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ABSTRACT 

 

S-Adenosyl-L-methionine (SAM) is an essential metabolite for all domains of life. SAM- 

dependent reactions result in three major metabolites: S-adenosyl-L-homocysteine 

(SAH), methylthioadenosine (MTA), and 5’-deoxyadenosine (5’-dA). Each of these has 

been demonstrated to be feedback inhibitors of SAM dependent enzymes.  Thus, each 

metabolite has a pathway to prevent inhibition through the salvage of nucleoside and 

ribose moieties. However, these salvage pathways are not universally conserved. In the 

anaerobic archaeal organism Methanocaldococcus jannaschii, the salvage of SAH, MTA, 

and 5’-dA, proceeds first via deamination to S-inosylhomocysteine (SIH), 

methylthioinosine (MTI), and 5’-deoxyinosine (5’-dI). The annotated SAH hydrolase 

from M. jannaschii is specific for SIH and the hydrolyzed product homocysteine is then 

methylated to methionine.  The salvage of MTA is known to proceed through the 

methionine salvage pathway, however, an anaerobic route for the salvage of MTA is still 

mostly unknown. Only two enzymes from the methionine salvage pathway are annotated 

in M. jannaschii’s proteome, a methylthioinosine phosphorylase (MTIP) and 

methylthioribose 1-phosphate isomerase (MTRI). These enzymes were shown to produce 

methylthioribulose 1-phosphate from MTI.  Unfortunately, how MTI is converted to 

either 2-keto-(4-methylthio)butyrate or methionine remains unknown. The two enzymes 

involved in the salvage of MTI have also been demonstrated to be involved in the salvage 

of 5’-dI.  Interestingly, there is little information on how 5’-dA or 5’-dI is recycled and it 

is proposed here to be the source of deoxysugars for the production methylglyoxal, a 

precursor for aromatic amino acids.  MTIP and MTRI were demonstrated to produce 5-

deoxyribulose 1-phosphate from 5’-dI.  Additionally, two enzymes annotated as part of 

the pentose phosphate pathway, ribulose 5-phosphate 3-epimerase and transketolase, 

were able to convert 5-deoxyribulose 1-phosphate to lactaldehyde.  Lactaldehyde was 

then reduced to methylglyoxal by an essential enzyme in methanogenesis, N5, N10-

methylenetetahydromethanopterin reductase with NADPH.  These results further 

demonstrate a novel route for the biosynthesis of methylglyoxal.  Lastly, hypoxanthine 

produced from phosphorolysis of inosine, MTI, and 5’-dI was demonstrated to be 

reincorporated through the hypoxanthine/guanine phosphoribosyltransferase (Hpt) to 

IMP.  Together these reactions represent novel pathways for the salvage of the SAM 

nucleoside and ribose moieties in M. jannaschii. 

 



 

 

GENERAL AUDIENCE ABSTRACT 

 

In the anaerobic methanogenic archaea Methanocaldococcus jannaschii traditional 

metabolic pathways are often missing or incomplete and are substituted by unique ones.  

M. jannaschii is deeply rooted on the phylogenetic tree and serves as a model organism 

for the study of primitive metabolism.  Discussed here are the recycling pathways of the 

essential cofactor S-adenosyl-L-methionine (SAM).  SAM recycling pathways in 

Archaea have not been investigated prior to this work.  Two of the universal pathways 

responsible for recycling SAM to methionine were found to be modified and unique.  A 

third pathway was proposed that would be responsible for generating an essential 

precursor for the biosynthesis of aromatic amino acids.  The identification of the 

pathways and enzymes from M. jannaschii will give insight into the biochemical 

reactions that were occurring when life originated.  Eight enzymes are discussed here that 

demonstrate how the recycling pathways in M. jannaschii are interconnected and the 

enzymes are shared between them.  This work further describes the importance of 

understanding these unique microorganisms and the metabolic pathways they utilize to 

help understand primitive life. 
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Introduction  

Charles Darwin, the forerunner in the search for the origin of species, observed “each 

species had not been independently created, but had descended, like varieties, from other 

species”.(1)  His seminal work established evolution as the method through which modern life 

has evolved.  Through the advent of sequencing technology, we have been able to identify our 

ancestor and have been able to trace our origins through 16S ribosomal RNA (2) to an unknown 

organism denoted as the last universal common ancestor or LUCA.(3)  Furthermore, all life has 

been classified as belonging to three domains(4), however, as science continues to progress the 

tree of life is still evolving.(5)  Even with this a new version of the tree of life we know little 

about the biochemistry that started it all.     

In order to address these questions, it is essential to think about the environment on Earth 

in which life originated.  It is widely accepted by the scientific community that Earth started to 

form 4.568 billion years ago (6), was rich in carbon dioxide (7) and hot.(8)  This primordial 

environment also contained Fe(II), hydrogen (H2), and hydrogen sulfide (H2S), which made it 

anaerobic.  Carbon isotopic analysis of sedimentary rocks predicted that LUCA thrived 3.8 

billion years ago.(9, 10) The first forms of respiration, occurred approximately 1 billion years 

after LUCA first emerged at the end of the Archaean era.  Methanogenesis and methanotrophy, 

were predicted and dated based on microfossils found at ancient hydrothermal vents and 13C 

isotope depletion in ancient rocks.(10, 11)  Methanogenesis is a form of respiration that involves 

the reduction of carbon dioxide to methane (Figure 1) and still exists today in anaerobic 

environments, such as hydrothermal vents.   

Today, hydrothermal vent systems are rich in CH4, CO2, H2S, and nitrous oxide that are 

dissolved in the vent fluid and expelled at temperatures up to 380 oC and are rapidly cooled in 

the surrounding water.(12) Additionally, black smoker hydrothermal vents have been shown to 

be rich in Fe(II), Mn(II), and have dissolved H2, CO2, and H2S in the area surrounding these 

vents.(11)  These compounds are all essential for methanogenesis.  One such organism that was 

isolated in 1982 from a white smoker hydrothermal vent found on the East Pacific Rise in the 

Pacific Ocean off the coast of California 2,600 m under the ocean’s surface was 

Methanocaldococcus jannaschii.(12)  M. jannaschii was the first archaeal organism to have its 

genome sequenced (1996) and has served as a model organism for studying Archaeal 
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metabolism.  M. jannaschii is an exemplary tool for study for several important reasons: 1) It is 

autotrophic with a small genome of 1.66-megabase pair which encodes about 1800 proteins.(13)  

2) M. jannaschii is an anaerobic hyperthermophile. 3) M. jannaschii uses methanogenesis for 

respiration.  These traits demonstrate that M. jannaschii thrives in a niche environment that is 

reminiscent of early Earth, making M. jannaschii an important tool for the study of primitive 

metabolism.    

Additionally, M. jannaschii only incorporates CO2, H2, H2S, PO4
-3, nitrogen, and 

minerals from the environment, demonstrating that M. jannaschii’s de novo synthesizes every 

metabolite from scratch.  This would indicate that recycling pathways in M. jannaschii are 

important for energy conservation and survival.  One metabolite that is critical to metabolism is 

S-adenosyl-L-methionine (SAM), which is used only secondarily to ATP as either a cofactor or 

co-substrate (Figure 2).(14)  SAM is a universally used cofactor that is biosynthesized from  

methionine and ATP by an enzyme known as a SAM synthetase (Figure 2).(15)  Some of the 

reactions using SAM include: methylation of DNA through transfer of the methyl group to a 

nucleophilic substrate (Figure 2, red), decarboxylation and transfer of the amino propyl group 

(Figure 2, green) for polyamine biosynthesis, and the generation of radicals through the reductive 

cleavage of SAM to methionine and 5’-deoxyadenosine (Figure 2, blue).(16)   

Utilization of SAM for the generation of radicals for many specialized reactions is done 

by formation of a radical through reductive cleavage of SAM to form methionine and a 5’-

deoxyadenosyl radical (5’-dA·) (Figure 3).(17)  The enzymes involved in the reductive cleavage 

of SAM are known as radical SAM enzymes and require a [4Fe-4S] cluster that uniquely binds 

to the carboxyl and amino moieties of SAM to transfer an electron for the reductive cleavage of 

SAM and producing the 5’-dA·(Figure 3).(17)  These enzymes can readily be identified by a 

conserved CX3CX2C motif in their amino acid sequence.(18)  Utilizing the occurrence of this 

motif in protein sequences from M. jannaschii, we performed bioinformatic searches to 

determine the abundance of radical SAM enzymes present in M. jannaschii’s proteome as 1.5% 

(Table 1).  This result was both unexpected and intriguing.  When compared to abundances in 

Escherichia coli (0.5%) or anaerobic bacteria, such as Clostridium difficile (0.82%), 

methanogens contained the highest percentage of proteins with the radical SAM motif (Table 1, 

boxed).  Of the radical SAM enzymes that were identified in this search, only nine of the 28 have 

a known or predicted function. 



 

3 

 

The discovery of M. jannaschii’s proteome encoding for 28 radical SAM enzymes makes 

it important to discern how M. jannaschii is able to recycle the SAM- derived products of these 

enzymatic reactions: 5’-deoxyadenosine (5’-dA), methylthioadenosine (MTA), and S-adenosyl-

L-homocysteine (SAH) (Figure 2).  Each of these metabolites are well known to be feedback 

inhibitors of SAM-dependent enzymes(19) and as such enzymes and pathways need to be 

present for the salvage of these metabolites.(20, 21) Typically, a MTA/SAH nucleosidase 

(MtnN) is the enzyme responsible for removing adenine from 5’-dA, MTA, and SAH to render 

them inactive as inhibitors of the essential SAM dependent enzymes.(19, 20, 22)  The MtnN is 

not the only enzyme proposed to be responsible for the removal of SAM derived enzymatic 

products; SAH hydrolase is the other main enzyme responsible for maintaining the low 

concentration of SAM derived enzymatic products.  However, unlike MtnN, which will work 

with all three SAM dependent enzyme products, the hydrolase only uses SAH and is limited to 

Archaea and Eukyara.(23)  These two enzymes belong to pathways that are responsible for the 

salvage of methionine from SAH and MTA (Figure 4).  

SAM dependent enzymes that produce these SAM-derived metabolites are expected to 

occur in M. jannaschii.  Due to the expected feedback inhibition of the SAM dependent enzymes 

by 5’-dA, MTA, and SAH(19, 20), it is proposed that enzymes and associated pathways are 

present in M. jannaschii will recycle them.  A homolog of MtnN has not been identified in the 

M. jannaschii proteome, so another enzyme must be present to prevent inhibition of SAM 

dependent enzymes.  Recently, I identified a deaminase encoded by MJ1541, which I named a 

5’-dA deaminase (DadD) and proposed it to be responsible for preventing the inhibition of SAM 

dependent enzymes.  It was shown to be highly specific for 5’-dA over MTA, SAH, and 

adenosine, Table 2.(24)  The deamination products, 5’-deoxyinosine (5’-dI), methylthioinosine 

(MTI), and S-inosylhomocysteine (SIH) (Figure 5) are expected to be integrated back into M. 

jannaschii’s metabolism in a manner that has yet to be established and is the focus of this 

dissertation, Figure 2.  Furthermore, DadD was determined to deaminate adenosine to inosine 

(Table 2)(24), which catalyzes another important reaction for the salvage of purines. 

S-Adenosyl-L-homocysteine (SAH) is produced from SAM dependent 

methyltransfereases (Figure 2). SAH is known to be salvaged by either cleavage of the glyosidic 

bond by a nucleosidase or by its hydrolysis to homocysteine and adenosine (Figure 4A).(20)  In 

the former case, the resulting product, S-ribosyl-homocysteine, is used in the production of 
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autoinducer 2, which is a signaling molecule in plants.(25)  However, due to the lack of a 

homologue of the nucleosidase in M. jannaschii, this pathway is unlikely.  Instead, M. jannaschii 

contains a homologue of the SAH hydrolase encoded by MJ1388.  However, I have established 

that M. jannaschii first deaminates SAH to SIH (Figure 5).  Thus, the annotated SAH hydrolase 

is proposed to use SIH instead.(26)  The resulting homocysteine product following hydrolysis of 

SIH is then re-methylated to methionine and the inosine can be re-incorporated into purine 

metabolism.(26)    

An additional methionine salvage pathway starts with the methylthioribose moiety of 

MTA, Figure 4B.(27, 28)  Of the seven to eight enzymes involved in this pathway, only two are 

annotated in the M. jannaschii proteome: methylthioadenosine phosphorylase (MtnP) and 

methylthioribose isomerase (MtnA). Additionally, the canonical methionine salvage pathway 

requires molecular oxygen to form 2-keto-(4-methylthio)butyrate (KMTB), a precursor to 

methionine.  The methionine salvage pathway is likely not occurring in the same manner in 

anaerobic organisms, even though some of the enzymes for the methionine salvage pathway are 

found in anaerobic organisms.(27)  Instead of cleavage of the MTA by a nucleosidase, it was 

first demonstrated that DadD deaminates MTA to MTI, representing a novel first step in the 

anaerobic methionine salvage pathway (Figure 5).(24)  MTI is proposed to then undergo 

phosphorolysis and the product isomerized to methylthioribulose 1-phosphate (MTRu 1P) by the 

only two annotated methionine salvage pathway enzymes in M. jannaschii: methylthioinosine 

phosphorylase (MtnP or MTIP) encoded by MJ0060 and methylthioribose 1-phosphate 

isomerase (MtnA or MTRI) encoded by MJ0454.  However, the remaining enzymes and 

intermediates responsible for the conversion of methylthioribulose 1-phosphate (MTRu 1P) to 

methionine remain unknown (Figure 4B). 

Lastly, there is little information in the literature on how 5’-dA is recycled in any 

organism. With nearly 1.5% of M. jannaschii’s proteome being radical SAM enzymes, there is 

going to be significant amount of 5’-dA produced.  It is hypothesized that 5’-dA enters the 

nucleotide pool.  However, 5’-dA could also provide M. jannaschii with the necessary 

deoxysugar for an alternative source of the necessary C5 and C6 carbohydrates that are needed 

for other essential metabolic processes.  In recent years, our laboratory has shown that erythrose 

4-phosphate is not produced in M. jannaschii indicating the canonical pathway for production of 

3-dehydroquinate (DHQ) (Figure 6A) is not occurring.  Instead our laboratory has demonstrated 
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that the precursors for DHQ in M. jannaschii are L-aspartate semialdehyde and 6-deoxy-5-

ketofructose 1-phosphate (DKFP) (Figure 6B).(29)  The enzymes that are involved in this series 

of chemical conversions have been identified to be 2-amino-3,7-dideoxy-D-threo-hept-6-

ulosonate synthase (encoded by MJ0400) and 3-dehydroquinate synthase (encoded by MJ1249) 

(Figure 6B).(29)    

The biosynthesis of DKFP remains a mystery, with only one intermediate in this 

biosynthetic pathway having been confirmed, methylglyoxal.  Methyglyoxal was shown to 

condense with a dihydroxyacetone-phosphate fragment that comes from fructose 1,6-

bisphosphate via the enzyme encoded by MJ1585 (Figure 6B).(30)  The MJ1585 gene is 

bifunctional and encodes fructose-bisphosphate aldolase and 6-deoxyketofructose 1-phosphate 

synthase that are necessary to produce DKFP and glyceraldehyde 3-phosphate from fructose 1,6-

bisphosphate and methylglyoxal.(30)  Interestingly, there are several enzymes that are annotated 

to be functioning as part of the non-oxidative half of the pentose phosphate pathway, the ribulose 

5-phosphate 3-epimerase (RPE) encoded by MJ0680 and transketolase (TK) encoded by MJ0679 

and MJ0681 (Figure 6A).  I propose that these enzymes are instead apart of a novel pathway for 

the conversion of 5’-dA to methylglyoxal. 

 The overall goal of this work is to determine how SAM is recycled in M. jannaschii.  In 

all recycling pathways the three major metabolites, 5’-dA, MTA, and SAH are first deaminated 

by DadD to 5’-dI, MTI, and SIH.  In the following pages of this dissertation I will present data 

on how each of these metabolites are recycled in M. jannaschii.  SIH and MTI are proposed to be 

salvaged into SAM through individual pathways that represent novel modifications on the 

established canonical SAM salvage pathways.  Additionally, I will present data for a new 

pathway for the recycling of 5’-dA in M. jannaschii to serve as the source of deoxysugars for 

aromatic amino acid biosynthesis. 
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Tables 

Table 1. Percentage of proteins containing the radical SAM motif per proteome in different 

microorganisms 

Organism 
Percent of encoded proteins with radical 

SAM motif (CX3CX2C) 

Methanocaldococcus jannaschii 1.5% 

Methanocaldococcus fervens 1.5% 

Methanococcus maripaludis S2 1.3% 

Methanosarcina acetivorans C2A 1.0% 

Methanothermobacter thermautotrophicus ΔH 1.2% 

Anaerobic Methanotrophic Archaea-1 1.4% 

Clostridium difficile st. 630 0.82% 

Bacteroides fragilis YCH46 0.73% 

Methylobacterium extorquens AM1 0.41% 

Escherichia coli K12 0.44% 

Saccharomyces cerevisiae (Baker’s yeast) 0.05% 

 

 

Table 2. Kinetic parameters of DadD with 5’-dA, MTA, SAH, and Ad 

Substrate KM (mM) kcat (s
-1) kcat/KM (M-1s-1) 

5’-dA 0.014 ± 0.0012 1.2 x 105 9.1 x 109 

MTA 0.11 ± 0.028 1.6 x 102 1.1 x 106 

SAH 1.1 ± 1.3 1.3 x 103 4.4 x 106 

Ad 0.15 ± 0.0047 1.1 x 102 7.5 x 105 
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Figure 1. Methanogenesis 
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Figure 2. SAM biosynthesis and utilization 
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Figure 3. Reductive cleavage of SAM to Met and 5’-dA.  
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Figure 4. Canonical methionine salvage pathways of SAH (A) and MTA (B) 
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Figure 5. Deamination reactions performed by DadD 
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Figure 6. Comparison of the canonical route for DHQ biosynthesis (A) and the DHQ 

biosynthesis in M. jannaschii (B, blue box). 
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ABSTRACT 

S-Adenosyl-L-homocysteine, the product of S-adenosyl-L-methionine (SAM) 

methyltransferases, is known to be a strong feedback inhibitor of these enzymes.  A hydrolase 

specific for S-adenosyl-L-homocysteine produces L-homocysteine, which is re-methylated to 

methionine and can be used to regenerate SAM.  Here, we show that the annotated S-

adenosylhomocysteine hydrolase in Methanocaldococcus jannaschii is specific for the 

hydrolysis and synthesis of S-inosyl-L-homocysteine, not S-adenosyl-L-homocysteine.  This is 

the first report of an enzyme specific for S-inosyl-L-homocysteine.   As with S-adenosyl-L-

homocysteine hydrolase, which shares greater than 45% sequence identity with the M. jannaschii 

homologue, the M. jannaschii enzyme was found to co-purify with bound NAD+ and has a KM of 

0.64 ± 0.4 mM, 0.0054 ± 0.006 mM, and 0.22 ± 0.11 mM for inosine, L-homocysteine, and S-

inosyl-L-homocysteine, respectively.  No enzymatic activity was detected with S-adenosyl-L-

homocysteine as the substrate in either the synthesis or hydrolysis direction.  These results 

prompted us to re-name the M. jannaschii enzyme as an S-inosylhomocysteine hydrolase 

(SIHH).  Identification of SIHH demonstrates a modified pathway in this methanogen for the 

regeneration of SAM from S-adenosyl-L-homocysteine that uses the deamination of S-adenosyl-

L-homocysteine to form S-inosyl-L-homocysteine. 

