifts in pH and 

dialysis into morpholino buffers, COG1900A will either form a visible precipitate 

suspension or reveal precipitate upon centrifugation. 

 It is apparent therefore, that while COG1900 domains share a common 

favorability for deprotonated phosphate groups (possibly high pH) the protein families 

are unique enough to require individual purification protocols.  The optimization of the 
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COG1900D purification required testing many different chromatography methods and 

the order of such methods does matter (Fig 3.10).  
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Figure 3.10 COG1900D Purification Optimization Flow Chart 

Many different chromatography columns, conditions, and order of purification steps 
have been tested to maximize purity and yield of COG1900D. The most effective 
approach is highlighted by the grey boxes. The remaining purification strategies listed 
were attempted but were either unnecessary or proved worse than the highlighted 
method. A soluble preparation refers to lysing cells containing the target protein in a 
buffer that will produce target protein in the soluble fraction following lysis. A 
resuspension preparation refers to lysing the cells containing the target protein in a 
buffer that will not produce target protein in the soluble region, instead placing it in 
the insoluble pellet. The insoluble pellet is then “resuspended” in a suitable buffer that 
does keep the target protein in the soluble fraction.  
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COG1900D Lysis 

Crystallization of either COG1900A or COG1900D will allow us to visualize a 

new protein structure never before analyzed. COG1900D has the iron sulfur cluster 

binding domain attached to the protein and could therefore be biochemically active 

upon purification while COG1900A would require the additional purification of a 

separate iron sulfur cluster binding protein. For these reasons the bulk of this thesis’ 

work was done on the purification of MJ1681 (COG1900D), so that will be discussed 

at length before addressing the purification of COG1900A and the ferredoxin protein. 

Lysis by sonication, instead of freeze thaw cycles, was determined to be the 

preferred method for MJ1681(Fig 3.11). While the cells will be lysed given lysozyme 

and freeze thaw cycles, MJ1681 does not appear any less soluble or stable after 

sonication which is much more thorough and faster. For the results of this thesis, all 

cells were all lysed by sonication over ice for four minutes cycling on and off every 

thirty seconds (eight minutes total time, four minutes ‘on’).  Clearing the lysate can be 

done by centrifugation at 30,000g for 30 minutes.  
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Figure 3.11 COG1900D Lysis Method 

MJ1681 is boxed in the image for easy identification. Addition of ULP confirms the 
identity as MJ1681 by cleavage of the SUMO tag. Lanes are as follows: 

1- Standard ladder 
2- Arginine additive lysed by sonication 
3- Arginine additive lysed by freeze thaw cycles 
4- Triton X-100 additive lysed by sonication 
5- Triton X-100 additive lysed by freeze thaw cycles 
6- Phosphate additive lysed by sonication 
7- Phosphate additive lysed by freeze thaw cycles 
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Initial experiments were conducted by lysing the cells in the phosphate high pH 

buffer, immediately solubilizing MJ1681. Since then, a resuspension technique has 

been adopted that still permits solubility while removing many, if not all, soluble E. coli 

contaminants. Instead of lysing the MJ1681 containing cells in the high pH phosphate 

buffer, a more canonical buffer such as 20mM Tris-HCl pH 8 with 100mM sodium 

chloride produces completely insoluble MJ1681 that will form a pellet when the lysate 

is cleared.  

Discarding the soluble fraction, the insoluble pellet can be resuspended in the 

high pH phosphate buffer and centrifuged again. Upon the second centrifugation step, 

MJ1681 was in the soluble fraction (Fig 3.12). The first step therefore removed all E. 

coli contaminants that are soluble in Tris-HCl, NaCl buffer. This not only greatly 

improves the yield of MJ1681 but also the purity right from the lysis step.  

Without anaerobic conditions, the iron sulfur cluster domain of MJ1681 does 

not appear to remain intact during preparation; although the pellet retains a unique red 

hue (Fig 3.13),  there is no distinct shoulder in a visible spectrum at 450nm95, which 

would be indicative of iron sulfur clusters (data not shown). This red hue is one way to 

track the protein during preparation. After resuspending the insoluble pellet in the 

high pH phosphate buffer and a second centrifugation step, the soluble fraction will 
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now contain the red hue while the new insoluble pellet should be white/pale (Fig 

3.14).  

 

 

 

 

Figure 3.12 COG1900D Insoluble Pellet Resuspension 

MJ1681 is boxed for identification. Lanes are as follows: 
1- Standard ladder 
2- Whole cell lysate 
3- Soluble lysis 
4- Resuspended insoluble pellet 
5-13 – SEC fractions 
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Figure 3.13 Insoluble Pellet Containing MJ1681  

After lysis in a buffer not capable of solubilizing MJ1681 and subsequent 
centrifugation, the insoluble pellet has a red hue. This is one way to track the protein 
during preparation. 
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Figure 3.14 Insoluble Pellet After MJ1681 is Resuspended 

After resuspending an MJ1681 pellet into the soluble fraction, the pellet formed after 
centrifugation completely loses the red hue (see figure 3.12) seen in a pellet containing 
MJ1681.  
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COG1900D Gel Filtration Chromatography  

 Decanting the supernatant will remove the soluble E. coli proteins, some 

insoluble proteins and cell debris will have been eliminated in the second white pellet, 

and the remaining solution will be mostly MJ1681 (Fig 3.14). Phosphate’s distinct 

ability to stabilize membrane proteins coupled with the high pH is enough to solubilize 

other E. coli contaminants along with MJ1681 which still need to be removed.  