 

Importance 

In strictly anaerobic methanogenic archaea, such as Methanocaldococcus jannaschii, canonical 

metabolic pathways are often not present and instead unique pathways are utilized by these 

organisms which are deeply rooted on the phylogenetic tree.  Here we discuss the recycling 

pathway for S-adenosylhomocysteine, produced from S-adenosyl-L-methionine (SAM)-

dependent methylation reactions, that uses a hydrolase specific for S-inosylhomocysteine, an 

uncommon metabolite.  Identification of the pathways and enzymes involved in the unique 

pathways in the methanogens will give insight into the biochemical reactions that were occurring 

when life originated. 
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Introduction 

 The recycling of S-adenosyl-L-methionine (SAM)-derived metabolites in 

Methanocaldococcus jannaschii was recently shown to use a novel enzyme, 5’-deoxyadenosine 

deaminase (DadD) (1).  DadD deaminates three SAM-derived enzymatic products (5’-

methylthioadenosine, 5’-deoxyadenosine, and S-adenosylhomocysteine) to produce the inosine 

analogs (Figure 1) (1). The canonical pathway for recycling S-adenosyl-L-homocysteine (SAH) 

produced from SAM-dependent methyltransferases (2-4) proceeds in a three step recycling 

pathway back to SAM (Figure 2A).  SAH is first hydrolyzed to produce adenosine and 

homocysteine using S-adenosylhomocysteine hydrolase (SAHH).  Homocysteine is then 

methylated by methionine synthase to produce methionine (5).  The last step in the pathway is 

the generation of SAM by combining the adenosyl moiety of ATP with methionine to produce 

SAM, pyrophosphate, and phosphate (Figure 2), catalyzed by SAM synthase (6).  A similar 

pathway has been established in M. jannaschii but with the addition of one extra step involving 

the deamination of SAH to form S-inosylhomocysteine (SIH), catalyzed by DadD (Figure 2B). 

 The production of SIH prompted our search for an enzyme able to metabolize this 

uncommon metabolite.  An annotated SAHH encoded by MJ1388, which shares greater than 

45% sequence identity with other characterized SAHH’s (Figure 3) was identified as possibly 

metabolizing SIH based on the structural similarities between SAH and SIH (Figure 2).  Here, 

we show that the annotated SAHH from M. jannaschii is specific for SIH and failed to either 

hydrolyze or synthesize SAH, prompting the naming of the MJ1388 encoded enzyme as an S-

inosylhomocysteine hydrolase (SIHH).  

Materials and methods 

Chemicals.  All chemicals were purchased from Sigma/Aldrich unless otherwise noted. 

Enzymatic Production of S-Inosyl-L-homocysteine.  The enzymatic preparation of S-

inosylhomocysteine was done by incubating 1 mM of S-adenosyl-L-homocysteine with 18.2 ng 

of DadD (MJ1541 gene product) overnight at 25 oC in 1 mL of 50 mM 1,3-

bis[tris(hydroxymethylmethylamino]propane (BIS TRIS propane) buffer (pH 9.0) (1).  Under 

these conditions 1 mM SAH was completely converted to 1 mM SIH as measured by HPLC. 

 Cloning, Overexpression, and Purification of M. jannaschii MJ1388 Gene Product 

in E. coli.  The MJ1388 gene (UniProt accession number Q58783) was amplified by PCR from 

genomic DNA using oligonucleotide primers MJ1388- Fwd: 5’-
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GGTCATATGTATGAAGTTAGGGAC-3’ and MJ1388-Rev: 5’-GCTGGATCCTTAAGTT-

CCTTCTC-3’.   PCR amplification was performed as described previously (7) using a 55 oC 

annealing temperature.  Purified PCR product was digested with Nde1 and BamH1 restriction 

enzymes and ligated into compatible sites in vector pT7-7.  The sequence of the resulting 

plasmid, pMJ1388, was verified by DNA sequencing.  pM1388 was transformed into E. coli 

strain BL21-CodonPlus(DE3)-RIL cells (Stratagene).  The transformed cells were grown in LB 

medium (200 mL) supplemented with 100 µg/mL ampicillin at 37 oC with shaking until they 

reached an OD600 of 1.0.  Recombinant protein production was induced by addition of lactose to 

a final concentration of 28 mM (7).  After an additional 2 hours of culture, the cells (200 mL) 

were harvested by centrifugation (4,000 x g, 5 min) and frozen at -20 oC. Induction of the desired 

protein was confirmed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of total 

cellular proteins.   

 The frozen E. coli cell pellet containing the desired protein (~0.4 g wet wt) was 

suspended in 3 mL of extraction buffer (50 mM N-[tris(hydroxymethyl)methyl]-2-

aminoethanesulfonic acid (TES), (pH 7.0), 10 mM MgCl2, 20 mM dithiothreitol (DTT)) and 

lysed by sonication.  After centrifugation (14,000  g for 10 min), the resulting recombinant 

protein was found to remain soluble in the cell extract after heating for 10 min at 80 oC followed 

by centrifugation (8,100  g for 20-30 min).  This heating step allowed for the purification of the 

recombinant enzymes from the majority of E. coli proteins, which denature and precipitate under 

these conditions. Purification of the desired protein was performed by anion-exchange 

chromatography of the 80 oC soluble fractions on a MonoQ HR column (1 x 8 cm; Amersham 

Bioscience) using a linear salt gradient from 0 to 1 M NaCl in 25 mM 

tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.5) over 55 min at a flow rate of 1 mL/min.  

1 mL fractions were collected and fractions containing the desired protein were identified 

through SDS-PAGE analysis of the individual fractions.  MALDI-MS was used to confirm the 

identity of the MJ1388 gene product as previously described (1).  Protein concentration was 

determined by Bradford analysis (8). 

 Measurement of Native Molecular Weight of SIHH. The native molecular weight of 

SIHH was determined by size exclusion chromatography as described previously using a 

Superose 12 HR column (9) using the following standards: blue dextran (2000 kDa), alcohol 

dehydrogenase (150 kDa), conalbumin (77.5 kDa), bovine serum albumin (66 kDa), carbonic 
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anhydrase (29 kDa), and cytochrome c (14 kDa).  

Initial Characterization of the SIHH catalyzed reaction.  All assays were done in a 

100 μL reaction volume with the final concentrations of reagents indicated.  The linear 

dependence of the reaction rate with the amount of enzyme was determined by incubating 

varying amounts of SIHH (0 to 11 μg) with 0.2 mM DL-homocysteine and inosine in 25 mM 

Tris buffer, pH 7.5, for 10 min at 70 oC and measuring the amount of SIH produced.  The effect 

of temperature on SIHH (5.5 μg) activity was tested at 37, 70, and 80 oC by pre-incubating SIHH 

at each temperature for 10 min in 25 mM Tris, pH 7.5, prior to adding 0.2 mM inosine and 0.2 

mM DL-homocysteine followed by incubation of the reaction at each fixed temperature for 

another 10 min.  The results for the pre-incubated SIHH assays were compared with control 

assays (no pre-incubation) at the indicated temperatures.  This allowed for determination of 

temperature activation through the comparison of enzymatic activity with and without pre-

incubation at the indicated temperatures.  A time course of the SIHH-catalyzed condensation of 

0.2 mM inosine and 0.2 mM DL-homocysteine was performed at 70 oC in 25 mM Tris, pH 7.5, 

using 5.5 μg of enzyme in a 500 μL assay volume. Aliquots (100 μL) were removed after 0, 10, 

20, 30, and 40 min and assayed for SIH formation.   

After about two weeks of daily freeze/thaw cycles (-20 oC to room temperature (RT)) of 

the purified SIHH-containing solution, it was found that SIHH became less active.  The addition 

of a final concentration of 20 mM DTT to the solution was found to fully restore the activity of 

the enzyme and, thus, DTT was included in the assay. 

The specificity of the enzyme for the D versus the L configuration of homocysteine was 

determined by incubating SIHH with 0.2 mM inosine and either 0.2 mM DL-homocysteine or 

0.2 mM L-homocysteine in the standard assay.  The pH optimum of SIHH (1.1 μg) was 

determined over the pH range of 6.5 to 11.5 using 50 mM sodium phosphate buffer in 0.5 pH 

unit increments for both directions of the reaction.  In the synthesis direction the assay contained 

0.2 mM inosine, 0.2 mM L-homocysteine, and 20 mM DTT and in the hydrolysis direction the 

assay contained 0.2 mM SIH, 0.23 mM NAD+, and 20 mM DTT.  All reactions were stopped 

with the addition of 5 μL 2 M HCl and after a brief centrifugation (~7500  g, 2 min), the 

supernatant was then analyzed by HPLC.   

The HPLC analysis of substrates and products were performed on a Shimadzu HPLC 

System equipped with a photodiode array detector and a C18 reverse phase column (Kromasil 
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250  4.6 mm, 5 m particle size) operated at RT.   The elution profile consisted of 5 min at 95% 

sodium acetate buffer (25 mM, pH 6.0, 0.02% NaN3) and 5% methanol followed by a linear 

gradient to 50% sodium acetate buffer/50% methanol over 25 min at 0.5 mL/min.  Under these 

conditions SIH eluted at 15.3 min, inosine at 16.8 min, SAH at 18.8 min, and adenosine at 21.8 

min.  Quantitation was based on absorbance at 260 nm for the adenosine and 248 nm for the 

inosine containing compounds using 260 = 14900 M-1cm-1 for adenosine and 248 = 12300 M-1cm-

1 for inosine (10).  Quantitation was based on peak areas. 

Standard Assays for SIHH Activity.  The standard enzymatic assay used to measure the 

synthesis of SIH contained 1.1 μg SIHH, 0.2 mM inosine, 0.2 mM L-homocysteine (Hcy), and 

20 mM DTT in a 100 μL total volume of 50 mM sodium phosphate buffer (pH 7.0).  The 

reactions were incubated at 70 oC for 20 min and stopped with the addition of 5 μL 2 M HCl.  

After brief centrifugation (~2 min, ~7500 x g) the samples were then analyzed by HPLC.  The 

standard assay for measurement of the hydrolysis of SIH is the same as described here, but with 

the addition of 0.23 mM NAD+. 

Determining Substrate Specificity of SIHH.  The activity of SIHH for the synthesis of 

SIH was tested with either inosine or adenosine and L-homocysteine (Hcy) using an equal molar 

concentration of adenosine or inosine and Hcy (each at 0.2 mM) with 1.1 μg of SIHH, 20 mM 

DTT, and in 100 μL total volume of 50 mM sodium phosphate buffer, pH 7.0, with 0.23 mM 

NAD+ when added.  The assay was then incubated at 70 oC for 20 min followed by addition of 5 

μL 2 M HCl to stop the reaction and by a brief centrifugation (~2 min, ~7500 x g) before HPLC 

analysis. 

The hydrolysis of SIH or SAH was tested under varying conditions (Table 2). The 

equilibrium constant between SAH and adenosine and Hcy for SAHH has been previously 

reported to favor the synthesis of SAH in vitro and, as a result, the hydrolysis of SAH was only 

able to be observed upon the addition of an adenosine deaminase to remove the adenosine (2).  

The removal of adenosine was required to measure the hydrolysis of SAH; however, for SIHH 

the hydrolysis of SIH was able to be monitored without removal of inosine.  The assay was 

performed with a final concentration of 0.1 mM SIH or SAH, 1.1 μg SIHH, 20 mM DTT, with or 

without 0.1 mM NAD+ in 100 μL total volume of 50 mM sodium phosphate buffer at pH 7.0.  

The assay was incubated at 70 oC for 20 min and stopped with the addition of 5 μL 2 M HCl, 
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followed by brief centrifugation and then analyzed for adenosine, SAH, inosine, and SIH by 

HPLC.   

Determination of the Kinetic Parameters for SIHH.  The kinetic parameters of the 

SIHH catalyzed condensation of inosine with Hcy were determined by using the standard assay 

parameters while varying concentrations of inosine (0, 0.2, 0.4, 0.6, and 0.8 mM) at 0.04, 0.06, 

and 0.08 mM Hcy. The kinetics of SIH hydrolysis was determined with an excess of NAD+ (0.23 

mM) and 20 mM DTT in 100 μL 50 mM sodium phosphate buffer, pH 7.0, and concentrations of 

SIH from 0, 0.05, 0.07, 0.1, and 0.2 mM.  The kinetic experiments were then incubated at 70 oC 

for 20 min followed by 5 μL 2 M HCl, followed by brief centrifugation (7500  g, 2 min) then 

analyzed by HPLC.   

Determination of the Amount of NAD+/NADH Bound to SIHH.  In an effort to 

determine the amount of NAD+ or NADH that was bound to the purified SIHH, the methods 

described by Yuan et al. (11) were used.  To 400 μL of the MonoQ fraction containing 1.4 mg of 

SIHH, 1.2 mL 97% ethanol was added to precipitate the protein, which was pelleted by 

centrifugation (7500  g, 10-15 min).  The supernatant was evaporated to dryness with a stream 

of N2 gas while being heated in a water bath of ~100 oC.  The resulting residue was dissolved in 

200 μL water and analyzed by HPLC as described above.  Known concentrations of NAD+, 

eluting at 13.3 min with a λmax of 260 nm, and NADH, eluting at 14.3 min with a λmax of 340 nm, 

were used to determine the ratio of NAD+ and/or NADH that was bound to the recombinantly 

expressed and purified SIHH. 

Preparation of Apo SIHH. The generation of apo SIHH was done by modifying the 

methods outlined by Yuan, et al (12).  Saturated ammonium sulfate (2 mL) was gradually added 

to 100 μL of a stirred solution of 1.4 mg/mL SIHH in 25 mM Tris 0.45 M NaCl buffer (pH 7.5) 

from purification and continued stirring at RT for 30 min.  After centrifugation (8,100  g, for 10 

min), the supernatant was removed and the precipitated protein was re-dissolved in 100 μL of 25 

mM potassium phosphate, pH 7.2, buffer containing 1 mM EDTA and 5 mM DTT and the above 

steps repeated.  Following centrifugation, the protein was re-dissolved in 100 μL of 25 mM 

potassium phosphate, pH 7.2, buffer containing 1 mM EDTA.  The amount of protein recovered 

was determined by Bradford analysis (8). 

The synthesis activity of the generated apo SIHH was performed by incubating 0.2 mM 

inosine, 0.2 mM Hcy, 0.42 μg apo-SIHH, or untreated SIHH with and without 0.2 mM NAD+ in 
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100 μL volume of 50 mM sodium phosphate, pH 7.0, with 20 mM DTT for 20 min at 70 oC.  

The hydrolysis activity of the apo SIHH was performed under the same conditions but with the 

substitution of the 0.2 mM inosine and 0.2 mM Hcy with 0.1 mM SIH. The reactions were 

stopped with the addition of 5 μL 2 M HCl, followed by brief centrifugation and analysis by 

HPLC.  

Results 

Cloning, Overexpression, and Purification of M. jannaschii MJ1388 Gene Product 

in E. coli.  The MJ1388 derived protein was efficiently expressed in E. coli as measured from the 

SDS-PAGE analysis of the total proteins present in the E. coli cells after expression.  A single 

new band was identified with a molecular weight of ~46 kDa that was not observed in the 

control cells.  MALDI-MS analysis of the tryptic peptides derived from this band showed five 

unique peptides expected to arise from SIHH, confirming the presence of the desired protein in 

this band.  After sonication and centrifugation of the E. coli, SDS-PAGE analysis of the soluble 

and insoluble material demonstrated that most of the expressed MJ1388 protein was found in the 

soluble extract. Heating portions of the resulting crude soluble extract at different temperatures 

indicated that SIHH remained soluble up to 80 C based on SDS-PAGE analysis.  Thus, the first 

step in purification of the native enzyme was heating of the sonicated cell extract to 80 C for 20 

min prior to purification of the SIHH on MonoQ.  This separation produced one peak of MJ1388 

activity eluting at 0.4 M NaCl.  MALDI-MS analysis of the tryptic peptides showed four of the 

same five unique peptides reported above from analysis of the excised band of the SDS-PAGE of 

the crude extract of SIHH. 

Native Molecular Weight of SIHH.   The monomeric molecular mass of SIHH was 

measured to be 49 kDa by SDS-PAGE analysis, agreeing with the predicted molecular weight of 

46 kDa. Using size exclusion chromatography, two peaks were identified that contained SIHH 

on the basis of their elution volumes; the major peak was the tetrameric form and the minor peak 

was the dimeric form of SIHH. The ratio of the tetramer to dimer form of SIHH was 4:1 based 

on their 280 nm absorbance.   

Initial Characterization of the SIHH Catalyzed Reaction.  SIHH was 25% more 

active in 50 mM, pH 7.5, sodium phosphate buffer than in 25 mM Tris, pH 7.5, buffer. 

Phosphate buffer was tested because it has been shown that the presence of phosphate can have 

an effect on SAHH’s activity and it is the buffer most often used in characterizing SAHH in 
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other organisms (13).  SIHH activity was activated when incubated at 10 min for 70 oC prior to 

being assayed.  The activity of SIHH without pre-incubation retained only 35% of the pre-

incubated activity (Table 1).  This indicates that pre-incubation at 70 oC increased the observed 

activity.  SIHH activity at 37 oC and 80 oC pre-incubated for 10 min versus just assayed at 37 oC 

and 80 oC demonstrated minimal change when compared with the SIHH activity following pre-

incubation at 70 oC (Table 1).    These results suggest that 70 oC is the optimal temperature to 

measure SIHH activity.  A time course of the enzymatic activity at 70 oC was measured showing 

a linear increase in product formation up to 20 min.   

SIHH did show a slight preference for L-homocysteine in the synthesis direction; 

however, it retained 94% activity when assayed with the same concentration of DL-

homocysteine.  This indicates that the D-isomer present in the DL-homocysteine is either not a 

strong inhibitor of SIHH or was a substrate.  SIHH had no measurable activity at either pH 6.5 or 

11 and showed maximal activity at pH 7.0 and pH 9.6 (Figure 4, blue squares).  The activity of 

SIHH in the hydrolysis direction showed essentially the same activity over the same pH range 

(Figure 4, green triangles). 

Substrate Specificity of SIHH.  The activity of SIHH was found to be specific for Hcy 

and inosine versus Hcy and adenosine.  No activity was observed for the synthesis of SAH from 

adenosine and Hcy.  SIHH was found to only use Hcy and inosine as substrates and the addition 

of excess NAD+ (0.2 mM) increased enzymatic activity by ~2 fold (Table 2).    Hydrolysis of 

SAH with and without the addition of excess NAD+ in the presence of SIHH was not successful.  

However, the hydrolysis of SIH was dependent upon the addition of excess NAD+ in the assay 

(Table 2).  At this point, we are unable to explain why the addition of excess NAD+ allowed for 

the hydrolysis of SIH. 

Determination of the Kinetic Parameters of SIHH. Our kinetic data are summarized in 

Table 3.  During the analysis of the kinetic constants it was found that at high concentrations of 

Hcy (above 0.2 mM) and inosine (Ki = 2.0 ± 0.5 mM) non-linear kinetics was demonstrated (data 

not shown), which was most likely due to substrate inhibition. It has been previously shown in 

rat liver that L-Hcy concentrations above 0.6 mM inhibited SAHH (3).  The non-linear kinetics 

that was seen at high concentrations of substrates also suggests cooperative binding between the 

four subunits of SIHH.  Human SAHH was shown to go through conformational changes upon 

substrate binding that cause a dimer-dimer rotation to make the entire tetrameric structure more 
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compact (14).    The kinetic constants for SIH were only able to be determined after the addition 

of excess NAD+ (Table 3).  The kcat for the hydrolysis of SIH (25 min-1)  is similar to the reported 

kcat for SAH hydrolysis (31.8 min-1) by the human enzyme (4). The equilibrium constant (Keq) of 

SIHH was calculated using the Uni-Bi Haldane-Keq relationship with product inhibition equation 

(A) (15).   

                    (A) 

For the above equation vmaxf represents the forward reaction and vmaxr represents the reverse 

reaction: where, vmaxf is 0.55 µmol min-1 mg-1, inosine Kip is 2.0 x 10-3 M, Hcy KMq is 5.4 x 10-6 

M, , KMa is 2.2 x 10-4 M, and vmaxr is 0.27 µmol min-1 mg-1.  The Keq was determined to be 2.5 x 

10-5 M.  This is similar to the previously reported value from rat liver of 1.4 x 10-6 M (2).    

NAD+/NADH Bound to Purified SIHH.  The ratio of NAD+ bound per monomer of 

purified SIHH was measured at 0.62  0.02.  The ratio of NAD+ per monomer of SIHH is in 

agreement with the reported ratio of 0.65 of NAD+ per monomer of the human enzyme (16).  

NADH was not detected, suggesting that SIHH purifies only with NAD+ bound to the enzyme.     

Preparation of Apo SIHH.  The creation of apo SIHH was determined by the loss of 

either the synthesis or hydrolysis activity of SIHH with and without the addition of NAD+ to the 

assay.  The results are summarized in Table 1.  Apo SIHH had no activity without addition of 

NAD+, suggesting that there was no bound NAD+ following our procedure.  The activity of the 

apo SIHH was restored upon addition of NAD+ to the assay mixture. In both the synthesis and 

hydrolysis of SIH, apo SIHH only regained ~60% of the activity compared to untreated SIHH.  

Discussion  

 S-Adenosyl-L-homocysteine (SAH) is a product of S-adenosyl-L-methionine (SAM) 

methyltransferases and is known to be a feedback inhibitor of these enzymes (17-20).  As a result 

of this inhibition, organisms have evolved efficient enzymes to metabolize SAH.  There are two 

established pathways to prevent inhibition of the methyltransferase reactions by SAH.  In the 

first pathway, found only in Bacteria, a methylthioadenosine/S-adenosylhomocysteine 

nucleosidase cleaves the nucleotide to produce adenine and S-ribosylhomocysteine (5, 21, 22).  

S-ribosylhomocysteine is recycled by an S-ribosylhomocysteine lyase to produce homocysteine 

and 4,5-dihyroxy-2,3-pentanedione (5, 21). 4,5-Dihydroxy-2,3-pentanedione is an important 

precursor for autoinducer-2, which is involved in quorum sensing (5).  In the second pathway, an 

S-adenosylhomocysteine hydrolase (SAHH) hydrolyzes off the nucleoside to produce 
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homocysteine and adenosine (5, 21) (Figure 2A).  SAHH homologues are almost ubiquitously 

found in Eukarya and Archaea leading to the conclusion that the direct conversion of SAH to 

Hcy is occurring in these organisms (5).   

M. jannaschii is a strict anaerobic methanogenic archaeal organism that is deeply rooted 

on the phylogenetic tree and has been a source for the identification of novel pathways and 

enzymes involved in its metabolism (23-25).  Establishment of these pathways and the enzymes 

involved has given insight into the biochemical reactions that were occurring when life first 

originated.  Annotation of an SAHH homolog in the M. jannaschii genome would indicate direct 

hydrolysis of SAH to Hcy and adenosine; however, we have recently shown that a different 

pathway must proceed due to the lack of an adenosine deaminase in methanogens.  In M. 

jannaschii, 5’-deoxyadenosine deaminase (DadD), was found to deaminate SAH to S-

inosylhomocysteine (SIH)  with a  kcat/KM of 4.4 x 106 M-1s-1 (1) (Figure 1).  SIH is not a typical 

metabolite and has only been identified in Streptomyces flocculus (26).  Here we show that the 

annotated SAHH in M. jannaschii (MJ1388) does not accept SAH as a substrate and instead 

exclusively uses SIH.  In this reaction, SIH is hydrolyzed to Hcy and inosine for SAM recycling 

and purine metabolism (Figure 2B).  This suggests that SIH is a central metabolite for SAM 

recycling in M. jannaschii.   

SIHH is the first of two enzymes we have identified that are responsible for recycling the 

Hcy moiety of SAH into methionine.  The generated Hcy is then methylated to form methionine 

(27, 28).  The C- terminal portion of the cobalamin-independent methionine synthase (MetE) is 

encoded in the M. jannaschii (MJ1473) and the activity of the homologous enzyme from 

Methanobacterium thermautotrophicus has been demonstrated (29) (Figure 2).  Therefore the 

Hcy generated from SIHH can be methylated to generate methionine. 

Our characterization of M. jannaschii SIHH indicates that its mechanism is the same as 

the established mechanism for SAHH.  Here, NAD+ oxidizes the 3’ hydroxyl to a carbonyl and 

the active site base then abstracts the C4’ hydrogen eliminating Hcy. Conjugate addition of 

hydroxide to the resulting ,-unsaturated ketone followed by rearrangement and protonation of 

the enolate ion generates the 3’-keto compound that is reduced by the NADH to inosine (17, 30-

33).  The general base has been established in Mycobacterium tuberculosis as H363 (H293 in M. 

jannaschii) (31), which is found to be highly conserved (Figure 3, asterisk).  In addition to 

conservation of the general base, other residues involved in substrate and cofactor binding were 
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found to be conserved (Figure 3), further supporting that the mechanism is the same for SIHH 

and SAHH.  Sequence alignments of SIHH and SAHH’s show that the active site residues 

involved with binding of the substrate are highly conserved (Figure 3, blue).  As a result, there is 

no clear indication as to what residues may be involved in causing SIHH to be specific for SIH 

rather than SAH.  Further studies of the active site to determine what residues confer the 

differences in specificity for SIH versus SAH would be interesting.  

Interestingly, a group of three threonine residues (T159-161, M. jannaschii numbering) 

involved in cofactor binding are also highly conserved (Figure 3, red brackets) and in M. 

tuberculosis SAHH, the conserved threonines were identified to be a site of post translational 

modification by phosphorylation and were required for enzymatic activity (34).  Phosphorylation 

of the conserved threonines, in the NAD+ binding pocket, generated an inactive enzyme by 

preventing NAD+ binding (34).  The conservation of these threonines could indicate a site of post 

translational modification by phosphorylation in M. jannaschii.   

In the characterization of SIHH we found that there are two pH maxima for activity in 

synthesis of SIH activity (Figure 4, blue squares).  The pH profile for the hydrolysis of SIH did 

not show a clear optima and instead showed activity across the whole pH range tested (Figure 4, 

green triangles).  It has been shown in the SAHH from Plasmodium falciparum and human 

enzymes for the synthesis of SAH  activity was found to be maximal between a pH of 7 and 8 

(16); however, the maximal pH for SAHH was found between 8.0 and 10.5 for both the synthesis 

and hydrolysis of SAH for the SAHH from Alicaligenes faecalis (35).  Interestingly, rat liver 

SAHH was found to have two different pH optimums depending on the direction of the reaction: 

the hydrolysis of SAH had a pH optimum between 6.4 and 7.2 and the synthesis of SAH had an 

optimum pH above 7.8 (36).    

Identification of SIHH in M. jannaschii represents a reoccurring theme in M. jannaschii 

purine salvage pathways.  Salvage of the nitrogen-rich purine ring, in this case hypoxanthine 

(HX), is carried out by several enzymes in M. jannaschii: DadD, which deaminates adenosine, 

5’-deoxyadenosine, methylthioadenosine, SAH (1) (Figure 1), an adenine deaminase that 

deaminates adenine to HX (Miller, unpublished), a purine nucleoside phosphorylase that 

phosphorolyzes the HX base from methylthioinosine, 5’-deoxyinosine, inosine, 2’-deoxyinosine 

(Miller, unpublished), and now SIHH, which hydrolyzes SIH to produce inosine and Hcy.  

Recently, Armenta-Medina et al have postulated that inosine may have served as the original 
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base to guanosine (37), which is supported by 1) the widespread conservation of the de novo 

IMP biosynthetic pathway in all three domains of life (37), 2) an RNA polymerase II from E. 

coli that retains activity with IMP (38), and 3) an acetyl-CoA synthetase (ADP forming) from 

Pyrococcus furiosus that is twofold and threefold more active with IDP and ITP as substrates 

than ADP and ATP, respectively (39). Taken together, this suggests that HX-containing 

nucleosides and nucleotides potentially predated guanine-containing nucleotides and 

nucleosides.  This is also supported by the annotated adenine phosphoribosyltransferase 

(encoded by MJ1655) and its homologous from M. thermautotrophicus and Methanocococcus 

voltae were all demonstrated to be specific for HX and guanine showing no activity towards 

adenine (Miller unpublished) (40, 41).  The presence of these enzymes demonstrates that in M. 

jannaschii, and possibly other methanogens, are unable to use adenine for the salvage of purines 

and requires conversion to HX prior to salvage of the nitrogen rich purine ring. 

In summary, we demonstrate that SIHH in M. jannaschii is required for the recycling of 

SAH produced from SAM-dependent methyltransferases in a four step process (Figure 2B) 

versus the canonical three step pathway (Figure 2A).  This is only the second report of SIH 

serving as a metabolite and likely represents a primitive pathway for SAM-recycling in 

methanogens.  
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Tables 

Table 1. Activation of SIHH with temperature 

Temperature Condition % Relative Activity 

37 oC Pre-incubateda 75 

No pre-incubationb 81 

70 oC Pre-incubateda 100 

No pre-incubationb 35 

80 oC Pre-incubateda 72 

No pre-incubationb 65 

aSIHH and buffer were pre-incubated at the indicated temperatures for 10 min prior to being 

assayed at the same temperature for 10 min. 

bAssay at the indicated temperature for 10 min. 

 

Table 2. Comparison of activity of apo SIHH and holo SIHH with and without excess NAD+  

 Specific Activity (µmol min-1 mg-1) 

 Apo SIHHa Holo SIHHa 

Synthesis of SIHb   

No NAD+ N.d.d 0.48 

+ NAD+ (0.2 mM) 0.63 1.1 

Hydrolysis of SIHc   

No NAD+ N.d.d N.d.d 

+ NAD+ (0.1 mM) 0.33 0.55 

aeach sample contained 0.4 μg of SIHH  

 incubated with 0.2 mM Inosine and 0.2 mM Hcy  

cincubated with 0.1 mM SIH 

dno detectable activity 
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Table 3. Kinetic Parameters of SIHH 

Substrate KM ± SD (mM) kcat ± SD (s-1) kcat/KM (s-1M-1) 

Inosinea 0.64 ± 0.4  0.83 ± 0.21 1.3 x 103 

Hcya 5.4 x 10-3 ± 0.006  0.83 ± 0.21 1.52 x 105 

SIHb 0.22 ± 0.11 0.42 ± 0.06 1.9 x 103 

a this was determined without the addition of NAD+ in the assay 

b this was determined in the presence of 0.23 mM NAD+ 
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Figures 

 

Figure 1. First step in recycling SAM derived enzymatic products in M. jannaschii. 



 

37 

 

 

 

Figure 2. Canonical (A) versus methanogenic (B) pathways for the recycling of SAH to SAM. 
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Figure 3. Sequence alignment of SIHH with homologs.  Blue highlighted residues are those 

involved in substrate binding, green highlighted residues are those involved in binding the 

NAD+, and the bolded residues are not highly conserved for either substrate or NAD+ binding.  

The general base histidine is indicated by an asterisk and the threonines implicated in 

phosphorylation are highlighted by red brackets.  The accession numbers for the sequence 

alignment are as follows in order from top down: Q58783 M. jannaschii, C7P826 

Methanocaldococcus fervens, O27673 Methanothermobacter thermautotrophicus, Q6LYR8 

Methanococcus maripaluids, C9RID4 Methanocaldococcus vulcanius, O28279 Archaeoglobus 

fulgidus, Q4JAZ7 Sulfolobus acidocaldarius, P50251 Pyrococcus furiosus, O67240 Aquifex 

aeolicus, P9WGV3 Mycobacterium tuberculosis (pdb 2ZIZ), Q4Q124 Leishmania (pdb 3G1U), 

P23526 Homo sapiens (pdb 2NJ4).    
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Figure 4. pH profile of SIHH activity.  The blue squares represent the pH profile in the synthesis 

of SIH and the green triangles in the hydrolysis of SIH in the presence of 0.23 mM NAD+. 
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Abstract 

The methionine salvage pathway (MSP) is critical for regeneration of S-adenosyl-L-methionine 

(SAM), which is a widely used cofactor involved in many essential metabolic reactions.  In 

aerobic organisms the MSP has been completely elucidated, however it relies on oxygen.  Since 

anaerobic organisms would not be exposed to oxygen an alternative pathway must be present.  

Here we sought to establish if the two annotated MSP genes from Methanocaldococcus 

jannaschii: methylthioinosine phosphorylase (MTIP) encoded by MJ0060 and methylthioribose 

1-phosphate isomerase (MTRI) encoded by MJ0454 indeed function in the MSP.  Recombinant 

MTIP is shown to be active with six different purine nucleosides, and is postulated to function as 

a general purine nucleoside phosphorylase involved in both the anaerobic MSP (AnMSP) and in 

purine salvage.  Recombinant MTRI demonstrated activity with methylthioribose 1-phosphate 

generated from phosphorolysis of methylthioinosine (MTI) by MTIP.  Additionally, MTIP and 

MTRI are proposed to be functioning in a novel pathway for recycling the 5-deoxyadenosine 

moiety of SAM for the biosynthesis of 6-deoxy-5-ketofructose 1-phosphate, and essential 

intermediate in aromatic amino acid biosynthesis.  We also utilized a strain of Methanosarcina 

acetivorans dependent on either methionine or homocysteine for growth to identify potential 

intermediates in the AnMSP.  Growth recovery experiments of the M. acetivorans homocysteine 

auxotroph Δma1821-22Δoahs (HcyAux) were performed with methylthioadenosine (MTA), 

MTI, methylthioribose, 2-keto-(4-methylthio)butyric acid, 2-hydroxy-4-methylthiobutyric acid, 

methioninol, 3-(methylthio)propanoic acid, and 3-mercaptopropanoic acid.  Among these 

metabolites, only 2-keto-(4-methylthio)butyric acid allowed growth of M. acetivorians HcyAux 

in the absence of homocysteine.  These data suggest that the known enzymes involved in the 

MSP are promiscuous for alternative substrates that implicates in the salvage of 5’-

deoxyadenosine and purines.   
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Importance 

In the anaerobic methanogenic archaea Methanocaldococcus jannaschii and Methanosarcina 

acetivorians canonical metabolic pathways are often missing or incomplete and substituted by 

unique pathways.  Here the methionine salvage pathway for methylthioadenosine, produced from 

S-adenosyl-L-methionine, for which more than half of the steps are unknown in methanogens is 

discussed.  The only two annotated enzymes from this pathway are not specific for methionine 

salvage pathway metabolites, suggesting that the enzymes are involved in additional metabolic 

routes.  Growth recovery experiments of M. acetivorans establish that methylthioadenosine is 

inhibitory to growth and identify an intermediate of the methionine salvage pathway.   

Identification of the pathways and enzymes involved in the unique pathways in the methanogens 

will give insight into the biochemical reactions that were occurring when life originated. 
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Introduction 

S-Adenosyl-L-methionine (SAM) is an essential cofactor for life.  Specifically SAM is 

required for the production of polyamines following decarboxylation to S-

adenosylmethioninamine and transfer of the propylamine moiety to putrescine generating 

methylthioadenosine (MTA) (Figure 1)(1–3).  MTA has been shown in many organisms to be a 

strong feedback inhibitor of SAM dependent enzymes (4).  MTA is salvaged to methionine, 

which prevents feedback inhibition of polyamine biosynthesis (5).  The salvage of MTA to 

methionine is known as the methionine salvage pathway (MSP) and was first identified in rat 

liver(6) and Candida utilis(7) in the early 1980s.     

The salvage of methionine typically proceeds either by removal of the nucleobase 

followed by phosphorylation producing methylthioribose 1-phosphate (MTR 1P) by a MTA 

nucleosidase (MtnN) and methylthioribose (MTR) kinase (Figure 1, black top)(8). Alternatively, 

MTA can be directly transformed to MTR 1P by phosphorolysis by a MTA phosphorylase 

(MtnP) (Figure 1, black middle)(9).  MTR 1P is then isomerized to methylthioribulose 1-

phosphate (MTRu 1P) by an MTR 1P isomerase (MTRI or MtnA) (Figure 1)(10). The 

subsequent conversion of MTRu 1P to methionine proceeds by dehydration at C4 catalyzed by 

MtnB(11), enolization, and de-phosphorylation at C1 to form 1,2-hydroxy-3-keto-5-

methylthiopentene (Figure 1, bottom black)(12, 13).  The final two steps proceed via a 

dioxygenase (MtnD)(14) forming the keto-acid of methionine followed by transamination to 

methionine (Figure 1)(15).  Though this pathway is considered to be operating in aerobic 

organisms with slight variations, the MSP in anaerobic organisms is doubtful given the explicit 

requirement for molecular oxygen by MtnD(16).   

Determining the anaerobic pathway for methionine salvage is of further interest because 

many anaerobic bacteria and archaea lack the final genes: mtnB, mtnW, mtnX, mtnC, and mtnD, 

(Figure 1, bottom black).  The lack of the final genes from the aerobic MSP indicate the 

anaerobic MSP proceeds through different intermediates and may utilize different enzymes.  

Recently it has been demonstrated that the facultative anaerobic bacterium Rhodospirillum 

rubrum utilizes a isoprenoid shunt pathway for the anaerobic MSP (isoprenoid shunt MSP, 

Figure 1, green)(17, 18).  The proposed isoprenoid shunt MSP in R. rubrum is proposed to 

function with two enzymes described as an isomerase and a sulfurylase. The isomerase is 

homologous to ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO)-like protein and 
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isomerizes the shared intermediate of all three proposed pathways, MTRu 1P (Figure 1, green).  

RuBisCO-like proteins belong in the RuBisCO class IV family and lack essential residues for it 

to be a classical RuBisCO protein and have instead been found to function as the enolase 

(MtnW) in the MSP in B. subtilis(19).  M. jannaschii and M. acetivorans contain type III 

RuBisCOs in their genomes, which have recently proposed to be involved in an AMP catabolism 

pathway(20).  Additionally, disruption of the RuBisCO gene in Thermococcus kodakarensis did 

not demonstrate a phenotype that required methionine and the authors concluded it was not 

involved in the MSP in archaea(20).  The second enzyme, a cupin protein or sulfurylase(17, 18), 

is proposed to be involved in the isoprenoid shunt MSP, but shares no homologue to proteins in 

either M. jannaschii or M. acetivorans.  Furthermore, neither M. jannaschii nor M. acetivorans 

utilize the non-mevalonate pathway(21) for the production of isoprenoids and thus, would not 

have the necessary enzymes to metabolize 1-deoxyxylulose 5-phosphate (DXP) (Figure 1, 

green).  These differences between R. rubrum, M. jannaschii, and M. acetivorans metabolism 

make it unlikely that methanogens proceed through the proposed isoprenoid shunt (17, 18) to 

anaerobically salvage MTA.   

To determine the AnMSP in M. jannaschii the annotated enzymes were investigated.    

Here we characterize the only two annotated enzymes involved in the AnMSP; a 

methylthioinosine phosphorylase (MTIP) encoded by MJ0060 and a methylthioribose 1-

phosphate isomerase (MTRI) encoded by MJ0454 (Figure 1).   Furthermore to identify potential 

intermediates in the AnMSP various postulated intermediates were fed to M. acetivorians 

homocysteine auxotrophs (HcyAux) that require either homocysteine or methionine for 

growth(22).  Feeding of various intermediates to the M. acetivorians HcyAux demonstrated that 

only 2-keto-(4-methylthio)butyrate (KMTB) was able to restore the growth and that MTA is 

inhibitory.  These data suggest that methylthioinosine (MTI), methylthioribulose 1-phosphate 

(MTRu 1P) and KMTB are intermediates of the AnMSP in methanogens (Figure 1). 

Additionally, the MTIP and MTRI enzymes were examined for their ability to utilize the 

5-deoxyribose sugar moieties of SAM.  Previous work from our laboratory has demonstrated that 

the first enzyme involved in the recycling of SAM is a 5’-deoxyadenosine deaminase (DadD) 

that was able to utilize MTA, 5’-deoxyadenosine (5’-dA) and S-adenosylhomocysteine(23).  

Data is presented here that suggest the recycling of MTA and 5’-dA utilize the same initial 

enzymes, DadD, MTIP, and MTRI (Figure 2).  The recycling of 5’-dA is another essential 
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metabolic route to prevent the inhibition of radical SAM enzymes. Radical SAM enzymes are 

well known to be inhibited by the 5’-dA, which is produced from the reductive cleavage of SAM 

generating methionine and the 5’-dA radical(2, 24).  Transfer of the 5’-dA radical to the 

substrate generates 5’-dA, which has been demonstrated to be a substrate of MtnN(24). 

However, there is little information in the literature as to how the 5’-dA moiety of SAM is 

recycled.  We have proposed that the 5’-deoxyribose moiety could be a source of deoxysugars 

for the production of 6-deoxy-5-ketofructose 1-phosphate (DKFP) (Figure 3) (23). 

Materials and methods 

Chemicals.  All chemicals were obtained from Sigma/Aldrich unless otherwise noted.  

Methioninol and 2-hydroxy-4-methylthiobutyric acid were obtained from Santa Cruz.  2-

Mercaptopropanoic acid and 3-(methylthio)propanoic acid were both obtained from Alfa Aesar. 