 Following resuspension of the insoluble pellet, the best purification step to 

follow with is gel filtration chromatography. The purification size gel filtration column 

used in all preparations is a hand packed 230 mL sephadex s-200. The column is 

prepared the night before by allowing 10 column volumes of running buffer (10 mM 

potassium phosphate, pH 13, 20 mM NaCl) to pass over the column by gravity.  

MJ1681-SUMO will elute over a wide range of 80 mL to 120 mL (Fig 3.15 and 

Fig 3.16). The A280 chromatogram produced is one large elution peak from 80 mL to 

160 mL (data not shown). The wide range of MJ1681-SUMO elution is likely due to 

MJ1681 oligomerization into a variety of different sized assemblies of full length and 

truncated protein. The early elutions still separate much of the full length MJ1681-

SUMO from the contaminants and can produce fairly pure samples from this 

chromatography step alone. Only the purest samples are pooled (i.e. lane 7 and earlier 

in figure 3.12). 
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Figure 3.15 MJ1681-SUMO SEC 1 

MJ1681-SUMO is boxed for easy identification 
Lanes 
1 - Ladder 
2 – Dirty lysis (not centrifuged) 
3 - Clean lysis (centrifuged) 
4 - Resuspended insoluble pellet 
5-13 - SEC elutions starting at 94 mL and going to 116 mL 
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Figure 3.16 MJ1681-SUMO SEC 2 

Lanes are elution volume of 120 mL to 148 mL (continuation of figure 3.12)  
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COG1900D Affinity Chromatography 

The next purification step when using a poly histidine tagged protein is Ni-NTA 

affinity chromatography. As mentioned before, a Ni2+ affinity column has 

complications at such an extreme pH. Most, if not all, proteins at pH 13 will have a net 

negative charge. This appears to permit unwanted affinity from proteins in general to 

the Ni2+ resin. There is also very poor recovery of protein under such conditions, with 

about 1% recovery on average. The low yield can be addressed through an overnight 

incubation on the Ni-NTA resin. 1 mL of Ni-NTA resin is equilibrated with 10 column 

volumes of running buffer (10 mM potassium phosphate, pH 13, 20 mM NaCl) before 

being loaded with the sample.  

We hypothesize that there is some equilibrium between quaternary states of 

MJ1681 with only one favorable state for binding the Ni-NTA resin. As the binding 

occurs the bound protein should be removed from the solutions initial equilibrium, 

and by Le Chatelier’s principle drive the equilibrium towards the favorable binding 

state. Instead of doing an overnight incubation, repeated Ni-NTA columns can be 

performed in the same day by letting the flow through from each pass over the Ni-NTA 

beads incubate for 1 hour before passing the flow though over the beads again (Fig 

3.17). This can be repeated until the A280 of the flow through does not change between 

passes.  
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Figure 3.17 MJ1681-SUMO Binding Ni-NTA with Multiple Passes 

A sample of MJ1681-SUMO-His6 was passed over 1 mL of Ni-NTA beads and the flow 
through set aside and incubated 1 hour before passing it over the column again. The 
amount of bound protein between each pass was calculated as the difference in the A280 
of the flow through after each pass over the column. Each pass will continue to bind 
more protein until the beads are either saturated or all target protein is bound. 
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 Once the column is saturated it is washed with 5 column volumes of running 

buffer followed by elution with 5 column volumes of elution buffer (10 mM potassium 

phosphate, pH 13, 20 mM NaCl, 1 M imidazole) (Fig 3.18). The elutions are pooled 

and buffer exchange is done using spin concentrators with a molecular weight cutoff of 

30 kDa (MJ1681 is 42 kDa) into Ni-NTA pH 8 buffer (10 mM potassium phosphate, 

pH 8, 20 mM NaCl).  

 Once the imidazole is removed by buffer exchange, the sample is passed over 1 

mL of Ni-NTA beads that have been equilibrated with 10 column volumes of Ni-NTA 

pH 8 buffer. The column is washed with 5 column volumes of Ni-NTA pH 8 buffer and 

the protein is eluted with 5 column volumes of Ni-NTA pH 8 elution buffer (10 mM 

potassium phosphate, pH 8, 20 mM NaCl, 1 M imidazole). The elutions are pooled and 

0.03 mg of ULP is added to the sample to remove the SUMO tag from MJ1681 before 

being dialyzed overnight against 1 L of Ni-NTA pH 8 buffer. Cleavage completion can 

be assessed using SDS PAGE gel (Fig 3.19). 
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Figure 3.18 MJ1681 Ni-NTA Chromatography and ULP Cleavage of SUMO Tag 

Lane 2 has MJ1681-SUMO boxed and lane 3 has full length MJ1681 without SUMO 
and cleaved SUMO (lowest) boxed for identification. Note, the gel is not in preparation 
order as the cleavage occurs after the Ni-NTA columns as in the text. Lanes are: 

1- Ladder 
2- Pre SUMO tag cleavage 
3- Post SUMO tag cleavage 
4- Ni-NTA pH 13 wash fraction 1 
5- Ni-NTA pH 13 wash fraction 2 
6- Ni-NTA pH 13 wash fraction 3 
7- Ni-NTA pH 13 elution fraction 1 
8- Ni-NTA pH 13 elution fraction 2 
9- Ni-NTA pH 13 elution fraction 3 
10-  Ni-NTA pH 9 wash fraction 1 
11-  Ni-NTA pH 9 wash fraction 2 
12-  Ni-NTA pH 9 wash fraction 3 
13-  Ni-NTA pH 9 elution fraction 1 
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Once cleavage has been completed, the sample is passed over 1 mL of Ni-NTA 

beads that have been equilibrated with 10 column volumes of Ni-NTA pH 8 buffer. 