Synthesis of 5’-deoxyinosine.  5’-Deoxyinosine (5’-dI) was prepared from inosine via of 

5’-deoxy-2’,3’-O-(1-methylethylidene)inosine as previously described(25).  The final product 

was deprotected by hydrolysis in 50% formic acid for 16 hr at room temperature and purified by 

preparative thin layer chromatography (TLC). Liquid chromatography-electrospray ionization-

mass spectrometry (LC-ESI-MS) showed the product to consist of one single peak having the 

absorbance spectrum of inosine, max = 250 nm, with a MH+ = 253.3 m/z, (M + Na)+ = 275.3 m/z, 

(M + K)+ = 275.3 m/z, (M - H)- = 251.3 m/z and a base peak ion at 137 m/z for protonated 

hypoxanthine (HX + H)+.  LC-ESI-MS was performed on an AB Sciex 3200 Q Trap mass 

spectrometer attached to an Agilent 1200 series liquid chromatograph with a Kromasil 100-5-

C18 column (4.6 x 250 mm) was used for the identification of 5’-dI.  Buffer A was 25 mM 

ammonium acetate and buffer B was methanol.  The flow rate was set at 0.7 mL/min and the 

elution profile consisted of a 3 min wash at 100% A, followed by a 15 min linear gradient to 

65% B.  The injection volume was 15 μl.  MS and MS-MS data were acquired in negative 

enhanced resolution and enhanced product ion mode with electrospray ionization set at -4500 V 

at a temperature of 400°C.  The curtain gas was set at 35, and ion source gas 1 and ion source gas 

2 were 60 and 50, respectively. Analyst software (Applied Biosystems/MDS SCIEX) was used 

for system operation and data processing. 

Enzymatic synthesis of 5’-deoxyinosine and methylthioinosine.  The enzymatic 

preparation of 5’-dI and MTI was done as previously described by the enzymatic deamination of 

5’-deoxyadenosine (5’-dA) and MTA (23). Reaction mixtures containing 5’-dA or MTA at a 
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concentration of 1 to 10 mM were incubated with 18 ng of 5’-deoxyadenosine deaminase 

(DadD) overnight at 25 oC in 50 mM 1,3-bis[tris(hydroxymethylmethylamino]propane (BIS 

TRIS propane) buffer (pH 9.0) (23). 5’-dA or MTA were completely converted to 5’-dI or MTI 

as measured by HPLC (described below). 

Preparation of methylthioribose from MTA.  Preparation of MTR was done by heating 

MTA in acid to hydrolyze the adenine moiety from the methylthioribose.  MTA (20 mg) was 

heated in 2 mL 1 M HCl for 10 min at 100oC.  Following heating the sample was completely 

evaporated to dryness to remove the HCl.  The remaining sample was then re-suspended in 2 mL 

water (pH adjusted to 7 with 1 M NaOH) and filtered.   The concentration of MTR was 

calculated to be 27 mM on the basis of the amount of MTA used.  The production of MTR was 

verified by reduction of a portion of the sample with 1-2 mg of sodium borohydride (NaBH4) 

and at room temperature for 1-2 hours.  To desalt the sample, it was first passed through a 

column of Dowex-50W-X8 (H+) 200-400 mesh (2 x 0.5 cm).  The borate was removed by 

dissolving the samples in methanol and then evaporated to dryness under a stream of N2 while 

being heated in a water bath at ~100 oC.  Next the samples were run through a column of 

Dowex-1-X10 (OAc-) 200-400 mesh (2 x 0.5 cm) to remove sodium.  After drying the samples 

by evaporation with a stream of nitrogen gas while being heated at 100 oC in a water bath, the 

resulting residue was reacted with 60 µL of a mixture of pyridine, hexamethyldisilazane, and 

chlorotrimethylsilane (9:3:1, vol/vol/vol) for 1-2 min at 100 oC to generate the TMS derivative.  

TMS derivatives were separated on a Phenomenex Zebron ZB-5MS plus (30 m x 0.32 mm x 

0.25 µm) film capillary column installed in a HP5890 gas chromatograph. The oven temperature 

was programmed from 80 oC to 270 oC at 8 oC per minute. A 7 psi helium carrier gas was 

supplied and split-less injection (200 oC) was employed. The column effluent was introduced 

into the electron impact ion source (200 oC) of a VG70S mass spectrometer, which was scanned 

from 50 to 400 amu at 1 second per decade.  Mass spectral data was acquired and processed with 

a VG Opus data system.  

 Cloning, overexpression, and purification of M. jannaschii MJ0060 and MJ0454 

gene products in E. coli. The MJ0060 gene (UniProt accession number Q60367) and the 

MJ0454 gene (UniProt accession number Q57896) were amplified by PCR from genomic DNA 

using oligonucleotide primers for MJ0060 and MJ0454 are shown in Table S1. PCR 

amplification was performed as described previously (26) using a 55 oC annealing temperature 
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for both.  Purified PCR products were digested with Nde1 and BamH1 restriction enzymes and 

ligated into compatible sites in vector pT7-7.  The sequence of the resulting plasmids pMJ0060 

and pMJ0454, were verified by DNA sequencing.  The plasmids, pMJ0060 and pMJ0454, were 

then transformed into E. coli strain BL21-CodonPlus(DE3)-RIL cells (Stratagene).  The 

transformed cells were grown in LB medium (200 mL) supplemented with 100 µg/mL ampicillin 

at 37 oC with shaking until they reached an OD600 of 1.0.  Recombinant protein production was 

induced by addition of lactose to a final concentration of 28 mM (27).  After an additional 2 

hours of culture, the cells were harvested by centrifugation (4,000 x g, 5 min) and frozen at -20 

oC. Induction of the desired protein was confirmed by SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) analysis of total cellular proteins.   

 The frozen E. coli cell pellet containing the desired protein (~0.4 g wet wt) was 

suspended in 3 mL of extraction buffer (50 mM N-[tris(hydroxymethyl)methyl]-2-

aminoethanesulfonic acid (TES), pH 7.0, 10 mM MgCl2, 20 mM dithiothreitol (DTT)) and lysed 

by sonication.  The resulting expressed proteins were found to remain soluble after heating the 

resulting cell extracts containing the MJ0060 and MJ0454 gene products for 20 min at 80 oC and 

70 oC, respectfully, followed by centrifugation (16,000 x g for 10 min) to remove denatured and 

insoluble E. coli proteins.  Purification was performed by anion-exchange chromatography of the 

heated soluble fractions on a MonoQ HR column (1 x 8 cm; Amersham Bioscience) using a 

linear gradient from 0 to 1 M NaCl in 25 mM Tris buffer (pH 7.5), over 55 min at a flow rate of 

1 mL/min.  Fractions of 1 mL were collected and the desired protein was identified through 

SDS-PAGE.  The protein bands corresponding to the predicted molecular mass of the MJ0060 

gene product (~28 kDa) and MJ0454 gene product (~36 kDa) were excised from the 

polyacrylamide gel and prepared for matrix assisted laser desorption ionization-mass 

spectrometry (MALDI-MS) as previously described (23). Protein concentrations were 

determined by Bradford analysis (28). 

The MTIP (encoded by MJ0060) and MTRI (encoded by MJ0454) derived proteins were 

efficiently expressed in E. coli as measured from the SDS-PAGE analysis of the total proteins in 

the E. coli cells after expression.  MALDI analysis of the tryptic peptides recovered from the 

hydrolysis of the expressed protein band confirmed the presence and purity of each desired 

protein.  After sonication of the E. coli cell pellet (~1 g wt weight suspended in 2 mL of 

extraction buffer) and centrifugation (14,000  g, 5 min), SDS-PAGE analysis of the soluble 
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material and the pellet demonstrated that most of the expressed MJ0060 and MJ0454 proteins 

were found in the soluble extracts. Heating 200 µl portions of the resulting crude soluble extract 

for 10 min at different temperatures indicated that MJ0060 and MJ0454 remained soluble up to 

80 C and 70 C, respectively, based on SDS-PAGE analysis.  Thus the first step in the 

purification of each protein from the cell extracts involved heating the MJ0060 cell extracts at 80 

C for 20 min and the MJ0454 at 70 C for 20 min followed by centrifugation (14,000  g, 10 

min) prior to purification of soluble proteins on MonoQ.  This purification produced one peak of 

activity eluting at 0.4 M NaCl for each gene product that contained a single band upon SDS-

PAGE analysis.  MALDI analysis of the tryptic digests of the excised bands from the SDS-

PAGE gel identified MTIP from six identified unique peptides and MTRI from eight identified 

unique peptides.  

 Measurement of native molecular weight of MTIP and MTRI. The native molecular 

weight of MTIP and MTRI were determined by size exclusion chromatography (SEC) as 

described previously using a Superose 12 HR column (29).  The following standards were used 

to generate the standard curve for MTRI: blue dextran (2000 kDa), conalbumin (77.5 kDa), 

bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), and cytochrome c (14 kDa). The 

same standards where used with MTIP but with the addition of β-amylase (200 kDa). 

Standard assay, pH optima, and substrate specificity for MTIP. The standard 

enzymatic assay for MTIP measured the release of the purine base and consisted of 0.4 μg of 

MTIP with 0.2 mM nucleoside, 40 mM sodium phosphate in 100 μL 0.1 M TES buffer at pH 

7.0.  The mixture was incubated at 37 oC for 15 min to assay the phosphorolysis of the 

nucleoside.  It was found that when assayed at 70 oC the reaction came to equilibrium between 

substrate and product formation within 5 min.  The use of lower concentrations of substrate did 

not adjust the observed equilibrium, so a lower temperature was used to slow the reaction.  The 

pH optimum was determined over the pH range 6.5 to 11.5 using 25 mM piperazine-N, N’-bis(2-

ethanesulfonic acid), N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid, and N-

cyclohexyl-3-aminopropanesulfonic acid  (PIPES, TAPS, CAPS) buffer system with 50 mM 

phosphate, using the standard assay with a final concentration of 0.2 mM MTI in 100 μL. The 

activity of MTIP was examined with the following nucleosides in the standard assay: MTA, 5’-

dA, adenosine, MTI, 5’-dI, inosine, 2’-deoxyinsoine, guanosine, and 2’-deoxyguanosine. The 
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reaction was stopped upon addition of 5 μL of 2 M perchloric acid, briefly centrifuged (~7500  

g, ~2 min), then analyzed by HPLC as described below. 

To determine substrate specificity of MTIP, the kinetic parameters of MTIP were 

determined using 4 μg MTIP with 5’-dI (0 to 0.4 mM), MTI (0 to 0.3 mM), inosine (0 to 0.1 

mM), 2’-deoxyinosine (0 to 0.2 mM), guanosine (0 to 1 mM), or 2’-deoxyguanosine (0 to 2 

mM).  The buffer used was 0.5 M sodium phosphate buffer (pH 7.0) for MTI and 5’-dI, 0.1 M 

sodium phosphate buffer (pH 7.0) for inosine, guanosine, 2’-deoxyinosine, and 2’-

deoxyguanosine. The reactions were all incubated at 37 oC for 15 min, quenched 5 μL of 2 M 

perchloric acid or hydrochloric acid, and analyzed by HPLC.    

Identification of sugar containing products from the MTIP catalyzed reactions.   To 

establish the production of 5-deoxyribose 1-phosphate (5-dR 1P) and methylthioribose 1-

phosphate (MTR 1P) as the enzymatic product of the MTIP reaction they were derivatized with 

NBHA which allowed for their detection by UV-HPLC and LC-UV-ESI-MS.  Following the 

standard assay for MTIP with 5’-dI or MTI (0.4 mM) the reactions were titrated to pH 4.0 with 

10 M acetic acid and a 10-fold molar excess (~4 mM) of O-(4-nitrobenzyl)hydroxylamine 

(NBHA) was added over substrate. After incubation at 100 oC for 30 min the samples were 

cooled to room temperature then briefly centrifuged (~7500  g, 2 min) prior to HPLC and LC-

UV-ESI-MS analysis (described below).   

Characterization of MTRI substrate specificity and mechanism.  To assay for MTRI 

activity, the MTIP reaction was coupled to the MTRI reaction. The products were derivatized 

with NBHA and analyzed by HPLC and LC-UV-ESI-MS (see below).  The standard assay used 

for the MTIP/MTRI coupled assay was 0.4 μg MTIP, 5 μg of MTRI in 100 μL 0.1 M TES (pH 

7.0) with a final concentration of 0.4 mM 5’-dI or MTI, 40 mM phosphate and 20 mM DTT 

followed by incubation at 60 oC for 50 min.  MTRI reaction was found to be dependent on DTT 

(20 mM) for activity and thus was included in all assays. The substrate specificity of MTRI was 

determined using the coupled assay as described with varying concentrations of 5’-dI (0 to 1 

mM) and MTI (0 to 0.6 mM).  The ability of MTRI to use 5-deoxyribose (5-dR) and ribose 5-

phosphate (ribose 5P) was also analyzed. The reactions were titrated to pH 4.0 with 10 M acetic 

acid and 4 mM NBHA was added for derivatization followed by incubation at 100 oC for 30 min.  

The samples were cooled to RT then briefly centrifuged (~7500 x g, 2 min) prior to HPLC and 

LC-UV-ESI-MS analysis.   
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The mechanism of MTRI catalyzed reaction was probed by following the incorporation 

deuterium from the D2O included in the reaction solvent into the product of MTRI, 5-dRu 1P.  

This was done by incubation of 0.4 μg MTIP, 5 μg of MTRI in 100 μL 0.1 M TES (pH 7.0), with 

a final concentration of 0.4 mM 5’-dI, 40 mM phosphate and 20 mM DTT followed by 

incubation at 60 oC for 50 min in 20% D2O.  The reactions were derivatized with NBHA as 

described above and then analyzed by LC-UV-ESI-MS analysis of the resulting derivatives 

looking for deuterium incorporation or by HPLC described below.   

HPLC and LC-UV-ESI-MS analysis.  Chromatographic analysis of each substrate and 

product of the MTIP catalyzed reactions were performed on a Shimadzu HPLC System with a 

C18 reverse phase column (Shimadzu 50  4.6 mm, 5 m particle size) equipped with 

photodiode array detector and operated at room temperature (RT).   The elution profile consisted 

of 5 min at 95% sodium acetate buffer (25 mM, pH 6.0, 0.02% NaN3) and 5% methanol 

followed by a linear gradient to 50% sodium acetate buffer/50% methanol over 9 min at 0.5 

mL/min. The nucleotide and nucleoside elution times can be found in Table S2.  The absorbance 

at 260 nm for adenine and adenosine containing compounds, 250 nm for hypoxanthine and 

inosine containing compounds, 246 nm for guanine, and 253-254 nm for guanosine analogues 

using 260 = 14.9 x 103 M-1cm-1 for adenosine, 260 = 13.4 x 103 M-1cm-1  for adenine, 250 = 12.3 

x 103 M-1cm-1 for inosine, 250 = 10.7 x 103 M-1cm-1 for HX, 246 = 10.7 x 103 M-1cm-1 for 

guanine, 253 = 13.6 x 103 M-1cm-1 for guanosine, and 254 = 13.0 x 103 M-1cm-1 for  2’-

deoxyguanosine (30) was used for peak identification.  Quantitation was based on peak areas.  

 HPLC analysis of the NBHA derivatized samples was done on the same HPLC system 

but using a C18 reverse phase column (Kromasil 250  4.6 mm, 5 m particle size).  The elution 

profile consisted of 5 min at 100% sodium acetate buffer (25 mM, pH 6.0, 0.02% NaN3) 

followed by a linear gradient to 100% methanol over 50 min at 0.5 mL/min. Under these 

chromatographic conditions the NBHA derivatized sugars, measured at 270 nm, eluted with the 

retention times indicated in Table S2. Each derivatized sugar produced two chromatographic 

peaks, one for the cis and one for the trans oximine derivative.  For clarity only data for the 

major peak was reported in Table S2.  Quantitation was based on the peak areas at 270 nm for 

the NBHA derivative (270 = 9490 M-1cm-1)(30).   

 Analysis of the NBHA derivatives was also done by LC-UV-ESI-MS (Agilent 1200 

HPLC series in combination with an AB Sciex 3200 Q TRAP) using a Waters XTerra reverse 
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phase C18 column (5 μM, 3.9 x 150 mm) with an injection volume between 5-25 μL.  Elution of 

the derivatives was done using 25 mM ammonium acetate (solvent A) and methanol (solvent B) 

with a total flow of 0.5 mL per min and the following gradient profile: (t (min), %B): (0.01, 0), 

(10.00, 65), (10.01-13.00, 95), (13.01-15.00, 0).  Electrospray ionization was employed at 4500 

volts and a temperature of 600 oC. Curtain gas, gas 1, and gas 2 flow pressures were 40, 60 and 

50 psi, respectively.  Desolvation, entrance, and collision cell potentials were 35, 12, and 10 

volts, respectively.  Mass analysis was performed in the Enhanced MS (EMS) mode, and 

positive ions were measured in the mass range 100-500 Da.   

Growth recovery of homocysteine auxotrophs from Methanosarcina acetivorans.  All 

cellular cultures were conducted with high salt (HS) growth media to promote single-cell growth 

(31, 32). Methanol was used throughout as the methanogenic growth substrate. Cultures were 

maintained at 37 °C in 18 mm aluminum-sealed Balch tubes, containing 5-10 ml liquid growth 

media. Optical density measurements were taken by directly inserting the culture tubes into a 

spectrophotometer (Turner model 330). Prior to individual growth experiments, homocysteine-

prototrophic (WWM75)(33) and homocysteine-auxotrophic (BJR10)(22) Methanosarcina 

acetivorans strains were grown to high optical density (0.5 < A600 < 1.2) on HSMet, a sulfide-

rich, methionine-containing growth medium(22).  To initiate growth experiments, 

HSMet cultures were diluted 50-fold into culture tubes containing the HSDTT growth 

medium.(22) Since the HSDTT medium lacks a viable sulfur sources, it was supplemented with 

sodium sulfide (0.2-2 mM) and the proposed intermediates for methionine salvage to support 

growth, prior to inoculation.  The eight potential methionine salvage intermediates included were 

MTA (0.2 and 0.02 mM), MTI (0.2 mM), MTR (2 mM), 2-keto-4-(methylthio)butyrate (KMTB, 

2 mM), methioninol (4 mM), 2-hydroxy-4-methylthiobutyric acid (HMTB, 2 mM), 3-

mercaptopropanoic acid (SP, 2 mM), and 3-(methylthio)propanoic acid (MeSP, 2 mM).   

 

Results and discussion  

MTIP functions as an enzyme in the AnMSP and purine salvage. The first 

phosphorylase specific for MTI was described from Pseudomonas aeruginosa(34), which   was 

demonstrated to be active with both inosine and adenosine (34).  Unlike P. aeruginosa MTIP, the 

M. jannaschii enzyme preferred hypoxanthine (HX)-containing nucleosides and was unable to 

utilize MTA or adenosine as substrates (Table 1).   MTI in P. aeruginosa is proposed to be 
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produced via deamination of MTA by an adenosine deaminase (34), similar to M. jannaschii 

where MTI is the deamination product of MTA catalyzed by DadD, which is proposed to be 

functioning in place of an adenosine deaminase in M. jannaschii (Figure 2A)(23). 

The M. jannaschii MTIP catalyzed reaction came to equilibrium with ~70% conversion 

of substrate to product within 5 min at 70 oC with 0.2 mM 5’-dI with excess sodium phosphate 

(pH 7) and 0.4 µg MTIP.  The equilibrium constant of the nucleoside phosphorylase catalyzed 

reaction is known to favor the formation of the nucleoside (35, 36).  Thus, in order to monitor the 

reaction in the phosphorolysis direction the temperature was decreased to 37 oC where a steady 

increase in product formation was observed over 35 min at 37 oC (Figure S1A).  The pH 

optimum of MTIP was found to be pH 7.0-8.0 in PIPES, TAPS, CAPS buffer system.  At pH 11 

MTIP retained approximately 20% of the activity compared to pH 7 (Figure S1B). The 

molecular mass of MTIP was measured to be 90 kDa using size exclusion chromatography 

(SEC). This is consistent with the enzyme being a trimer with a monomeric subunit mass of 30 

kDa.  Determination of the MTIP as a trimer indicates that it is a member of the nucleoside 

phosphorylase-I family of nucleoside phosphorylases(37).   