The flow through is collected and purity estimated using SDS PAGE gel (Fig 3.19). 

1 L of cells produces about 3 mg of 80% pure MJ1681. 

 

 

Figure 3.19 SDS PAGE Gel of Purified MJ1681 

Maximum purity of MJ1681 achieved is roughly 80% based on SDS PAGE gel 
estimation. - 
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MJ1681 Quaternary and Secondary Structure Analysis 

Purified MJ1681 at pH 13 forms a hexamer as determined by analytical SEC 

using a GE superdex 200 column (Fig 3.20) (see appendix B for a chromatogram of 

standard proteins with the GE superdex 200 column). All analytical gel filtration 

columns were done in the presence of DTT. If a hexamer is the appropriate quaternary 

structure, then the peak at the exclusion limit is presumed to be aggregation. The 

preparation leading to the analytical SEC data presented had Triton X-100 in the 

solution. While working under the reported critical micelle limit, it was determined 

that micelles indeed were forming, verified by fractions that absorbed at 280 nm96 yet 

had no detectable protein on SDS PAGE gel (data not shown). Because Triton X-100 

absorbs at 280 nm, a peak presented at the size of Triton X-100 micelles (~120 kDa).  

 The presence of a dominant MJ1681 species smaller than the exclusion limit of 

the column alleviates some concern that the pH 13 buffer is denaturing. Further 

evidence that the protein is not being denatured at pH 13 is the presence of secondary 

structure elements observed using circular dichroism (CD) spectroscopy. At pH 13 

alpha helices can be detected (Fig 3.21), which is unique compared to MJ1681 in 6M 

guanidinium HCl (Fig 3.22) which shows no secondary structure (see appendix B for 

an example of CD spectroscopy interpretation and the spectrum of lysozyme for 
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comparison). All CD spectroscopy was done using an ‘Aviv circular dichroism 

spectrometer Model 202’. 

The remaining secondary structure cannot be determined using CD spectroscopy 

at this time because the pH 13 buffer absorbs strongly at 200 nm for reasons unknown. 

Buffer containing only phosphate and sodium ions at pH 13 absorbs very strongly at 

200 nm, chloride in the protein buffer is therefore not the problem, rather it is either 

the phosphate or the sodium at pH 13 causing the problem (data not shown). 
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Figure 3.20 Analytical SEC of MJ1681 

A GE superdex 200 column was used to analyze purified MJ1681. The exclusion limit 
of the column is 600 kDa and the first peak is at the exclusion limit. It is presumed to 
be aggregate unless the native quaternary structure of MJ1681 is determined to be over 
600 kDa. The second peak contains MJ1681 and is a hexamer (see appendix B for 
standard and size calculation). The neighboring peak is Triton X-100 micelles which 
are ~120 kDa. The smaller peaks are not MJ1681, they were too dilute to observe on 
SDS PAGE gel, however any remaining SUMO tag in the sample would run around 16 
mL and might explain that peak. The final peak is oxidized DTT. 
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Figure 3.21 CD Spectroscopy of MJ1681 

Purified MJ1681 CD Spectroscopy results at pH 8 and pH 13. The pH 13 sample cannot 
have the complete spectrum analyzed at this time due to the limitations of the pH 13 
buffer. The buffer absorbs very strongly at 200 nm for unknown reasons. This strong 
absorption renders any data collected below 200 nm unreliable. MJ1681 at both pH 8 
and pH 13 has alpha helical structures. Interestingly, there is a much stronger alpha 
helical signal at pH 13 as seen in the spectrum have a much stronger signal near 200 
nm. A figure for interpreting CD spectroscopy and a sample of lysozyme as a positive 
control for comparison can be found in appendix B. 
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Figure 3.22 MJ1681 CD Spectrum in Guanidinium 

MJ1681 in 6 M guanidinium HCl has no detectable secondary structure. When 
compared to the CD spectrum of MJ1681 in pH 13 buffer, this demonstrates that the 
pH 13 buffer is not denaturing, at least not to the extent of a chaotropic agent like 
guanidinium HCl. The peak at 215 nm is due to guanidinium HCl.  
 
 
 
 
 
 
 
 
 
 

-5

0

5

10

15

20

25

30

35

40

45

185 195 205 215 225 235 245 255 265

[θ
],	
	d
eg
.	⋅

cm
2 /
dm

ol
	

Wavelength	(nm)

MJ1681	Guanidinium	HCl	CD	Spectroscopy

Gdn	HCl	blank MJ1681	in	Gdn	HCl



J.W. Stanek, 2016 

 

 87 

 Differences in the secondary and quaternary structure of MJ1681 are observed 

between pH 8 and pH 13, neither of which is physiological for M. jannaschii (pH 697). 

MJ1681 appears to have more alpha helical content at pH 13 than at pH 8 based on CD 

analysis. A shift in quaternary structure is also observed through analytical SEC at pH 

8 (Fig 3.22). A dominant hexameric peak is no longer observed, instead MJ1681 is 

dispersed between the aggregate peak and the monomer relatively equally, the 

aggregate peak being the most represented of the species.  