The purine nucleoside phosphorylase superfamily are known to accept a wide range of 

substrates(37) and we sought to determine if MTIP would function with alternate purine 

nucleosides.  MTIP from M. jannaschii was found to utilize MTI, 5’-dI, inosine, 2’-

deoxyinosine, guanosine, and 2’-deoxyguanosine, as assayed by following formation of the 

nucleobase by HPLC (Table 1).  Steady state kinetics indicate that MTI is the preferred substrate 

(kcat/KM of 1.2 x 104 s-1M-1), which was only 1.5 fold higher than 5’-dI (Table 1).  However, 

there was a 10-fold higher kcat/KM for MTI than inosine and guanosine (Table 1). This suggests 

that MTIP is involved in both the AnMSP and general salvage of purine nucleosides.  The role of 

MTIP acting as a general purine nucleoside phosphorylase is further supported by the fact that 

the M. jannaschii genome is only annotated to encode three other phosphorylases (from UniProt 

(38)). Of the three annotated phosphorylases none are annotated as a general purine nucleoside 

phosphorylase likely to correspond to a non-specific enzyme involved in the salvage of diverse 

purines (36, 37).  The other phosphorylases are annotated as a thymidine/AMP phosphorylase 

encoded by MJ0667, a ribulose 1,5-bisphosphate isomerase encoded by MJ0122, and a glycogen 

phosphorylase encoded by MJ1631.  To date only the MJ0667 derived enzyme has been 

examined and neither annotated activity was observed (Miller unpublished). Furthermore, it has 
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been demonstrated that a purine nucleoside phosphorylase from Plasmodium falciparum used 

MTI as well as inosine as a substrate (39).   Thus, MTIP is likely serving as the general purine 

nucleoside phosphorylase in M. jannaschii.  This enzyme would be serving to salvage HX and 

guanine nucleotides for regeneration of IMP, GMP, and AMP through the HX/guanine 

phorphoribosyltransferase(40).     

   Analysis by HPLC and LC-ESI-MS for the sugar product moieties of the MTIP reaction 

was done through derivatization with NBHA. All of the sugars discussed were analyzed as the 

NBHA derivative, but for clarity they are only referred to as the sugar and the m/z for the NBHA 

adducts.  The results demonstrated that MTR and 5-dR were products of the MTIP 

phosphorolysis of MTI and 5’-dI, respectively (Figure 2).  Figure 4 is a representative HPLC 

chromatograph of the MTIP (Figure 4, red) and MTIP/MTRI coupled reaction demonstrating 

formation of the new 5-dRu 1P (Figure 4, blue).  When MTRI was included in the reaction, 5-

deoxyribulose 1P (5-dRu 1P, retention time of 27.5 min) (Figure 4, blue) and the 

methylthioribulose 1P (MTRu 1P, retention time of 29.5 min) were detected.  LC-ESI-MS was 

used to further confirm the 5-dR 1P (MH+ = 363.2 m/z) and MTR 1P (MH+ = 409.2 m/z) 

products of the MTIP and MTRI reaction (Figure 2).  Under the procedures used to derivatize the 

ribose product moieties with NBHA it would not be expected to detect the 1-phosphate ribose 

product moieties.  Ultimately, these data indicate that 5-dR 1P and MTR 1P are produced by 

MTIP since the subsequent isomerization reaction products (5-dRu 1P and MTRu 1P) contained 

the phosphate at the C1 position of the ketose sugar product.  These data would suggest that MTI 

and MTR 1P are intermediates of the AnMSP with MTIP catalyzing the phosphorolysis.   

MTRI catalyzes the third step in AnMSP.  MTRI is responsible for isomerization of 

MTR 1P to MTRu 1P and is the first well conserved enzyme of the MSP (16).  This enzyme 

shares close sequence homology with eukaryotic translation initiation factor 2B α family (41).  

Only two other MTRI’s have been studied in detail, one from Bacillus subtilis (10, 41) and one 

from yeast (42), both of whom have had their structures determined to contain an N-terminal 

domain fold of three-stranded antiparallel β-sheets and a C-terminal domain Rossmann fold that 

binds the substrate (41).  MTRI from M. jannaschii was found to be predominantly a dimer with 

a monomeric subunit mass of ~40 kDa as measured by SEC.  The tetrameric form was also 

observed but to a lesser extent.  The ratio of tetramer to dimer was 1:4 based on UV absorbance 

at 280 nm of each peak.  Interestingly, this is the first report of this enzyme as a dimer; it was 
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found to be a tetramer of two dimers in the homologues from Bacillus subtilis (10) and yeast 

(42).   

The MTRI in M. jannaschii was demonstrated to use MTR 1P and 5-dR 1P equally well 

(Table 2).  Neither ribose, ribose 5P, nor ribose 1P were found to be substrates of MTRI from M. 

jannaschii.  Interestingly, MTRI demonstrated a four-fold higher KM for 5dR 1P than for 5-dR, 

suggesting that the 1-phosphate moiety of 5-dR 1P is a substrate binding determinant.  

Furthermore, without the 1-phosphate moiety the turnover (kcat) was 15-fold slower with 5-dR 

than 5-dR 1P (Table 2). This data would indicate that the 1-phosphate moiety of MTR 1P plays 

an important role in the binding of the substrate to MTRI.  The mechanism of MTRI is still 

largely unclear and even after analysis the B. subtilis X-ray crystal structure(41) and had been 

postulated to proceed via a metal dependent 1,2-hydride shift or through a cis-enediol 

intermediate(41).   

The mechanism of the M. jannaschii MTRI was briefly investigated to establish if it 

proceeded either via a metal dependent 1,2-hydride shift or a cis-endiol mechanism.  First, MTRI 

was analyzed for the presence of metals and the results (Table S3) did not indicate the presence 

of any specific metal bound to the recombinantly produced purified protein.  Sequence 

alignments of MTRI’s further distanced the mechanism from a metal dependent 1,2-hydride shift 

because MTRI’s lack any conserved metal binding residues with known isomerases like the 

xylose isomerase(43).  Next, the MTRI reaction was followed in the presence of 20% D2O, 

because there should be an incorporated deuterium into the product from the solvent if a cis-

endiol mechanism is followed.  The results from this experiment showed no incorporation of 

deuterium into the product, which might suggest that the cis-endiol mechanism is not followed as 

the expected labeled product (5-dRu 1P, MH+ = 364.1 m/z) was not observed (Figure S2).  A 

similar analysis of isotope exchange experiment for the B. subtilis MTRI also demonstrated no 

deuterium incorporation(10).  Unfortunately, our results could not distinguish between the two 

proposed mechanisms for MTRI. 

AnMSP and 6-deoxy-5-ketofructose 1-phosphate biosynthesis.  The ability of MTIP 

and MTRI to utilize 5-dR 1P and 5-dRu 1P (Figure 2B) as substrates is particularly important for 

our understanding of how aromatic amino acids are biosynthesized in Archaea.  It has been 

clearly demonstrated in M. jannaschii and Halobacterium solinarum that the canonical 

precursors, erythrose 4-phosphate and phosphoenoyl pyruvate (PEP), are not used for the 
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production of aromatic amino acids (44, 45).  Alternatively, 6-deoxy-5-ketofructose 1-phosphate 

(DKFP) and L-aspartate semialdehyde are used to generate 3-dehydroquinate(44, 45), which is 

an essential intermediate for the shikimic acid pathway (46).  However, the biosynthesis of 

DKFP remains largely unknown.  Only a single enzyme has been identified to be responsible for 

formation of DKFP from fructose 1,6-bisphosphate and methylglyoxal (Figure 3)(47).  

Methylglyoxal is known to be toxic metabolite and is not traditionally utilized as an 

intermediate, but is instead quickly degraded through detoxifying enzymes(48–51).  Thus, to be 

utilized as an intermediate for the production of DKFP methylglyoxal is likely to be 

enzymatically produced instead of just being a degradation product of glyceraldehyde 3-

phosphate(52, 53).   

As has been proposed by earlier work from our laboratory, 5’-dA derived from radical 

SAM enzymatic reactions could be the source of deoxysugars for the production of 

methylglyoxal and DKFP(23).  5’-dA is known to be deaminated to 5’-dI by DadD and here we 

have demonstrated that MTIP and MTRI converts 5’-dI to 5-dRu 1P (Figure 3). The results of 

these experiments demonstrated that MTIP and MTRI functioned with both substrates and in the 

case of the isomerase there was near equal specificity for either MTR 1P or 5-dR 1P (Table 2).  

5-dRu 1P is then hypothesized to be further metabolized to methylglyoxal by the annotated 

ribulose 5-phosphate 3-epimerase and transketolase enzymes (Figure 3). Characterization of 

these enzymes and reactions is currently underway by our laboratory.  Preliminary analysis does 

suggest that when MTIP, MTRI, ribulose 5-phosphate 3-epimerase, and transketolase enzymes 

are incubated together with 5’-dI, lactaldehyde is produced (Miller unpublished).     

Possible AnMSP intermediates after MTRu 1P.  In an effort to identify potential 

intermediates in the AnMSP an M. acetivorians HcyAux strain was utilized (22).  M. acetivorans 

contains homologues to both MTIP and MTRI with 44% and 46% sequence identity to the M. 

jannaschii enzymes, respectively. This strain of M. acetivorans had previously been 

demonstrated to require either homocysteine or methionine for growth (22).  Like M. jannaschii, 

M. acetivorans also lacks the genes of the aerobic MSP.  Using the M. acetivorians HcyAux 

allowed us to test various intermediates that could potentially be taken up and converted to 

methionine by enzymes that have yet to be identified.  Once an intermediate is identified that 

recovers the growth of the M. acetivorians HcyAux, then the types of biochemical reactions that 

might be used to connect the intermediate to methionine could be identified.  This information 
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could be used to propose a list of enzymes that are either known or predicted based on 

bioinformatics searches, followed by examining the individual protein’s in vitro function.  

First we examined whether MTA was able to recover the growth of the M. acetivorans 

HcyAux and simultaneously compared its effect on growth of a wild type (wt) strain of M. 

acetivorans (Figure 5).  These results demonstrated that MTA at low concentrations (0.2, but not 

0.02 mM) was inhibitory to the growth of wt M. acetivorians, suggesting that like other bacterial 

and eukaryotic organisms (4, 54, 55), MTA inhibits growth by blocking the activity of SAM 

dependent enzymes.  Next, we incubated the growing cultures with MTI, which did not inhibit 

growth of wt M. acetivorans (Figure 5A). However, MTI was unable to rescue growth of M. 

acetivorians HcyAux. This indicates that MTI is either unable to enter the cell or is not 

converted to methionine.  Next, chemically generated methylthioribose (MTR) from the acid 

hydrolysis of MTA was fed to growing cultures of wt and HcyAux M. acetivorians.  MTR did 

not rescue the growth of the HcyAux M. acetivorians (Figure 5B), but MTR fed to wt M. 

acetivorians had growth characteristics similar to the rescue effected by 0.2 mM methionine on 

the HcyAux M. acetivorians (Figure 5).  These data suggest that MTR does enter the cell and is 

likely metabolized in some way to overcome the inhibition that is initially observed in the wt M. 

acetivorans when fed MTR. (Figure 5A).  

The last known intermediate that was tested for growth recovery was the final 

intermediate before conversion to methionine, 2-keto-(4-methylthio)butyrate (KMTB) (Figure 

5).  These data demonstrated conversion of KMTB to methionine thus restoring the growth of the 

M. acetivorians HcyAux and no inhibition of wt M. acetivorians.  Transamination of KMTB to 

methionine would be catalyzed by a PLP-dependent aminotransferase. M. jannaschii contains ten 

aminotransferases, and preliminary data suggests more than half are able to transaminate KMTB 

to methionine to some extent (Miller unpublished).  It has been shown that in yeast 

transamination of KMTB was highly redundant, due to the mutant strains with the knocked out 

aminotransferases lacking any growth defect (56).  The M. jannaschii aminotransferases are 

currently being investigated to further establish if KMTB is an intermediate of the AnMSP or if 

it is non-specifically transaminated to methionine. 

  Other intermediates from the aerobic MSP were not tested as they are not commercially 

available nor were they easily chemically synthesized. Instead, alternate intermediates with 

either a 3- or 4-methylthio moiety (Figure S3A) were investigated for their ability to be 
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converted to methionine and recover the growth of the M. acetivorans HcyAux (Figure S3B).  

The four intermediates were chosen because of their structural similarities to methionine (Figure 

S3A).   Hydroxy-4-methylthiobutyric acid (HMTB) or methioninol could potentially be 

intermediates to methionine, but neither HMTB nor methioninol were successful at recovering 

the growth of the M. acetivorans HcyAux, suggesting that neither of these compounds are 

intermediates in the methanogenic AnMSP.  3-Mercaptopropanoic acid and 3-

(methylthio)propanoic acid were examined as potential intermediates as it had been 

demonstrated that 3-mercaptopropanoic acid was methylated by M. acetivorans (White 

unpublished).  Additionally, 3-mercaptopropanoic acid was recently found to be biosynthesized 

in M. jannaschii suggesting its potential as an intermediate (57).  Carboxylation of 3-

(methylthio)propanoic acid would generate KMTB which could then be transaminated to 

methionine.  Interestingly, neither 3-mercaptopropanoic acid nor 3-(methylthio)propanoic acid 

were able to substitute for methionine and allow the M. acetivorans HcyAux to grow as the wt 

M. acetivorians. These data further suggest that the AnMSP proceeds through unique 

intermediates that cannot be readily predicted. 

Conclusions  

 In conclusion we have demonstrated that the two annotated enzymes of the MSP are 

functioning as MTIP and MTRI.  Furthermore, both of these enzymes were found to utilize 

alternative substrates suggesting that MTIP and MTRI are not specific for only the AnMSP.  

MTIP was able to utilize a wide variety of purine nucleosides (Table 1) indicating it functions as 

a purine nucleoside phosphorylase involved in the salvage of purines.  Both MTIP and MTRI 

have also been implicated in the biosynthesis of DKFP as well.  Taking this information we 

sought to determine potential intermediates in the AnMSP utilizing M. aceitvorians HcyAux, 

which require either homocysteine or methionine for normal growth (22).  Of the eight 

compounds that were examined only KMTB was able to restore growth.  MTA was 

demonstrated to be inhibitory of the wt M. acetivorians indicating that it functions as a feedback 

inhibitor of SAM dependent enzymes in methanogens.  Neither MTI nor MTR were able to 

successfully restore growth, but nor did they inhibit the growth of wt M. acetivorians.  The 

remaining four compounds that were postulated to be potential intermediates of the AnMSP were 

unable to restore growth.  Ultimately, the last steps in the AnMSP still remains a mystery in 



 

59 

 

methanogens, but it is proposed that MTI, MTR 1P, MTRu 1P, and KMTB are intermediates of 

the AnMSP where MTIP and MTRI catalyze the second and third steps.  
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Tables 

Table 1. Apparent kinetic parameters of MTIP at 37 oC 

Substrate KM ± SD (mM) kcat ± SD (s-1) kcat /KM (s-1M-1) 

MTI 0.13 ± 0.08 1.5 ± 0.12 1.2 x 104 

5’-dI 0.86 ± 0.17  6.6 ± 0.61 7.6 x 103 

inosine 0.93 ± 0.75 1.30 ± 0.72 1.4 x 103 

2’-deoxyinosine 0.86 ± 0.09  4.2 ± 0.8 4.9 x 103 

guanosine 0.61 ± 0.50 0.92 ± 0.38  1.5 x 103 

2’-deoxyguanosine 15 ± 5 64 ± 22 4.3 x 103 

MTA N.d.a   

5’-dA N.d.a   

adenosine N.d.a   
a No detectable activity with 0.2 mM MTA, 5’-dA, or adenosine 

 

Table 2. Apparent kinetic parameters of MTRI at 60 oC 

Substrate KM ± SD (mM) kcat ± SD (s-1) kcat /KM (s-1M-1) 

MTR 1Pa 0.53 ± 0.11 0.14 ± 0.021 2.5 x 102 

5-dR 1Pa 0.41 ± 0.09 0.067 ± 0.0037 1.7 x 102 

5-dRb 1.6 ± 0.8 0.0043 ± 0.0013 2.6 

Ribose 5Pb N.d.c   
a Coupled assay through MTIP 
b Substrate added directly to MTIR 
c No detectable activity with 0.2 mM ribose 5P and 5 µg MTRI  
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Figures 

 

Figure 1. Different methionine salvage pathways.  Highlighted in blue are the known 

intermediates shared with the MSP, red is the AnMSP proposed in methanogens, green is the 

isoprenoid shunt AnMSP, and shown in black are the intermediates and enzymes missing from 

the MSP pathway in anaerobic organisms.  
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Figure 2. Comparison of substrates for first three steps of MTA (A) and 5’-dA (B) salvage 

pathways with DadD, MTIP, and MTRI. 
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Figure 3.  Proposed pathway for the biosynthesis of DKFP from 5’-dA.    
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Figure 4. HPLC analysis of the products from the coupled assay of MTIP and MTRI with 5’-dI 

and excess Pi.  The red line indicates the MTIP control without addition of MTRI and the blue is 

when the MTRI is added to the reaction.  The peaks are labeled and the absorbance is measured 

at 270 nm.  The secondary peaks seen with the NBHA derivatives is due to the different isomers 

of the oxime derivative.  
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Figure 5. Growth recovery of M. acetivorans wt (A) and homocysteine auxotrophs (HcyAux) (B) 

with possible MSP intermediates (C). 
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Tables 

Table S1. Oligonucleotide primers for MJ0060 (MTIP) and MJ0454 (MTRI) gene products 

Gene Primers 

MJ0060 Fwd : 5'-GGTCATATGATTGGTATAATAGGAGGGAC-3' 

Rev : 5'-GCTGGATCCTTACCCAATAACAGCATG-3' 

MJ0454 Fwd : 5'-GGTCATATGACAAAAGATTTAAGAC-3' 

Rev :  5'-GCTGGATCCCTACCTAAAGAGCTTTAAAATC-3' 

 

Table S2. Elution times of analyzed standards on the two different C18 columns used for HPLC 

analysis. 

Standard  
Elution Time (min) 

Shimadzu C18b Kromasil C18c 

Adenine  3.4 16.0 

Hypoxanthine (HX) 2.2 14 

Guanine 2.1 12.2d 

5’-Deoxyadenosine (5’-dA) 5.5 -- 

5’-Deoxyinsoine (5’-dI) 4.4 19.9 

Methylthioadenosine (MTA) 7.2 -- 

Methylthioinosine (MTI) 5.9 24.2 

Adenosine 4.6 -- 

Inosine 3.2 -- 

Guanosine 3.4 -- 

2’-Deoxyinosine 3.5 17.6d 

2’-Deoxyguanosine 3.7 18.4d 

5-Deoxyribose 1-phosphate (5-dR 1P)a -- 32.7 

5-Deoxyribulose 1-phosphate (5-dRu 1P)a  -- 25.4 

Methylthioribose 1-phosphate (MTR 1P)a -- 37.0 

Methylthioribulose 1-phosphate (MTRu 1P)a -- 29.5 

5-Deoxyribose (5-dR)a -- 32.8 

5-Deoxyribulose (5-dRu)a -- 25.5 

Ribosea -- 28.6 

Ribose 5-phosphatea -- 24.6 
aThese were assayed as their NBHA derivatives and measured by their UV absorbance at 270 nm  
bElution profile of 0.1 min at 95% sodium acetate buffer (25 mM, pH 6.0, 0.02% NaN3) and 5% 

methanol followed by a linear gradient to 50% sodium acetate/50% methanol over 9 min at 0.5 

mL/min. 
cElution profile of 5 min at 100% sodium acetate buffer followed by a linear gradient to 100% 

methanol over 50 min at 0.5 mL/min.   
dElution profile of 5 min at 95% sodium acetate buffer followed by a linear gradient to 50% 

methanol over 30 min at 0.5 mL/min. 
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Table S3. Metal analysis of MTRI by ICP-MS 

 Cobalt Iron Magnesium Manganese Nickel Zinc 

Detection Limit 

(mg/L) 
0.002 0.005 0.04 0.0003 0.002 0.0005 

Detected (µM) 0.071 0.25 <0.04 <0.0003 <0.002 0.024 

Metal/MTRIa 0.035 0.128 <0.04 <0.0003 <0.002 0.012 
a2µM MTRI 
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Figures 

 
Figure S1. Time course of MTIP catalyzed reaction at 70 oC (squares) and 37 oC (triangles) (A) 

and pH profile of MTIP activity (B). 
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Figure S2. LC-ESI-MS spectrum to the NBHA derivative of 5-dRu 1P product of the 

MTIP/MTRI catalyzed reaction in the absence (A) and presence of 20% D2O (B). 
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Figure S3. Growth recovery of M. acetivorans wt and HcyAux with fed methionine analogues. 