 

 

Figure 3.23 MJ1681 SEC at pH 8 

The largest peak is oxidized DTT. The first peak is aggregated MJ1681 and the 
remainder of MJ1681 is dispersed between the aggregate peak and 15 mL which would 
be near monomer size. The remaining peaks are contaminants from a less purified 
preparation of MJ1681 than the pH 13 SEC column.  
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Discussion 

 The purification of COG1900D can be achieved using a non-conventional lysis 

buffer. COG1900D can be moved from the abnormally high pH of 13 used in lysis, to 

more canonical pH ranges including pH 6 and pH 8. COG1900D has not been found to 

be soluble in any other condition than the high pH phosphate buffer 

Given the current purity achieved, while not ideal, is enough to start 

crystallization trials with. It is clear through CD spectroscopy that some structure is 

retained even at pH 13. It is not clear if the native fold is retained at pH 13; however, 

crystal tray screens may help determine a more suitable buffer for the protein should 

pH 13 not be conducive for the native fold. Reconstitution of the iron sulfur clusters 

would allow testing of the proteins activity. If the protein is active and synthesizes 

CoM, the function of COG1900D and the retention of the native fold under extreme 

purification conditions will be confirmed. 

 Ultracentrifugation studies can be done at various pH values to accurately 

determine the shift in oligomeric state. This would help elucidate the odd behavior 

observed on gel filtration chromatography at different pH values. Other species of 

phosphate, such as pyrophosphate or polyphosphate, may also be able to stabilize 

COG1900D proteins without the need for buffers with such extreme pH. This might 

also help achieve purity above the current 80%. 
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Chapter 4: Purification of COG1900A, MA1822 
and COG2122 Proteins 

 

 

COG1900A compared to COG1900D purification 

COG1900A is responsible for synthesizing homocysteine and is not strictly 

conserved to methanogens. Another small ferredoxin binding protein is essential for 

function and is either directly attached to the protein or coded separately as a second 

protein.  

The first major difference in COG1900A purification compared COG1900D is 

that insoluble pellets containing COG1900A cannot be resuspended (moved into the 

soluble fraction) with a suitable high pH phosphate buffer. This initial step in 

purification of COG1900D is essential for recovering large quantities of protein and 

isolates the target protein from most soluble E. coli contaminants. When attempted 

with a COG1900A containing insoluble pellet, the pellet forms a clear, gelatinous 

coating that is impervious to attempted solubilization in an appropriate buffer through 

stir bar mixing, manual mixing, vortexing, and even attempts at physical shearing (data 

not shown). This may be attributed to the lack of a SUMO tag, the presence of a CBS 
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domain, the lack of a ferredoxin domain, or simply the differences due to primary 

structure such as pI (see table 3.1). 

 

Expression of MA1821 

All MA1821 was generated aerobically in pBR004 or pBR039 (for coexpression 

of MA1821/22) E. coli cells using a T7 IPTG inducible expression pET22b(+) plasmid 

(Fig 4.1). In pBR004 strains, MA1821 contains a poly histidine tag. In pBR039 

MA1822 contains a poly histidine tag while MA1821 does not. Induction was done 

with 1 mM IPTG and expression of MA1821 was overnight at 16 °C. 

 

COG1900A Lysis 

Without the option to resuspend the insoluble pellet containing COG1900A 

that results from lysis at physiological pH, the lysis must then be carried out in 30 mL 

of the COG1900 solubilization buffer (10 mM potassium phosphate, pH 13, 20 mM 

NaCl). The 40 conditions used to screen COG1900D solubility (see figure 3.7) were 

not retested with COG1900A, only the confirmation that the same buffer that 

solubilizes COG1900D also solubilizes COG1900A.  

Lysis was done by sonicating for four minutes, with thirty second intervals of 

on/off cycling (eight minutes’ total time) over ice. The lysate was cleared by 
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centrifugation at 20,000 g for 15 minutes. The soluble fraction was collected and 

insoluble pellet was discarded.  

 

 

 

Figure 4.1 MA1821/22 Expression Plasmid for MA1821/22 Generation 

MA1821 was expressed aerobically in E. coli Rosetta2(DE3)pLysS cells with 
chloramphenicol resistance. The plasmid was inducible using IPTG and was ampicillin 
resistant. The gene for MA1822 was included on pBR039 and not included on pBR004, 
in pBR004 the poly histidine tag is attached to MA1821. pBR039 (with MA1822) was 
used in the purification of MA1822 discussed later. 

 

 

 

MA1821 6	His 
NdeI XhoI 

pET22b  

MA182
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COG1900A Affinity Chromatography 

 Solubilized MA1821 was incubated on 1 mL of Ni-NTA with shaking for 30 

minutes at 4 °C. Flow through over a column was collected and set aside. The Ni-NTA 

resin was washed with ten column volumes of COG1900A lysis buffer and eluted in 

ten column volumes of COG1900 elution buffer (10 mM potassium phosphate, pH 9.0, 

20 mM NaCl, 1 M imidazole). A substantial portion of the protein is lost in the flow 

through with only about 1% of MA1821 binding the Ni-NTA (Fig 4.2). Passing the 

flow through over the Ni-NTA resin multiple times, as was done with COG1900D, was 

never tested with COG1900A. 