(A) the structures of HMTB, methioninol, 3-(methylthio)propanoic acid, and 3-

mecaptopropanoic acid fed and (B) growth recovery data of HMTB (pink), methioninol (light 

pink), 3-(methylthio)propanoic acid (olive), 3-mercaptopropanoic acid (light green) and the 

controls Met (blue) and sulfide (black). 
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Abstract 

In the hyperthermophilic autotrophic anaerobe, Methanocaldococcus jannaschii, many of the 

canonical biosynthetic pathways are replaced with novel routes.  Such is the case with the 

pentose phosphate pathway, which is replaced with the ribulose monophosphate pathway. 

Though the pentose phosphate pathway is absent, three enzymes are annotated as belonging to 

the pentose phosphate pathway in M. jannaschii.  Our aim was to determine the role of the two 

of these enzymes, ribulose 5-phosphate 3-epimerase (RPE) and transketolase (TK) in M. 

jannaschii metabolism.  In our analysis of M. jannaschii metabolism we have proposed a new 

route for deoxysugar metabolism that is responsible for recycling the 5-deoxyribose 1-phosphate, 

produced by radical S-adenosyl-L-methionine enzymes, to methylglyoxal.  An enzyme coupled 

assay was developed using the phosphorylase and isomerase from the methionine salvage 

pathway for the conversion of 5’-deoxyinosine to 5-deoxyribulose 1-phosphate, the proposed 

substrate for RPE in M. jannaschii.  When RPE was included in the coupled assay, 5-

deoxyxylulose 1-phosphate was detected by GC-MS of the reduced TMS derivatized sugar.  

These results were further validated by molecular docking studies that suggest 5-deoxyxyluse 1-

phosphate binds the active site in a similar conformation as xylulose 5-phosphate.  Additionally, 

when the TK and erythrose were included in another coupled assay, lactaldehyde was produced 

(0.23 µmol min-1 mg-1 TK) and confirmed by the addition of the NADP+ dependent alcohol 

dehydrogenase.  Furthermore, the M. jannaschii TK, which is encoded by two genes representing 

the C-terminus and N-terminus, was demonstrated to only be active when the two genes were 

recombinantly co-expressed in Escherichia coli.  This work demonstrates a novel role for RPE 

and TK in a novel route for deoxysugar metabolism. 
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Introduction 

In this post genomic era, the annotation of encoded proteins based on sequence identity 

(1) has led to enzyme functional annotations that are often misleading or inaccurate.(2)  

However, though in error, the predicted chemistry can be utilized to hypothesize and establish 

the in vivo function.  This approach has been used to identify the enzymes involved in multiple 

pathways in Methanocaldococcus jannaschii.(3)  One pathway that has several annotated 

enzymes belonging to it, but is absent in M. jannaschii and several other archaeal organisms, 

such as Thermococcus kodakarensis(4), is the pentose phosphate pathway (PPP, Figure 1A).(4–

6)  M. jannaschii is a deeply rooted thermophilic autotrophic archaeal organism that does not use 

the PPP for the generation of ribose 5P.(6)  The three annotated enzymes from the PPP are 

ribulose 5-phosphate 3-epimerase (RPE, EC 5.1.3.1), transketolase (TK, EC 2.2.1.1), and 

transaldolase (EC 2.2.1.2).  The transaldolase from M. jannaschii has been demonstrated to be 

active with erythrose 4-phosphate and fructose 6-phosphate.(7)  

The PPP is responsible for the conversion of glucose 6-phosphate (Glu 6P) to erythrose 

4P through seven enzymes (Figure 1A) and is split into the oxidative and non-oxidative sections 

(Figure 1A).  The PPP is responsible for the production of ribose 5P for nucleotide biosynthesis, 

the production of NADPH for redox homeostasis, and erythrose 4P for aromatic amino acid 

biosynthesis.(8)  The non-oxidative branch of the PPP is made up of four enzymes: RPE, 

ribulose 5-phosphate isomerase, TK, and transaldolase (Figure 1A).  The epimerase and 

isomerase are responsible for epimerizing ribulose 5-phosphate to xylulose 5P and the 

isomerization of ribulose 5P to ribose 5P (Figure 1, steps 4a and 5a). These two enzymes serve 

as the first two enzymes in the non-oxidative half of the pentose phosphate pathway.  Xylulose 

5P is subsequently combined with ribose 5P by TK to produce sedoheptulose 7P and 

glyceraldehyde 3-phosphate (Ga 3P) (Figure 1, step 6a).  Sedoheptulose 7P and Ga 3P are then 

reassembled by a transaldolase to form fructose 6P and erythrose 4P (Figure 1, step 7a).  

However, it has been well established in several Archaeal organisms, such as T. 

kodarkarensis(4), that the oxidative branch of the PPP is replaced by the ribulose 

monophosphate pathway (Figure S1) for the production of ribose 5P.(4, 6)   

M. jannaschii and Halobacterium salinarum do not utilize the oxidative PPP for the 

production erythrose 4P required for 3-dehydroquinate (DHQ) biosynthesis.  Instead, M. 
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jannaschii and H. salinarum use aspartate semialdehyde and 6-deoxy-5-ketofructose 1-phosphate 

(DKFP) for the biosynthesis of DHQ (Figure 1B).(9)  DHQ is universally required for the 

biosynthesis of aromatic amino acids via the shikimate pathway.(10, 11)  Analysis of  

carbohydrates in M. jannaschii revealed the absence of erythrose 4P, seduheptulose 7P, and 

xylulose 5P, suggesting that they are not biosynthesized.(6)  These results are consistent with 13C 

labeling studies in Methanospirillum hungatei(12), suggesting an inoperable PPP.  Thus, though 

annotated as RPE and TK, these enzymes are not likely using their canonical substrates (Figure 

2A).  Additionally, we demonstrate that the M. jannaschii TK, which is encoded from two 

separate genes, MJ0679 (C-MjTK) and MJ0681 (N-MjTK), is only active when the two genes 

are recombinantly co-expressed.  Here we propose potential in vivo substrates for the annotated 

RPE and TK in M. jannaschii (Figure 2B) and their involvement in the recycling of 5-

deoxyribose (5-dR) moiety produced from S-adenosyl-L-methionine (SAM) dependent enzymes.   

Materials and Methods. 

Chemicals.  All chemicals were obtained from Sigma/Aldrich unless otherwise noted.  

The pRSFDuet-1 plasmid was generously provided by the laboratory of Dr. Dennis Dean from 

Virginia Tech. 

Enzymatic production of 5’-deoxyinosine.  The enzymatic preparation of 5’-

deoxyinosine (5’-dI) was done as previously described by the enzymatic deamination of 5’-

deoxyadenosine (5’-dA).(13) Reaction mixtures containing 5’-dI at a concentration of 1 to 10 

mM were incubated with 18 ng of 5’-deoxyadenosine deaminase (DadD) overnight at 25 oC in 

50 mM 1,3-bis[tris(hydroxymethylmethylamino]propane (BIS TRIS propane) buffer (pH 

9.0).(13) 5’-dA were completely converted to 5’-dI as measured by HPLC previously 

described.(13)  

Cloning, Overexpression, and Purification of M. jannaschii MJ0680, MJ0679, and 

MJ0681 Gene Products in E. coli.  The encoded enzymes from MJ0680 (Swiss Prot accession 

number Q58093), MJ0679 (Swiss Prot accession number Q58092), and MJ0681 (Swiss Prot 

accession number Q58094) were amplified by PCR from genomic DNA using oligonucleotide 

primers shown in Table S1.  PCR amplification was performed as described previously(14) using 

a 55 oC annealing temperature for all genes products.  Purified PCR product was digested with 

Nde1 and BamH1 restriction enzymes and ligated into compatible sites in vector pT7-7.  

Sequence of the resulting plasmids pMJ0680, pMJ0679, and pMJ0681 were verified by DNA 
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sequencing prior to transformation into E. coli strain BL21-CodonPlus(DE3)-RIL cells 

(Stratagene).  The transformed cells were grown in LB medium (200 mL) supplemented with 

100 µg/mL ampicillin at 37 oC with shaking until they reached an OD600 of 1.0.  Recombinant 

protein production was induced by the addition of lactose to a final concentration of 28 mM.(14)  

After an additional 2 hours of culture, the cells (200 mL) were harvested by centrifugation (4,000 

x g, 5 min) and frozen at -20 oC. Induction of the desired protein was confirmed by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis of total cellular proteins.   

 The frozen E. coli cell pellet containing the desired protein (~0.4 g wet wt) was 

suspended in 3 mL of extraction buffer (50 mM N-[tris(hydroxymethyl)methyl]-2-

aminoethanesulfonic acid (TES), pH 7.0, 10 mM MgCl2, 20 mM dithiothreitol (DTT)) and lysed 

by sonication.  The resulting expressed proteins were found to remain soluble after heating the 

MJ0680 gene product at 60 oC for 20 min and the MJ0679 and MJ0681 gene products for 20 min 

at 70 oC for 20 min followed by centrifugation (16,000 x g for 10 min).  This heating step 

allowed for the purification of the recombinant enzymes from the majority of E. coli proteins, 

which denature and precipitate under these conditions.  The next step of purification was 

performed by anion-exchange chromatography of the heated soluble fractions on a MonoQ HR 

column (1 x 8 cm; Amersham Bioscience) using a linear gradient from 0 to 1 M NaCl in 25 mM 

Tris buffer (pH 7.5), over 55 min at a flow rate of 1 mL/min.  Fractions of 1 mL were collected 

and the desired protein was identified through SDS-PAGE analysis of the fractions and 

subsequent sequencing by MALDI-MS of the excised protein bands.  The protein bands 

corresponding to the predicted molecular mass of the MJ0680 gene product (~25 kDa), MJ0679 

gene product (~34 kDa), and MJ0681 gene product (~30 kDa) were excised from the 

polyacrylamide gel and prepared for MALDI-MS as previously described.(13)    Protein 

concentrations were determined by Bradford analysis.(15) 

Dual Cloning, Overexpression, and Purification of M. jannaschii MJ0679 and 

MJ0681 Gene Products together in E. coli.  In order to determine if production of an active TK 

enzyme requires the overexpression of the two proteins together, two approaches were 

performed.  First, the plasmids containing the MJ0679 and MJ0681 genes (described above) 

were transformed into E. coli strain BL21-CodonPlus(DE3)-RIL cells (Stratagene) and 

overexpressed as described above.  Randomly selected colonies were screened following 

extraction of the proteins from the E. coli cell pellet for both proteins (Figure 3A).  A single 
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colony was found to contain both proteins expressed at approximately equal quantities as judged 

by SDS-PAGE and to be thermally stable up to 80 oC (Figure 3B).  The observed bands were 

verified by MALDI-MS of the excised bands as previously described (Figure 3, red boxes).(16)  

The two proteins were then co-purified by SEC (described below) using the following standards: 

Blue dextran (2000 kDa), bovine serum albumin (66 kDa), conalbumin (77.5 kDa), carbonic 

anhydrase (29 kDa), and cytochrome C (14 kDa).   

Additionally, the two proteins were also cloned directly and amplified by PCR from the 

genomic DNA as the template with oligonucleotide primers described in Table S1 into the 

pRSFDuet-1 plasmid, which allows for the cloning of two genes in the same vector.(17, 18)  

PCR amplifications were performed as described previously(14) using 50 oC annealing 

temperature. The purified MJ0679 PCR product was digested with Nco 1 and Bam H1 restriction 

enzymes and ligated into compatible multiple cloning site (MCS) 1 site in plasmid pRSFDuet-1. 

The purified MJ0681 PCR product was digested with Nde 1 and Bg1 11 restriction enzymes and 

ligated into compatible MCS2 site in plasmid pRSFDuet-1 for the final combined pRSFDuet-1. 

MCS1 and MCS2 sequences of the plasmid DNA verified by DNA sequencing and the resulting 

pRSFDuet-1 was transformed into E. coli BL21-CodonPlus (DE3)-RIL cells (Stratagene).  The 

transformed cells were grown in LB Broth Miller medium (200 mL) supplemented with 50 

µg/mL kanamycin at 37 oC with shaking at 300 rpm until they reached an OD600 of 1.0.  

Recombinant protein productions were induced by the addition of IPTG to a final concentration 

of 1 mM.  After an additional 6 hours of culture, the cells were harvested by centrifugation 

(4,000 x g, 5 min) and frozen at -20 C.  Induction of the desired proteins were confirmed by 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of total cellular proteins.   

Metal analysis of MjRPE and MjTK. Metal analysis of the recombinant purified M. 

jannaschii RPE (MjRPE), C-MjTK, and N-MjTK was performed at the Virginia Tech Soil 

Testing Laboratory using inductively coupled plasma emission spectrophotometry.  

Instrumentation included a Spectro CirOS VISION made by Spectro Analytical Instruments 

equipped with a Crossflow nebulizer with a Modified Scott spray chamber, nebulizer rate was 

0.75 L/min.  A 50 mg/L yttrium internal standard was introduced by peristaltic pump.  Samples 

were analyzed for calcium, cobalt, iron, magnesium, manganese, nickel, and zinc.   

Size exclusion chromatographic analysis of MjRPE, C-MjTK and N-MjTK.  The 

native molecular weight of the recombinantly purified MjRPE, N-MjTK, and C-MjTK were 
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determined by size exclusion chromatography (SEC) as described previously using a Superose 

12 HR column(16) with the following standards used to generate the standard curve for MjREP 

and TK analysis: Blue Dextran (2000 kDa), alcohol dehydrogenase (150 kDa, only for MjRPE 

SEC), conalbumin (77.5 kDa), bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), 

and cytochrome C (14 kDa).  The native molecular weight of the TK was determined for the C-

MjTK, N-MjTK, and a 1:1 ratio of C-MjTK and N-MjTK. 

Molecular modeling of M. jannaschii RPE and TK.  Homology models for both 

MjRPE and full length M. jannaschii TK (MjTK) were generated using Molecular Operating 

Environment (MOE)(19). The MjRPE homology model was based on the template structure 

from Streptococcus pyrogenes (PDB ID: 2FLI)(20), which shares an overall sequence identity of 

44% with MjRPE. Additionally, the S. pyrogenes structure was further chosen as the template 

structure because it has a resolution of 1.8 Å and contains D-xylitol 5-phosphate and Zn2+ bound 

in the active site with an active site conservation of 94% (Figure S2).  The presence of D-xylitol 

5-phosphate and Zn2+ were important for subsequence docking studies and active site analysis.  

A combined, full-length structure was modeled for M. jannaschii TK (MjTK) gene products C-

MjTK and N-MjTK. The full-length, combined sequence model of MjTK was generated using 

human transketolase (HsTK), PDB ID: 3OOY, as a template.  The combined sequence of C-

MjTK and N-MjTK have 35.9% identity and 55.4 % similarity to HsTK. Both models, MjRPE 

and full-length MjTK, were energy minimized in MOE using the Amber12EHT force field.(21) 

Models were assessed and validated before and after energy minimization using  Anolea(22, 23), 

QMEAN(24), Verify 3D(25, 26), and ProCheck(27). Models after energy minimization showed 

more favorable energy and were deemed acceptable per assessment standards (Figures S3 and 

S4). The energy minimized models for both MjRPE and MjTK were further used for either 

docking or overlay analysis.  

 Molecular docking into the homology model of MjRPE and S. pyrogenes RPE (SpRPE – 

PDB ID: 2FLI) was done with xylulose 5-phosphate (Xu 5P) and 5-deoxyxylulose 1-phosphate 

(5-dXu 1P).  5-dXu 1P structure files were generated using the PRODRG server.(28)  The Xu 5P 

structure utilized is the bound product in the SpRPE structure.(20)  The MjRPE and SpRPE 

structures and  Xu 5P and 5-dXu 1P ligands were prepared for docking using AutoDock Tools 

1.5.6.(29) and AutoDock Vina(30) was used to perform the molecular docking for each product 

substrate into both M. jannaschii and S. pyrogenes RPE.  The MjRPE and SpRPE were overlaid 
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prior to docking experiments in order to use the same box and coordinate parameters.  

Parameters for docking included using a box size of 10 Å x 10 Å x 10 Å for both structures.  The 

M. jannaschii and S. pyrogenes RPE box was centered within the coordinates of (60.609, 96.956, 

54.938).  The position of the box was relative to the active site in each structure based on overlay 

coordinates.  Re-docking of Xu 5P into the S. pyrogenes RPE demonstrated successful re-

docking of Xu 5P into the active with an RMSD of 1.216 Å (Figure 4A) and suggests molecular 

docking as a viable method for studying 5-dXu 1P in M. jannaschii.  

Assay of MjRPE via a coupled enzyme assay. The activity of MjRPE was assayed 

using several methods.  First, MjRPE was analyzed for its canonical activity with Ru 5P.  This 

was done by incubating the enzyme with 4.4 units phosphoribose isomerase from Spinach, 4 µg 

transketolase from E. coli, 3.8 units of triosephosphate isomerase from rabbit muscle, 2.7 units of 

glycerolphosphate dehydrogenase from rabbit muscle, 2.4 µg RPE, 10 mM MgCl2, 0.13 mM 

TPP, 0.18 mM NADH, 0.41 mM erythrose, 0.45 mM ZnCl2, and 0.41 mM ribose 5P in 110 µL 

50 mM glycine-glycine buffer (pH 7.6).  The reaction was initiated by the addition of ribose 5P 

and monitored at 340 nm and 25 oC for 10 minutes.  The reaction was done with and without 

MjRPE in the reaction to confirm MjRPE activity.  

In order to observe the proposed activity with 5-dRu 1P as the substrate, an enzyme 

coupled reaction using multiple enzymes, believed to be involved in the production of DKFP 

from 5’-dI, was developed (Figure S5).  The activity of RPE was analyzed by GC-MS analysis of 

the dephosphorylated and reduced sugars as their TMS derivatives.  This was done by incubation 

of MjRPE with methylthioinosine phosphorolase (MTIP) and methylthioribose 1-phosphate 

isomerase (MTRI) (Figure S5, brackets) and 5’-dI as the starting substrate.  The assays were 

performed in a 100 µL of 50 mM glycine-glycine buffer (pH 7.6) with 0.4 µg of MTIP, 6 µg 

MTRI, 5 µg MJ0680, and a final concentration of 1 mM 5’-dI, 40 mM phosphate, 20 mM DTT, 

and 0.5 mM ZnCl2 or Fe(NH4)2(SO4)2.  The reaction mixture was incubated at 60 oC for 50 min 

then cooled on ice before addition of 2 mg E. coli alkaline phosphatase and 0.1 M glycine buffer 

(pH 10.4) with 1 mM ZnOAc and 1 mM MgCl2 for a total volume of 127 µL and incubated at 37 

oC for 1 hour for removal of the phosphate from the phosphorylated sugars.  The samples were 

then heated at 100 oC for 5-10 min to precipitate the proteins and quench the reaction.  The 

reaction mixtures were centrifuged to remove the precipitated proteins and the resulting 

supernatant was reduced by dissolving 0.5 mg of sodium borohydride (NaBH4) in the sample and 
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allowing the reaction to proceed for 1-2 hours at room temperature.  To desalt the sample, it was 

passed first through a column of Dowex-50W-X8 (H+) 200-400 mesh (2 x 0.5 cm).  The excess 

borohydride was removed by washing the evaporated samples with methanol and then 

evaporated to dryness under a stream of N2 while being heated in a water bath at ~100 oC.  The 

samples were run through a column of Dowex-1-X10 (OAc-) 200-400 mesh (2 x 0.5 cm) 

followed by evaporation of the water.  The resulting dried residue was reacted with 30-60 µL of 

a mixture of pyridine, hexamethyldisilazane, and chlorotrimethylsilane (9:3:1, vol/vol/vol) for 2-

5 min at 100 oC.  The samples were than analyzed by GC-MS as described below. 