 The sample was then loaded to a gel filtration column for further separation. A 

GE superdex 200 column was used at 0.5 mL/min. The elution profile of MA1821 

varies greatly depending on the pH (Fig 4.3), with an elution peak above the exclusion 

limit of the column (>600 kDa). Running the sample at pH 10 seems to produce the 

smallest peak at the exclusion limit (Fig 4.4). The elution profile of MA1821 may be 

dependent of the presence of MA1822. 1 L of cells produces about 1.5 mg of 75% pure 

MA1821. 
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Figure 4.2 MA1821 Ni-NTA SDS-PAGE Gel 

MA1821 is boxed for identification. Lanes are as follows, 
1- Ladder 
2- Whole cell lysate 
3- Insoluble pellet 
4- Dirty lysis (not centrifuged) 
5- Cleared lysis (centrifuged) 
6- Flow through (~30 mL) 
7- Wash 1 
8- Wash 3 
9- Wash 5 
10- Elution 1 (each fraction ~1.5 mL) 
11- Elution 2 
12- Elution 3 
13- Elution 4 
14- Elution 5 

1         2       3          4         5         6         7        8        9      10       11      12       13       14    
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Figure 4.3 MA1821 Gel Filtration Chromatography at Various pH Values 

The elution profile of MA1821 over a GE superdex 200 column. The exclusion limit is 
600 kDa and any complex larger than this will elute around 7 mL as seen by the most 
prominent peaks. A monomeric form of MA1821 should elute at 15 mL, a dimer 
around 13 mL, and a hexamer near 11 mL.  
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Figure 4.4 MA1821 Gel Filtration Chromatography pH 10 

Running MA1821 over a gel filtration column at pH 10 produces the smallest exclusion 
limit peak (near 7 mL). It is the only condition discovered that produces the largest 
peak after the exclusion limit, in this case near 11 mL which would be a pentamer of 
MA1821. 
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Tlet_1363 COG1900A Fusion Protein Purification 

Tlet_1363 is a COG1900A fusion protein. Unlike MA1821, Tlet_1363 has the 

necessary ferredoxin domain (MA1822 in M. acetivorans) attached at the C-terminus. 

Tlet_1363 was generated through aerobic expression in E. coli that were transformed 

with the  pBR10466 plasmid (Fig 4.5). Tlet_1363 has an N-terminal SUMO tag 

attached which has an N-terminal poly histidine tag.  

The lysis and affinity chromatography purification steps of Tlet_1363 are exactly 

the same as that of MA1821 above. 10 mL of cells containing Tlet_1363 at OD600 = 0.6 

were lysed in COG1900 lysis buffer (10 mM potassium phosphate, pH 13, 20 mM 

NaCl) to test solubility. Tlet_1363 is soluble in the COG1900 lysis buffer and can be 

purified through Ni-NTA affinity with the given construct (Fig 4.6).   

No further purification tests were done with Tlet_1363. Tlet_1363 and MJ1681 

were both good representatives to try and purify from COG1900A and COG1900D 

families respectively given they both have the necessary ferredoxin domain already 

attached. MJ1681 was studied much more thoroughly because initial success and 

optimization of growth was done with MJ1681 and its biochemistry has not been 

confirmed, while COG1900A is already known to synthesize homocysteine.  
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Figure 4.5 Tlet_1363 Expression Plasmid 

Tlet_1363 was expressed aerobically in E. coli Rosetta2(DE3)pLysS cells with 
chloramphenicol resistance. The plasmid was inducible using IPTG and was kanamycin 
resistant. Tlet_1363 had a C-terminal SUMO tag and the SUMO tag had a C-terminal 
polyhistidine tag. 
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Figure 4.6 Tlet_1363 Ni-NTA Purification SDS PAGE Gel 

Tlet_1363 is boxed for identification purposes. Lanes are as follows, 
1- Ladder 
2- Whole cell lysis 
3- Insoluble pellet 
4- Dirty lysis 
5- Cleared lysis 
6- Wash 1 
7- Wash 3 
8- Wash 5 
9- Elution 1 
10- Elution 2 
11- Elution 3 
12- Elution 4 
13- Elution 5 
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MA1822; Ferredoxin Domain Protein 

MA1822 is 128-amino-acids in length. It is a small ferredoxin protein that 

neighbors COG1900A proteins, MA1821 in M. acetivorans66 (Table 4.2). It is essential 

in organism’s dependent on COG1900A for homocysteine synthesis. Considering the 

lack of a redox domain on MA1821, and the need for redox chemistry in the conversion 

of an aldehyde to a thiol, it is likely that MA1822 fills this role. Like MA1821, MA1822 

appears completely insoluble in conventional lysis buffers when purified aerobically 

from E. coli and is even insoluble in the COG1900 lysis buffer (10 mM potassium 

phosphate, pH 13, 20 mM NaCl).  

 

 

 

Amino	Acids	 130	
Molecular	Weight	 14.46	kDa	
Theoretical	pI	 5.20	

Extinction	Coefficient	(emolar)	 9105	M-1	cm-1	

Absorbance	0.1%	(e0.1%)	 0.629	
 

Table 4.2 MA1822 Profile 

Parameters were calculated using an ExPasy prediction tool88.  
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 Purification of MA1822 

Cleaning Inclusion Bodies 

All MA1822 with a His6 tag was purified from Carbenicillin resistant 

Rossetta2(DE3)pLysS cells containing an ampicillin resistant and IPTG inducible 

pET22b vector with MA1822 inserted via NdeI and XhoI restriction sites courtesy of 

Benjamin Rauch (Fig 4.1). Successful purification of MA1822 was achieved through a 

two-step denaturing and refolding procedure72. Cells were grown to OD600 = 0.6-0.7 

and expression was induced with 1 mM IPTG. Expression was carried out for 4 hours 

at 37 °C. The cells were harvested at 5,000 g at 4 °C for 15 minutes. The cell pellet was 

washed twice with 150 mL of washing buffer 1 (20 mM Tris, pH 8.0), centrifuged 

30,000 g 4 °C for 30 minutes, and then lysed in 80 mL of buffer C (50 mM Tris, pH 

8.0) by sonication over ice.  