Assay of the M. jannaschii transketolase.  The activity of the MjTK was tested with 

lithium hydroxypyruvate (HPA) as the donor ketose for all analysis.  The use of HPA as the 

donating ketose results in the release of CO2 from HPA, which blocks the reverse reaction.(31)  

Several different acceptor aldose sugars were tested for activity: glyceraldehyde, 5’-deoxyribose 

(5-dR, Waterstone), and erythrose.  The assay was done in 100 μL of 50 mM TES (pH 7.4) with 

a final concentration of 0.5 mM HPA, 0.5 mM acceptor aldose, and 0.5 mM thiamine 

pyrophosphate (TPP), 0.5 mM MgCl2 and 3 μg MjTK and incubated at 70 oC for 30 min.  The 

reactants and products were then derivatized with NBHA by adjusting the reaction to pH 4 with 

5 µL 1 M sodium acetate buffer (pH 4) and adding 2-fold excess of O-(4-

nitrobenzyl)hydroxylamine (NBHA) (2.5 µL of 0.1 M) over the total aldose/ketose 

concentration.  The samples were then incubated at 100 oC for 30 min, cooled to RT and then 

centrifuged for (2-4 min at 6,700 x g).  The resulting soluble NBHA-derivitized sugars were 

analyzed by LC-ESI-MS as described below.  Reference standards (Table S2) were prepared and 

analyzed in the same manner.  To determine if the addition of cofactors to C-MjTK and N-MjTK 

prior to the standard assay (described above) would create an active enzyme, TPP and Mg2+ was 

incubated with C-MjTK and N-MjTK.   Using the same methods described above the C-MjTK 

and N-MjTK, 3 µg of each, were pre-incubated with 0.5 mM TPP and MgCl2 for 30 min at 70 oC 

prior to the addition of 0.5 mM erythrose and HPA.   

Coupled assay to confirm production of lactaldehyde.  In order to confirm that 

lactaldehyde is produced when 5’-dI is incubated with all the enzymes involved in DKFP 

biosynthesis (Figure S5) a coupled assay was performed with the alcohol dehydrogenase (ADH) 

from Thermoanaerobium brockii (Sigma, 100 units).  ADH was chosen because it has been 

demonstrated to use utilize lactaldehyde as substrate and is used routinely as a method to monitor 
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enzyme activities.(32–34)  In this assay, 3.2 µg MTIP, 5.3 µg MTRI, 5 µg RPE, and 4 µg TK 

were incubated in 1 mL 50 mM glycine-glycine buffer (pH 7.6) with a final concentration of 1 

mM 5’-dI, 40 mM phosphate, 20 mM DTT, 0.5 mM Fe(NH4)2(SO4)2, 0.5 mM erythrose, 0.5 mM 

TPP, and 0.5 mM MgCl2 overnight at 37 oC in vials made anaerobic by flushing with a stream of 

Ar. A control was done as described above without the addition of 5’-dI.  The next day the 

samples were transferred to a warmed (40 oC) cuvette with the addition of 0.5 mM NADP+ and 

0.22 units of ADH (added last and mixed by rapid pipetting).  The change in absorbance was 

followed at 340 nm for 5 min at 40 oC for the formation of NADPH when lactaldehyde is 

converted to 1,2-propanediol by the added ADH.  The activity was calculated based on the 

NADPH extinction coefficient (ε340 nm = 6.22 mM-1cm-1), where 1 µmol of NADPH is formed 

per min at 40 oC at pH 7.6. 

LC-ESI-MS analysis of NBHA derivatized sugars and GC-MS analysis of reduced 

sugars.  Analysis of the NBHA derivatives was also done by LC-ESI-MS (Agilent 1200 HPLC 

series in combination with an AB Sciex 3200 Q TRAP) using a Kromasil reverse phase C18 

column (5 μM, 250 x 4.6 mm) and an AxxiChrom reverse phase C18 column (5 µm, 150 x 4.6 

mm) with an injection volume between 5-25 μL.  Two columns were used as the Kromasil C18 

column was replaced with the AxxiChrom column over the course of time the experiments were 

being performed.  Elution of the derivatives was done using 25 mM ammonium acetate (solvent 

A) and methanol (solvent B) with a total flow of 0.5 mL per min and the following gradient 

profile: (t (min), %B): (0.01, 0), (10.00, 65), (10.01-13.00, 95), (13.01-15.00, 0).  Electrospray 

ionization was employed at 4500 volts and a temperature of 600 oC. Curtain gas, gas 1, and gas 2 

flow pressures were 40, 60 and 50 psi, respectively.  Desolvation, entrance, and collision cell 

potentials were 35, 12, and 10 volts, respectively.  Mass analysis was performed in the Enhanced 

MS (EMS) mode, and positive ions were measured in the mass range 100-500 Da.  The 

respective retention times and observed m/z for the analyzed NBHA-derivitized sugars are in 

Table S2.  Only the major isomer for the NBHA-derivitized sugar is reported for clarity. 

GC-MS spectra of standards and samples were obtained using a HP5890 gas 

chromatograph and VG-70-70EHF mass spectrometer.  TMS derivatives were separated on a 

Phenomenex Zebron ZB-5MS plus 30 M x 0.32 mm 0.25 µm film capillary column. The oven 

temperature was programmed from 80 to 270 oC at 8 oC per minute. A 7 psi helium carrier gas 

was supplied and splitless injection (200 oC) was employed. The column effluent was introduced 
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into the electron impact ion source (200 oC) of the mass spectrometer, which was scanned from 

50 to 400 amu at 1 second/decade. Mass spectral data was acquired and processed with a VG 

Opus data system. 

Results 

Cloning, Overexpression, and Purification of M. jannaschii MjRPE, C-MjTK, and 

C-MjTK Gene Products in E. coli.   MjRPE, C-MjTK, and N-MjTK derived proteins were 

highly expressed in E. coli as measured from the SDS-PAGE analysis of the total proteins in the 

E. coli cells after expression.  After sonication of the E. coli cells suspended in extraction buffer 

and centrifugation (14,000  g, 5 min), SDS-PAGE analysis of the soluble material and the pellet 

demonstrated that most of the expressed MjRPE, C-MjTK, and N-MjTK proteins were found in 

the soluble extracts. Heating portions of the resulting crude soluble extract for 10 min at different 

temperatures indicated that MjRPE was only soluble up to 60 oC while C-MjTK and N-MjTK 

remained soluble up to 70 C based on SDS-PAGE analysis.  The first step in the purification of 

the MjRPE, C-MjTK, and N-MjTK was heating of the sonicated cell extracts at 60 and 70 C for 

20 min prior to purification of the desired soluble enzymes via MonoQ, respectfully.  Under the 

conditions used, MjRPE eluted at 0.48 M NaCl, C-MjTK at 0.48 M NaCl, and N-MjTK at 0.4 M 

NaCl as measured by SDS-PAGE.  MALDI analysis of the tryptic digests of the excised bands 

from SDS-PAGE identified MjRPE gene product with six unique tryptic peptides. 

Dual Cloning, Overexpression, and Purification of M. jannaschii C-MjTK and N-

MjTK Gene Products together in E. coli.  Two attempts were made to overexpress C-MjTK 

and N-MjTK simultaneously.  In the first attempt, the two plasmids containing C-MjTK and N-

MjTK were cloned separately into E. coli at the same time and random colonies were screened 

for both proteins by SDS-PAGE.  Using this method, a single colony was found to contain both 

proteins (Figure 3A), which was further verified by MALDI-MS analysis of the cut and excised 

bands where eight and nine peptides were identified for C-MjTK and N-MjTK, respectfully.  

Unlike in the single expression of the two proteins the dual expression demonstrated C-MjTK 

and N-MjTK (further denoted MjTK) was found to be thermally stable to temperatures above 80 

oC (Figure 3B).  The observed bands were sequenced by MALDI-MS and confirmed to be C-

MjTK and N-MjTK, by identification of ten and nine peptides for C-MjTK and N-MjTK, 

respectfully, in the 80 oC heated MjTK.  In order to prevent separation of the two TK halves, 

MjTK was purified by SEC (Figure 3C) following heating at 80 oC for 20 min to remove a 
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majority of the E. coli proteins.  Unfortunately, successful overexpression of both proteins using 

the pRSFDuet-1 vector was unsuccessful. Only C-MjTK was overexpressed as determined by 

SDS-PAGE and LC-ESI-MS/MS (see supplemental information).  Further attempts to clone the 

two genes together were not attempted. 

Metal and SEC analysis of M. jannaschii RPE.  Interestingly, when MjRPE was 

analyzed for metals by ICP-MS, no metal was found to be present (Table 1).  The presence of a 

divalent metal, such as Zn(II) or Fe(II), is required for catalysis, where it stabilizes the endiolate 

intermediate through electrostatic interactions with the O2 and O3 of Ru 5P or Xu 5P.(20)  When 

analyzing for activity both Zn2+ and Fe2+ were used and MjRPE was active with both metals.  

The human and E. coli RPE have both been shown to be Fe2+ dependent(35, 36);  however, many 

RPEs are Zn2+ dependent.(20)  In experiments mimicking the Archaean ocean, which had a high 

concentration of Fe(II), the metabolites from glycolysis and PPP were shown to interconvert 

without any organism or enzyme present to catalyze the reactions.(37)  The presence of Fe(II) in 

the experiments demonstrated stabilization of the sugar-phosphates and specificity for the 

interconversion of metabolites.(37)  These experiments further suggest that due to the abundance 

of Fe(II) in the Archaean oceans that ancient enzymes were Fe(II) dependent.(38)  These data 

would support that MjRPE is likely Fe(II) dependent, but Zn(II) is able to substitute for Fe(II) 

and generate an active enzyme.  The details of this metal dependence were not further examined 

given assay conditions used to examine the MjRPE activity contain excess phosphate, which is 

required for the upstream MTIP enzyme in the developed assay for phosphorolysis of 5’-dI to 5-

dR 1P (Figure S5).  The excess phosphate reacts with the added Fe(II), zinc, nickel, or cobalt 

forming an insoluble metal-phosphate precipitate.  Unfortunately, at this time, MjRPE was not 

able to be assayed separately of the upstream enzymes as the substrate, since 5-dRu 1P is 

difficult to organically synthesize and is not commercially available.    

The native molecular weight of MjRPE was determined to be a dimer with a monomeric 

weight of 36 kDa.  The RPE from human has also been described as a dimer (36); however, it is 

most often described as a hexamer from potato chloroplasts(39), E. coli(35), and S. 

pyrogenes(20).   The MjRPE shares no more than 45% sequence identity with known RPE 

enzymes, yet the active site and metal ligands are well conserved (Figure S2). The two aspartate 

residues that have been identified to be the general acid (Asp172, M. jannaschii numbering) and 

base (Asp34) are conserved in M. jannaschii as well as those residues that coordinate the 
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divalent metal (either Zn2+ or Fe2+).  The conservation of these residues (Figure S2) suggest that 

the mechanism would proceed in the same manner has been well established for RPE (Figure 

4A).(20, 36, 39–41) In the mechanism, Asp34 abstracts of a proton from the C3 of Ru 5P 

forming a enediolate intermediate,  which is then protonated by Asp172  from the opposite side 

resulting in a change in the stereochemistry at C3 generating Xu 5P (Figure 4A).  The 

mechanism of MjRPE would proceed in an identical manner with 5-dRu 1P as a substrate to 

generate 5-dXu 1P (Figure 4B). 

Molecular modeling and docking of products into MjRPE.  In order to assess if the 

position of the phosphate at C1 instead of C5 and if methyl moiety at C5 instead of phosphate 

would alter the binding capacity of the substrate or product, molecular modeling and docking 

studies were performed. SpRPE was chosen because it shared 44% sequence identity with the 

MjRPE, has Zn(II) and D-xylitol-5-phosphate bound in the active site of the crystal 

structure.(20)  Several approaches were used to assess the ability of 5-dXu 1P and Xu 5P to dock 

into the active site of SpRPE and MjRPE.  First, Xu 5P was re-docked into the active site to 

confirm that the molecular docking techniques were able to generate the same results as the X-

ray crystal structure (Figure 5A).  The re-docked, lowest energy pose of Xu 5P (-6.5 kcal mol-1) 

had an RMSD of 1.216 Å compared to the originally bound product, D-xylitol 5P, in the crystal 

structure. Second, the lowest energy pose of 5-dXu 1P (-6.4 kcal mol-1) docked into the active 

site of SpRPE (Figure 5B) showed it was able to orient in the active site similar to Xu 5P (Figure 

5C).  These results suggest that Xu 5P and 5-dXu 1P can bind into the active site with distances 

to key residues that are similar to Xu 5P to suggest catalysis is possible with 5-dXu 1P (Table 2 

and Figure 4A).  The molecular docking of Xu 5P and 5-dXu 1P were then examined in the 

MjRPE model.  

The MjRPE model was generated and assessed using Anolea(22, 23), QMEAN(24), 

Verify 3D(25, 26), and ProCheck(27). Validation using these metrics show that a majority of the 

model is energetically favorable (Figure S3B). An overlay of the MjRPE model and SpRPE 

structures (Figure S3A) demonstrates that the modeled MjRPE shares a high degree of structural 

similarity in major secondary structure as well as in conservation in active site residue placement 

(Figure 5).  As predicted based on sequence homology, the lowest energy pose of Xu 5P docked 

(-6.5 kcal mol-1) into the MjRPE active site oriented correctly for catalysis (Figure 5D) as 

compared with SpRPE (Figure 5A).  The measured distances from Xu 5P to the Zn(II), general 
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acid, and general base residues are slightly longer than for SpRPE (Table 2), but are still within 5 

Å, which is the maximum distance for electrostatic interactions to occur. The lowest energy pose 

of 5-dXu 1P (-4.6 kcal mol-1) docked into MjRPE also bound in the active site in a similar 

orientation to that of SpRPE with 5-dXu 1P (Figure 5B and E).  The measured distances of 5-

dXu 1P to Zn(II), the general acid, and general base (Table 2) and observed docked pose in the 

MjRPE modeled structure all support 5-dXu 1P as a catalytically competent substrate for both 

SpREP and MjRPE and that the mechanism would be identical with 5-dRu 1P as the substrate 

(Figure 4B).   

Analysis of MjRPE activity.  Analysis of MjRPE activity was analyzed by several 

methods. The canonical activity was examined using several enzymes from the pentose 

phosphate pathway and glycolysis to confirm that Ru 5P is a substrate (Figure 2A).  The results 

demonstrated that when MjRPE was included in the assay, there was a decrease the absorbance 

at 340 nm indicating that Xu 5P was produced.  Xu 5P is then converted to fructose and Ga 3P 

by the transketolase.  Ga 3P was then isomerized to dihydroxyacetone phosphate and 

hydrogenated to glycerol 3P by triosephosphate isomerase and glycerol phosphate 

dehydrogenase.  Using this assay, a specific activity of 9.38 µmol min-1 mg-1 for MjRPE was 

measured.  No change in absorbance was observed when MjRPE was excluded.  These results 

demonstrate that MjRPE is able to catalyze the epimerization of Ru 5P to Xu 5P (Figure 2A). 

In order to analyze the ability of MjRPE to use 5-dRu 1P as a substrate (Figure 2B), 

MjRPE was coupled with MTIP and MTRI from M. jannaschii to generate this substrate (Figure 

S5).  In this assay, 5’-dI was enzymatically transformed to 5-dRu 1P by MTIP and MTRI by 

phosphorolysis and isomerization (Figure S5).  MTIP and MTRI were demonstrated to be 

catalytically efficient with 5’-dI and 5-dR 1P as substrates (kcat/KM of 7.6 x 103 s-1M-1 and 1.7 x 

102 s-1M-1, respectively) in previous work by our laboratory.(42)  The analysis of the 

epimerization reaction was done with and without the addition of MjRPE to the assay and 

analyzed by GC-MS of the TMS derivatives (Figure 6). A standard of 5-dR was used to verify 

the observed 5-deoxyribitol peak produced from MTIP and MTRI, by comparison of elution time 

and mass spectra.  Upon inclusion of MjRPE, to the coupled assay a new peak was observed on 

the GC trace eluted before 5-dR (Figure 6A).  The mass chromatogram confirmed that the new 

peak contained fragments suggesting that it was a deoxysugar, either 5-dR or 5-deoxyxylitol (5-

dX) (Figure 6B and C).  In analysis of ribitol and xylitol (TMS)5 derivatives, the same elution 
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pattern was observed, with xylitol eluting prior to ribitol.  These results suggest that the new 

peak eluting before 5-dR is 5-dX (Figure 6).  Additionally, when the phosphatase step was 

excluded in the methods, no peak was detected by GC-MS when MjRPE was both absent in 

present from the assay suggesting that the MjRPE substrate and product are both phosphorylated.  

Together, these results suggest that MjRPE is active with 5-dRu 1P as a substrate and 5-dXu 1P 

is the product.  Unfortunately, the data was not quantified at this time so the efficiency of 5-dRu 

1P as a substrate was not determined.  It will be of further interest to compare the activity of 

MjRPE with Ru 5P and 5-dRu 1P.   

Structure and metal analysis M. jannaschii TK. The molecular mass of the C-MjTK 

was measured to be ~410 kDa, N-MjTK ~320 kDa using size exclusion chromatography (Table 

3), suggesting that C-MjTK is a dodecamer and N-MjTK is a decamer.  Alternatively, these 

results could indicate that the individual subunits C-MjTK and N-MjTK are large protein 

aggregates.  Since neither C-MjTK nor N-MjTK were found to be active it would suggest that 

the proteins are aggregates and not a dodecamer or decamer.  When a 1:1 ratio of C-MjTK and 

N-MjTK was analyzed by SEC, a heptamer (~450 kDa) was observed (Table 3).  These data 

suggest the N-MjTK and C-MjTK are unable to form an active enzyme, which is presumably 

because the two halves are unable to form a structural conformation that is catalytically 

competent.   

The TK is a well characterized enzyme and has been determined to be a homodimer from 

numerous organism such as  human TK(43), E. coli TK(44), and the yeast TK(45). However, in 

human, E. coli, and yeast, the TK is encoded by a single gene.  In contrast, M. jannaschii and 

other methanogens, the TK enzyme is encoded by at least two, separate genes.  It is well known 

that a single gene can encode multiple enzymes(46–48), but the reverse has not been described.  

Since, the M. jannaschii TK is encoded by two genes, it would suggest that formation of a 

functionally active enzyme might be more complicated.  The MjTK is encoded by two genes: 

MJ0681 encoding the N-terminus (N-MjTK) and MJ0679 encoding the C-terminus (C-MjTK) 

(Figure 7, blue and green, respectfully).  Analysis of the quarternary structure by SEC of the co-

expressed MjTK determined a native molecular weight of 171 kDa, which with a heterodimeric 

mass of 64 kDa suggests a dimer for MjTK.  The quartnary structure of MjTK would be 

described as a dimer of heterodimers, where this structure is only formed when the two genes are 

co-expressed.  Co-expression of two genes for an active enzyme has been demonstrated before, 
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with several enzymes involved in macrolide antibiotic biosynthesis.(49)  However, in this case, 

the two genes did not encode a whole protein, instead one of the two proteins enhanced the 

activity of the other protein.(49)  This is the first report of a single, active enzyme being encoded 

by two gene products to the author’s knowledge. 

Metal analysis of N-MjTK and C-MjTK demonstrate that the M. jannaschii uses 

magnesium for stabilization of TPP (Table 1).  The TK has been shown previously from other 

organisms to coordinate either magnesium or calcium.(50, 51)  Coordination of the divalent 

metal, either Mg2+ or Ca2+ have been shown to be essential for stabilization of the pyrophosphate 

moiety of TPP and reconstitution of apo-TK, from yeast, with divalent metals showed 

dependence with TPP binding.(44)  The Mg2+ was found in N-MjTK, which is in agreement with 

the metal binding domain being located in the N-terminal region of TK as has been shown with 

the TK from human and Mycobacterium tuberculosis.(51) 

Molecular modeling of the full length MjTK was done to determine the similarities and 

differences of the MjTK and canonical TK structures. The model is mostly energetically 

favorable based on validation metrics, with some small sections of positive energy in loop 

regions, an expected result given loop variability (Figure S4).  The full-length model of MjTK 

compared to the HsTK structure shows two domain regions, with the active site in a region 

joining them (Figure 7, grey).  Molecular modeling of the MjTK clearly demonstrates that the 

fully length protein overlays with the HsTK (Figure 7) and that the C-MjTK and N-MjTK 

regions overlay with the two domain regions of the HsTK (Figure 7).  The molecular modeling 

and co-expression data indicates that modern TK enzymes merged into a single gene over time 

and likely originated with the enzyme being encoded by two separate halves, as is commonly 

found in the methanogenic genomes.  This hypothesis is consistent with observed gene fusion 

events that have led to the formation of multifunctional proteins that are encoded from a single 

gene.(46, 52)    

Analysis of M. jannaschii TK for activity. In order to determine if the TK from M. 

jannaschii shared the broad substrate usage that has been described in other TK’s(53), several 

different aldose acceptors were tested for activity.  These assays were performed with HPA as 

the donor ketose since HPA generates CO2, which makes the TK reaction irreversible.(54)  The 

results of our analysis demonstrate that the M. jannaschii TK (co-expressed MjTK) was active 

with erythrose, 5-deoxyribose, and glyceraldehyde as the and MH+ and (M+Na)+ products, 
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fructose, 7-deoxysedoheptose, and xylulose (elutes the same as ribose) were confirmed by LC-

ESI-MS (Table S2).  HPA and erythrose were used regularly to confirm the TK was active as 

standards of the substrates and products could be used for controls. The separately assayed C-

MjTK, N-MjTK and 1:1 mixture of C-MjTK: N-MjTK did not demonstrate activity under any of 

the assays conditions attempted.  These results demonstrate that for an active enzyme, the TK 

from M. jannaschii must be co-expressed simultaneously to generate a properly folded protein.  