The lysate was cleared by centrifugation at 30,000 g for 30 minutes at 4 °C. The 

supernatant was discarded and the pellets cleaned twice with 150 mL of washing buffer 

2 (50 mM Tris, pH 8.0, 50 mM NaCl, 2% Triton X-100 (v/v), 1.5 mM b-

mercaptoethanol 1.6 M urea) by resuspension through stirring for 20 minutes and 

centrifuging the solution at 30,000 g for 30 minutes at 4 °C. Removal of the detergent 

was accomplished by cleaning the pellet two more times with wash buffer 1. The 

cleaned inclusion bodies were stored at -20 °C. 
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Two-Step Denaturing and Refolding 

The cleaned inclusion bodies were resuspended in 5 mL of extraction buffer 1 

(50 mM Tris, pH 8.0, 50 mM NaCl, 10 mM b-mercaptoethanol, 7 M Gdn HCl) followed 

by centrifugation at 30,000 g for 30 minutes at 4 °C. The supernatant, now containing 

MA1822, was quickly added to 200 mL of dilution buffer (50 mM Tris, pH 8.0, 1 mM 

EDTA, 50 mM NaCl, 10 mM b-mercaptoethanol) to rapidly precipitate the protein and 

centrifuged at 30,000 g for 30 minutes at 4 °C. The pellet was collected and 

resuspended in 5 mL of extraction buffer 2 (50 mM Tris, pH 8.0, 50 mM NaCl, 10 mM 

b-mercaptoethanol, 8 M urea).  

The supernatant was collected and pellet discarded. The solution was then 

added drop wise to 400 mL of refolding buffer (20 mM Tris, pH 8.0, 1 mM EDTA, 1 

mM GSH, 0.1 mM GSSG) while being stirred slowly with a magnetic stir bar. The 

solution was moved to 4 °C and allowed to stir slowly for two days. The solution was 

loaded to 1 mL of Sepharose-Q anion exchange resin at a rate of 0.5 mL/min using a 

peristaltic pump. The protein was eluted using 20 mL of buffer D (20 mM Tris, pH 8.0, 

1 mM EDTA, 1 M NaCl) over a linear NaCl gradient of 0-1 M. The fractions containing 

MA1822 were confirmed using SDS-PAGE gel analysis (Fig 4.7). Oligomeric state 

analysis was done using a GE superdex 200 gel filtration column at a flow rate of 0.5 

mL/min (Fig 4.8). 1 L of cells produces about 1 mg of 95%+ pure MA1822. 
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Figure 4.7 MA1822 SDS-PAGE Gel 

Successful purification of MA1822 verified by SDS-PAGE gel. The labeled protein band 
eluted between the 10 kDa and 17 kDa ladder markers which is expected for MA1822. 
Lanes are as follows, 

1- Standard ladder 
2-6 elution fractions from anion exchange chromatography 
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Figure 4.8 MA1822 Gel Filtration Chromatogram  

The quality of MA1822 that purified was tested using a GE superdex 200 column run 
at 0.5 mL/min. The elution profile presented a monodispersed peak within the range 
for monomeric MA1822.  
 

Use of MA1822 in Future Studies 

MA1822 runs solely as a monomer on size exclusion chromatography. As a 

small ferredoxin protein suspected in assisting COG1900A proteins, a monomer is 

likely the native oligomeric state. Given the harsh conditions of denaturing and 

refolding the protein, the iron sulfur clusters are lost in the preparation. It is possible 

to reconstitute apoenzymes with iron sulfur clusters even in aerobic conditions using 
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β-mercaptoethanol34,35. Reconstitution would be essential for in vitro studies with 

MA1821.  

Should iron sulfur clusters be reconstituted to refolded MA1822, any kinetic 

studies would still require additional materials beyond MA1821. For example, the 

reducing agent needed to regenerate the ferredoxin is still unknown. The sulfur donor, 

while possibly MA1715, is also currently unknown. Without these essential 

components no kinetic studies can be accomplished in vitro. The purification of 

MA1822 as outlined above will provide a foundation for such future studies.  

 

COG2122 Purification 

The 253 amino acid MA1715 protein is the COG2122 homologue in M. 

acetivorans (Table 4.3).  All MA1715 with a His6 tag was purified from carbenicillin 

resistant Rossetta2(DE3)pLysS cells containing an ampicillin resistant and IPTG 

inducible pET22b vector with MA1715 inserted via NdeI and XhoI restriction sites 

courtesy of Benjamin Rauch (Fig 4.9). Successful purification of MA1715 was achieved 

through the same two-step denaturing and refolding procedure72 used to purify 

MA1822. Cells were grown to OD600 = 0.6-0.7 and expression was induced with 1 mM 

IPTG. Expression was carried out for 4 hours at 37 °C. The cells were harvested at 

5,000 g at 4 °C for 15 minutes. The cell pellet was washed twice with 150 mL of 
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washing buffer 1 (20 mM Tris, pH 8.0), centrifuged 30,000 g 4 °C for 30 minutes, and 

then lysed in 80 mL of buffer C (50 mM Tris, pH 8.0) by sonication over ice.  

 

Amino	Acids	 253	
Molecular	Weight	 26.76	kDa	
Theoretical	pI	 5.49	

Extinction	Coefficient	(emolar)	 16055	M-1	cm-1	

Absorbance	0.1%	(e0.1%)	 0.600	

 

Table 4.3 MA1715 Profile 

The parameters were calculated using an ExPasy Prediction tool88.  

 

 

Figure 4.9 MA1715 Expression Vector 

MA1715 was expressed aerobically in E. coli Rosetta2(DE3)pLysS cells with  
chloramphenicol resistance. The plasmid was inducible using IPTG and was ampicillin 
resistant.  
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The lysate was cleared by centrifugation at 30,000 g for 30 minutes at 4 °C. The 

supernatant was discarded and the pellets cleaned twice with 150 mL of washing buffer 

2 (50 mM Tris, pH 8.0, 50 mM NaCl, 2% Triton X-100 (v/v), 1.5 mM b-

mercaptoethanol 1.6 M urea) by resuspension through stirring for 20 minutes and 

centrifuging the solution at 30,000 g for 30 minutes, 4 °C. Removal of the detergent 

was accomplished by cleaning the pellet two more times with wash buffer 1. The 

cleaned inclusion bodies were stored at -20 °C. 

 

Two-Step Denaturing and Refolding 

The cleaned inclusion bodies were resuspended in 5 mL of extraction buffer 1 

(50 mM Tris, pH 8.0, 50 mM NaCl, 10 mM b-mercaptoethanol, 7 M Gdn HCl) followed 

by centrifugation at 30,000 g for 30 minutes at 4 °C. The supernatant, now containing 

MA1715, was quickly added to 200 mL of dilution buffer (50 mM Tris, pH 8.0, 1 mM 

EDTA, 50 mM NaCl, 10 mM b-mercaptoethanol) to rapidly precipitate the protein and 

centrifuged at 30,000 g for 30 minutes at 4 °C. The pellet was collected and 

resuspended in 5 mL of extraction buffer 2 (50 mM Tris, pH 8.0, 50 mM NaCl, 10 mM 

b-mercaptoethanol, 8 M urea).  

The supernatant was collected and pellet discarded. The solution was then 

added drop wise to 400 mL of refolding buffer (20 mM Tris, pH 8.0, 1 mM EDTA, 1 
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mM GSH, 0.1 mM GSSG) while being stirred slowly with a magnetic stir bar. The 

solution was moved to 4 °C and allowed to stir slowly for two days. The solution was 

loaded to 1 mL of Sepharose-Q anion exchange resin at a rate of 0.5 mL/min using a 

peristaltic pump. The protein was eluted using a step gradient in MA1715 elution 

buffer (10 mM potassium phosphate, pH 8, 1 M NaCl) (Fig 4.10). Fractions were 

pooled and stored at 4 °C. 1 L of cells yields roughly 1 mg of 95%+ pure MA1715 after 

refolding. 
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Figure 4.10 MA1715 Anion Exchange Elutions 

Protein was bound to 1 mL resin volume of Q-Sepharose beads. Protein was eluted via 
a step elution from 0 to 1 M NaCl. Lanes are as follows, 

1- Standard ladder 
2-7 Elution fractions from anion exchange column 
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Discussion 

 Roughly 1 mg of MA1715 can be prepared at a purity level of at least 95% after 

refolding. This preparation provides a foundation for future work with MA1715 such as 

studying affinity for other co-conserved SepCysS proteins and crystallography for 

structural studies. Purification of other co-conserved SepCysS proteins will be 

necessary to continue studies of MA1715 beyond structural analysis.   

While there is no SUMO tagged construct to provide evidence for transcription 

errors of MA1821 in E. coli, it is likely that the prominent remaining contaminants are 

truncated pieces of MA1821 because E. coli produces truncated MJ1681. Overcoming 

expression issues may require purification from the native organism. Tagged MA1821 

could feasibly be obtained using the above lysis and Ni-NTA purification strategy when 

lysed from M. acetivorans.  

MA1822 is not solubilized when lysed under the same high pH phosphate 

conditions. Knowing that this lysis buffer is not some universal solubilizing agent, and 

the variable MA1821 SEC results at differing pH values, it is reasonable to assume 

some un-aggregated MA1821 complex is formed. Without a monodispersed gel 

filtration column, and no further evidence from other methods, it cannot be assumed 

that MA1821 is folded in an active, native state, however. Future work with MA1821 

should explore purification from different organisms to reduce transcription error, and 
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follow up on the pH dependent quaternary state through methods such as circular 

dichroism.  

Tlet_1363 is soluble in the COG1900 lysis buffer but no further work was done 

beyond one affinity column. Tlet_1364 may prove more cooperative than COG1900D 

or MA1821 considering it has the advantage of a ferredoxin domain already attached, 

the lack of which may contribute to the difficulty in purifying MA1821. Further 

experimentation in purifying Tlet_1363 should be pursued ad MJ1681 purification has 

been nearly exhausted and MA1821 is lacking the essential ferredoxin domain. If 

MA1821 purification is continued, the refolding of MA1822 and anaerobic 

reconstitution of the iron sulfur clusters may prove to be a viable preparation strategy. 

A summary of all purifications is below (Table 4.4) 

 

	 MJ1681	 Tlet_1363	 MA1821	 MA1822	 MA1715	
Cell	volume	 1	L	 1	L	 1	L	 1	L	 1	L	

COG1900	lysis	
buffer	soluble	 Yes	 Yes	 Yes	 No	 No	
COG1900	buffer	
resuspension		 Yes	 ?	 No	 No	 No	
Refoldable	 ?	 ?	 No	 Yes	 Yes	
Yield	(mg)	 3	 ?	 1.5	 1	 1	
Purity	(%)	 80	 ?	 75	 95+	 95+	

Table 4.4 Summary of all Protein Purifications 
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Conclusions 
 

The purification of COG1900 proteins is a difficult, yet very important hurdle to 

overcome. The most obvious benefit is a greater understanding of sulfur assimilation in 

methanogens, which is very poorly understood. But the purification of COG1900 

proteins would prove beneficial beyond a better understanding of their metabolic 

functions. This work aims at providing a foundation for further research on COG1900 

and COG2122 through developed purification methods.  

Methanogenesis is an ancient way of life and a better understanding of the 

proteins involved provides significant evolutionary history. A better understanding of 

methanogenesis has practical purposes in both astrobiology and energy production. 

The biochemical function of taking an aldehyde to a thiol is of interest to biochemists, 

and the structure of COG1900 may not only elucidate how such a reaction occurs, but 

no COG1900 structure has ever been studied.  

Archaea, and extremophiles more specifically, have many unstudied facets 

because the environment they survive in requires such unique biological adaptations 

which are often not compatible which canonical in vitro purification strategies. The 

purification strategies presented in this thesis may prove useful beyond the proteins 

tested. Unconventional methods, such as the high pH phosphate buffer, may prove 



J.W. Stanek, 2016 

 

 112 

useful for studying other extremophile proteins. While the high pH buffer could be 

causing unwanted amino acid side chain reactions, it is not a general solubilizing agent 

and does have a unique effect on COG1900 proteins not seen on other proteins tested 

in this study.  

Purification of COG2122 and the small ferredoxin protein is accomplished using 

a new approach to refolding proteins and both refold as monomers. COG1900 protein 

purification strategies have been exhausted through testing forty lysis conditions and 

optimizing the yield and purity of every chromatography step in the purification 

process. This work provides a viable purification of COG1900 proteins which will 

permit future work that is currently impossible due to any purification strategy in the 

literature. The purification of COG1900 could elucidate the structure of an unknown 

protein domain, the kinetics of homocysteine and coenzyme M synthesis, and a better 

understanding of ancient sulfur trafficking techniques.  
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 Appendix A: List of Buffers 
 

Washing Buffer I 

20 mM Tris, pH 8.0  

Washing Buffer II 

50 mM Tris, pH 8.0, 50 mM NaCl, 2% Triton X-100 (v/v), 1.5 mM b-mercaptoethanol, 

1.6 M urea 

Buffer C 

50 mM Tris, pH 8.0  

Buffer D 

20 mM Tris, pH 8.0, 1 mM EDTA, 1 M NaCl 

Extraction Buffer I 

50 mM Tris, pH 8.0, 50 mM NaCl, 10 mM b-mercaptoethanol, 7 M Gdn HCl 

Extraction Buffer II 

50 mM Tris, pH 8.0, 50 mM NaCl, 10 mM b-mercaptoethanol, 8 M urea 

Dilution Buffer 

50 mM Tris, pH 8.0, 1 mM EDTA, 50 mM NaCl, 10 mM b-mercaptoethanol 

Refolding Buffer 

20 mM Tris, pH 8.0, 1 mM EDTA, 1 mM GSH, 0.1 mM GSSG 
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COG1900A Lysis Buffer 

10 mM potassium phosphate, pH 13.0, 20 mM NaCl 

COG1900D Lysis Buffer 

20 mM Tris, pH 8.0 

COG1900D Resuspension Buffer 

10 mM potassium phosphate, pH 13.0, 20 mM NaCl 

COG1900 Ni-NTA Elution Buffer 

 10 mM potassium phosphate, pH 9.0, 20 mM NaCl, 1 M imidazole 

MA1715 Elution Buffer 

10 mM potassium phosphate, pH 8, 1 M NaCl 

Ni-NTA pH 8 buffer  

10 mM potassium phosphate, pH 8, 20 mM NaCl 

Ni-NTA pH 8 elution buffer  

10 mM potassium phosphate, pH 8, 20 mM NaCl, 1 M imidazole 
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Appendix B: Standards 
 

 

    The standard sample used on the GE superdex 200 column. The five peaks from left 
to right are thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), 
myoglobin (17 kDa), vitamin B12 (1.35 kDa). 
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Predicting the size of an eluted molecule from the superdex 200 can be computed using 
this standard plot. A plot of the elution volume against the log of the standard elutant 
size produces a standard linear curve 
 y = -4.3601x+21.661 
Upon solving for x based on a species elution volume (y), the log can be back 
calculated as 10x. 
Therefore, solving  
10(y-21.661)/-4.3601  
predicts the eluted species size in kDa.  
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Interpretation of CD spectroscopy data98 

 

 

 

 

 

 

 



J.W. Stanek, 2016 

 

 134 

 

CD Spectroscopy of lysozyme as a positive control. The sample was concentrated at 4.5 
mg/mL. Lysozyme contains many alpha helixes and the negative signal between 200 
and 240 nm is indicative of alpha helical structure (seen in interpretation on previous 
page). COG1900D presented a strong signal for alpha helical structure and so lysozyme 
was used as a positive control to confirm that a similar chromatogram is produced.  
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