This is supported by SEC analysis of the recombinant C-MjTK and N-MjTK halves and MjTK 

(Table 3).        

 Confirmation of lactaldehyde production from 5’-dI.  In order to assess if 

lactaldehyde was produced from 5’-dI, an enzyme coupled reaction was pursued.  The enzymes 

from M. jannaschii proposed to be involved in this pathway (Figure S5) were coupled to an 

alcohol dehydrogenase (EC 1.1.1.2).  Only upon the production of lactaldehyde from the coupled 

M. jannaschi enzymes, would the reduction of NADP+ to NADPH be observed when 

lactaldehyde was oxidized to 1,2-propanediol.  In order to allow for ample production of 

lactaldehyde from 5’-dI, the reaction was allowed to incubate at 37 oC overnight prior to the 

addition of NADP+ and alcohol dehydrogenase.  The results demonstrated that only when 5’-dI 

was present in the reaction, did the reduction of NADP+ occur.  Based on this observation, we 

concluded that lactaldehyde was produced from incubation of 5’-dI with MTIP, MTRI, MjRPE, 

and MjTK and all necessary cofactors.  A specific activity of 0.23 µmol min-1 mg-1 MjTK was 

calculated for the MjTK with lactaldehyde and erythrose as substrates.   

Discussion 

The identification of enzyme function is a challenging task, but with functional 

characterization of homologous enzymes the functional assignment of unknown enzymes can 

begin to be revealed.  The functional identification of enzymes can revel the metabolic pathways 

that these enzymes are involved, which includes new pathways or filling in the missing gaps of 

canonical pathways.  Here we demonstrate that the annotated ribulose 5-phosphate 3-epimerase 

(RPE) and transketolase (TK) enzymes from M. jannaschii function as canonical RPE and TK 

enzymes (Figure 2A), but are unlikely using ribulose 5-phosphate and xylulose 5-phosphate as 

substrates.  Instead, I have proposed that these enzymes are involved in a related biochemical 

pathway for the salvage of the 5-deoxyribose moiety of 5’-dA for deoxysugars in M. jannaschii 

(Figure 8). 
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 The salvage of 5’-dA is an essential process across all organisms.  5’-dA is one of the 

major products of radical S-adenosyl-L-methionine (SAM) catalyzed reactions; however, there is 

little information in the literature about what happens to 5’-dA. 5’-Deoxyadenosine has been 

shown to be a substrate by a methylthioadenosine/S-adenosylhomocysteine nucleosidase to 

produce 5-deoxyribose and adenine in bacteria.(55, 56)  However, Archaea and Eukaryotes do 

not typically have this nucleosidase present in their genomes as they typically salvage the SAM 

derived metabolites, methylthioadenosine and S-adenosylhomocysteine through alternative 

routes.(57, 58)  S-Adenosylhomocysteine is hydrolyzed by a specific hydrolase(59) to 

homocysteine and adenosine while methylthioadenosine is phosphorolyzed to methytlhioribose 

1-phosphate and adenine.(60)  In spite of these well-studied enzymes, our laboratory has 

demonstrated that in M. jannaschii the initial steps for the salvage of methylthioadenosine, S-

adenosylhomocysteine, and 5’-deoxyadenosine is different.(13)  Each of these metabolites have 

been demonstrated to be first deaminated by a 5’-deoxyadenonsine deaminase to 

methylthioinosine, S-inosylhomocysteine, and 5’-deoxyinosine (5’-dI).(13)  Furthermore, the 

annotated S-adenosylhomocysteine hydrolase was demonstrated to be specific for S-

inosylhomocysteine, further establishing that the salvage of SAM metabolites proceed through 

alternative pathways.(61)   

 The discovery of MTIP and MTRI’s ability to use multiple substrates, including 5’-dI and 

5-deoxyribose 1-phosphate (5-dR 1P)(42) suggest a new route for 5’-dA salvage.  A possible 

route for the production of lacaldehyde from 5’-dI was proposed based on the observed 

production of 5-dXu 1P and lactaldehyde when MjRPE and MjTK were assayed with MTIP and 

MTRI.  Confirmation of lactaldehyde production when all four enzymes from M. jannaschii 

incubated together with 5’-dI (Figure S5) was demonstrated when an alcohol dehydrogenase was 

included.  The observed reduction of NADP+ to NADPH by the alcohol dehydrogenase would 

only be observed if lactaldehyde was present in the analyzed samples.  These results further 

suggest that the proposed pathway is feasible.  Unfortunately, the enzymatic rates were unable to 

be determined for MjRPE and MjTK with 5-dRu 1P and 5-dXu 1P as substrates at this time, but 

will be of further interest to determine if the proposed pathway would be feasible in vivo.   

 Once lactaldehyde has been generated, it is known that M. jannaschii cell extracts are 

able to oxidize lactaldehyde to methylglyoxal with F420H2.(62)  Until recently, the enzyme 

responsible for the oxidation of lactaldehyde had been unknown.(63)  The enzyme was identified 
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to be N5, N10-methylenetetrahydromethanopterin reductase (Mer), which was purified from M. 

jannaschii cell extracts based on activity.(63) Mer is an essential enzyme involved in 

methanogensis and has been well studied from other methanogens.(64–67)  Methylglyoxal is 

then utilized by the DKFP synthase along with fructose 1,6-bisphosphate to generate DKFP and 

Ga 3P (Figure 8).(68) 

 In conclusion, these experiments support the production of lactaldehyde from 5’-dI when 

MTIP, MTRI, MjRPE, and MjTK are incubated together.  The observed production of 

intermediates, 5-dXu 1P and lactaldehyde, support the role of RPE and TK in the production of 

the deoxysugar necessary for the production methylglyoxal (Figure 8).  However, if the proposed 

pathway is the sole source of DKFP remains to be determined.  Interestingly, it is well known 

that in mammals cysteine is made primarily from methionine via SAM(69), which could indicate 

that there is enough flux through SAM to allow 5’-dA be the major source of deoxysugars for 

aromatic amino acid biosynthesis in methanogens. 
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Tables 

Table 1. Metal analysis of MjRPE, C-MjTK, and N-MjTK 

 Calcium Magnesium Cobalt Iron Manganese Nickel Zinc 

Detection 

Limit (mg/L) 
0.047 0.04 0.002 0.005 0.0003 0.002 0.0005 

Detected (µM) Ndb <0.04 0.049 0.38 0.009 0.1 0.19 

Metal/MjRPEa   0.024 0.19 0.0045 0.053 0.097 

Detected (µM) <0.047 5.4 <0.002 0.44 <0.0003 0.26 0.94 

Metal/C-

MjTKa  2.57  0.22  0.13 0.47 

Detected (µM) <0.047 1.7 <0.002 0.24 0.034 0.25 0.54 

Metal/N-

MjTKa  0.87  0.12 0.017 0.128 0.27 

aRatio of metal over 2 µM protein 
bNot determined  

 

Table 2. Comparison of distances between MjRPE and SpRPE docked with Xu 5P and 5-dXu 1P 

Measured distance (Å) 
SpRPE MjRPE 

Xu 5P 5-dXu 1P Xu 5P 5-dXu 1P 

O3 to Zn(II) 3.0 3.5 3.6 4.7 

O2/4 to Zn(II) 2.6 2.6 4.1 3.7 

C3 to acida 3.2 3.2 3.3 3.4 

C3 to basea 3.5 3.8 4.2 3.6 
ameasurement was to the nearest oxygen atom of aspartate 176 and 36 for SpRPE and aspartate 

172 and 37 for MjRPE to O3, O2/4, and C3 of Xu 5P or 5-dXu 5P 
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Table 3. Multiplicity of TK 

Enzyme Calculated MW Observed Multiplicity  

C-MjTKa 416 kDa dodecamer 

N-MjTKb 323 kDa decamer 

1:1 C-MjTK:N-MjTKc 457 kDa heptamer 

MjTKc 465, 230, and 171 kDa heptamer, trimer, and dimer 
a based off a predicted monomeric MW of 34 kDa 
b based off a predicted monomeric MW of 30 kDa 
c based off a combined predicted monomeric MW of 64 kDa 
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Figures 

 

Figure 1. Comparison of the canonical route for DHQ biosynthesis (A) and the DHQ 

biosynthesis in M. jannaschii (B, blue box).  Highlighted in red are the two enzymes that are the 

focus of this work.   
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Figure 2.  Canonical (A) and proposed (B) substrates for RPE and TK in M. jannaschii 
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Figure 3.  SDS-PAGE analysis of the dual expression of C-MjTK and N-MjTK crude extract (A) 

heat purification of crude extract (B) and purification of 80 oC heated extract by SEC (C).  The 

bands indicated in the red boxes were sequenced by MALDI-MS and confirmed to be C-MjTK 

and N-MjTK at each successive step of purification.  In all instances P denotes the pellet and S 

the soluble extracts. 



 

107 

 

 

 

Figure 4. Comparison of RPE mechanism with Ru 5P (A) and 5-dRu 1P (B) as the substrate.  

The general acid and base for SpRPE are Asp36 and Asp176, respectively, with the 

corresponding residues for MjRPE shown in parenthesis. 
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Figure 5. Molecular docking of Xu 5P and 5-dXu 1P into SpRPE (A-C) and into MjRPE (D-F).  

Asp 176 of S. pyrogenes and Asp 172 of M. jannaschii represents the general acid and Asp 36 

and 34 the general base for S. pyrogenes and M. jannaschii, respectfully.  Protein structures are 

shown as cartoon as colored as rainbow from N-(blue) to C-terminus (red). Xu 5P is shown as 

sticks colored by element with carbon atoms and 5-dXu 1P is shown as sticks colored by green 

carbon atoms, with all other atoms colored as follows: oxygen (red), phosphate (orange), and 

nitrogen (blue). Zn2+ is shown as a dark grey sphere.  
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Figure 6. Assay of MjRPE activity by GC-MS of the reduced deoxysgurars as their TMS 

derivatives.  The GC chromatograph scanning for the 117 m/z fragment (A) with the 

corresponding mass spectra for 10.2 min (5-deoxyxylitol) (B) and 11.2 min (5-deoxyribitol) (C).  

The identified fragments are highlighted with red asterisks for the corresponding deoxysugars 

shown above the mass spectra.  
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Figure 7. Overlay of modeled structure of MjTK (N-MjTK blue and C-MjTK green) and HsTK 

(grey).  Bound TPP in the HsTK structure is shown with pink carbons, colored by element, and 

the calcium ion is shown as an orange sphere.  
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Figure 8. Proposed pathway for the biosynthesis of DKFP from 5’-dA in M. jannaschii. 
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Tables  

Table S1. Oligonucleotide primers for MJ0680, MJ0679, and MJ0681 gene products 

Gene Plasmid Primers 

MJ0680 pT7-7 Fwd: 5'-GGTCATATGATTAAAATTGGAGCTTC-3' 

 Rev: 5'-GCTGGATCCTTACTGTTTTTCTTCATTTG-3' 

MJ0679 pT7-7 Fwd: 5'-GGTCATATGGTTAAGTTGAGTG-3' 

 Rev: 5'-GCTGGATCCTTATTCTTTTTTC-3' 

MJ0681 pT7-7 Fwd: 5'-GGTCATATGGATAATAACTTAG-3' 

  Rev: 5'-GGTCATATGGATAATAACTTAG-3’ 

MJ0679 pRSFDuet-1 Fwd: 5’-GGTCCATGGTTAAGTTGAGTGGAG-3’ 

  Rev: 5’-GCTGGATCCTTATTCTTTTTTCATTTC-3’ 

MJ0681 pRSFDuet-1 Fwd: 5’-GGTCATATGGATAATAACTTAG-3’ 

  Rev: 5’-GCTAGATCTTTATTCACTTAATTC-3’ 

 

Table S2. Elution times of analyzed standards separated on the two different C18 columns used 

for LC-MS analysis of NBHA derivatized sugars 

Standard 

Elution Time (min) Observed m/z 

Kromasil AxxiChrom MH+ M+Na+ 

glyceraldehyde 36.1 Nda 240 262 

hydroxypyruvate (HPA) Nd 13.4 405 427 

erythrose 34.2 15.2 271 293 

ribose 32.8 15.3 301 323 

xylose 32.8 Nd 301 323 

5-deoxyribose (5-dR) 39.4 16.2 285 307 

fructose 32.0 14.3 330 352 

sedoheptulose 32.5 Nd 361 383 

7-deoxyheptulose Nd 24.3 345 367 

NBHA 33.7 20.0 168  
aNot determined for the indicated column. 
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Figures 

 

Figure S1. Ribulose monophosphate pathway in M. jannaschii 
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Figure S2. Truncated sequence alignment of M. jannaschii RPE with its homologues.  The green 

highlighted residues are those highly conserved in the active site and include metal ligands, the 

blue and magenta highlighted aspartates represent the conserved general base and acid.  The 

organisms in the alignment are denoted by either their locus tag for the first three or PDB ID.  

They are listed from top to bottom with the UniProt accession number and sequence identity to 

M. jannashii RPE (MJ0680) in parenthesis: M. jannaschii (Q58093), Methanococcus 

maripaludis (Q6LY77, 62%), Methanocaldococcus fervens (C7P7A7, 79%), Human (Q96AT9, 

34%), Rice (Q9SE42, 39%), S. pyrogenes (Q9A1H8, 38%), Potato chloroplast (Q43843, 43%), 

and Synechocystists sp. (P74061, 40%). 
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Figure S3. Model analysis of MjRPE. Overlay of SpRPE (PDB ID: 2FLI, tan) and MjRPE model 

(teal) (A) and Anolea, QMEAN, and DSSP analysis of MjRPE model (B).  
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Figure S4. Model validation results for MjTK. Anolea, QMEAN, and DSSP analysis (A) and 

Ramachandran plot (B) indicate an energetically favorable structure with only few residues (in 

loop regions) in disallowed regions.  
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Figure S5. Coupled enzyme assays for detection of 5-dXu 1P using GC-MS of dephosphorylated 

and reduced sugar TMS derivatives (bracketed) and lactaldehyde from 5’-dI (whole figure).  

Me(II) was Zn(II) for the GC-MS assay and Fe(II) for detection of the lactaldehyde by reaction 

with NADP and alcohol dehydrogenase. 
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Abstract 

In Methanocaldococcus jannaschii, methylglyoxal is required for aromatic amino acid 

biosynthesis.  Reduction of methylglyoxal to lactaldehyde in M. jannaschii extracts using either 

NADPH or F420H2 was demonstrated, but the responsible enzyme was unknown.  Using NADPH 

as the reductant, the unknown enzyme was purified from cell extracts of M. jannaschii and 

determined to be the F420 dependent N5, N10-methylenetetrahydromethanopterin reductase (Mer).  

This is the first report of recombinant overexpression of Mer and its ability to utilize NADPH 

and methylglyoxal as substrates.  Additionally, Mer did not catalyze the reduction of 

methylglyoxal to lactaldehyde in the presence of reduced Fo, precursor of F420.   
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Introduction 

Methylglyoxal (MG) is a well-known toxic metabolite that chemically modifies amino 

acids in proteins and binds DNA and RNA.(1) MG is produced through non-enzymatic 

elimination of phosphate from glyceraldehyde 3-phosphate and dihydroxyacetone phosphate(2) 

or  enzymatically via a MG synthase with dihydroxyacetone phosphate as the substrate.(3, 4) In 

the established pathways, MG is converted to D- or L-lactate and ultimately to pyruvate (Figure 

1).(5)  In the glyoxalase system, MG non-enzymatically reacts with glutathione to form the 

hemithioacetal adduct which is then converted to D-lactate through the glyoxalase I and II 

enzymes (Figure 1A).(1)  Alternatively, a glutathione independent glyoxalase III characterized 

from Escherchia coli metabolizes MG to D-lactate in a single step (Figure 1B).(5, 6)  Complete 

conversion of MG without addition of D-lactate dehydrogenase (Figure 1C) to pyruvate was 

observed in Pseudomonas putida, but activity by the MG dehydrogenase (MG DH) was not 

conserved among other bacterial and eukaryotic organisms.(7)  Reduction of MG to L-

lactaldehyde by the NADPH dependent MG reductase (Figure 1E) was much more widely 

dispersed across bacteria and eukaryotes(7) where the conversion of L-lactaldehyde to pyruvate 

by the lactaldehyde dehydrogenase and lactate dehydrogenase is well established.(8, 9)  

However, no homologue of any of these well described enzymes exists in Methanocaldococcus 

jannaschii or in any other Archaeal organism.  This suggests that MG is not detoxified in 

Archaea by any of the enzymes shown in black in Figure 1.   

Discovery of an enzyme in M. jannaschii(10) and Halobacterium salinarum(11) that 

utilizes MG as a substrate for production of an essential metabolite suggests MG is not 

detoxified.  Furthermore, cell extracts of M. jannaschii were determined to contain 70 µM 

MG(10), which is ~30 fold higher than has been detected previously in other organisms (0.1 to 2 

µM).(1)  The presence of a MG synthase and glyoxalase I have been predicted to be functioning 

in halophilic archaea.(12)  However, since the presence of glyoxalase I activity was only 

observed in the presence of exogenously added glutathione, the observed glyoxalase I activity 

was likely an artifact of the assay, as glutathione is absent in Archaea.(13)  Since glutathione is 

absent, this would further indicate that MG is not converted to pyruvate by this pathway (Figure 

1A).  Additionally, the annotated L-lactate dehydrogenase from M. jannaschii was determined to 

be a malate dehydrogenase(14, 15) suggesting once again that lactate is not converted to 

pyruvate (Figure 1).  Instead, L-lactate is important for F420 biosynthesis in M. jannaschii(16), 
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where the reduction of MG to D-lactaldehyde was observed in the presence of either NADPH or 

F420H2 when incubated with M. jannaschii cell extracts(16, 17) confirming that MG is likely 

derived from D-lactaldehyde.  However, the reduction of MG is not performed by the canonical 

MG reductase. Instead, analysis of the activity from cell extracts demonstrates that the enzyme(s) 

catalyzing the reduction of MG is either NADPH or F420 dependent.(17)  F420 is a unique 5-

deazaflavin cofactor that performs two-electron hydride transfers that are more similar to 

nicotinamides than flavins (Figure S2).(18)  F420 is characteristic of methanogenic organisms, 

though it has been demonstrated to be utilized by aerobic actinobacteria as well.(18)  Here we 

describe the isolation of an enzyme responsible for the oxidation of lactaldehyde to 

methylglyoxal, as the F420-dependent N5, N10-methylenetetrahydromethanopterin reductase (Mer) 

(Figure 1D).  Subsequently, recombinant expression and purification of this enzyme followed by 

in vitro characterization for its ability to catalyze the reduction of MG with NADPH, was 

performed. 

Materials and methods 

Chemicals. All chemicals were purchased from Sigma/Aldrich unless otherwise noted. 

Preparation of M. jannaschii cell extracts and isolation of native enzyme.  M. 

jannaschii cells grown as described previously(19) were suspended in 3-4 mL of extraction 

buffer (50 mM N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES), pH 7.0, 10 

mM MgCl2) and lysed by sonication followed by centrifugation (16,000 x g for 20 min at 3 oC).  

The resulting supernatant, containing the soluble proteins (3.2 mL from 2 g wet wt cells), was 

first separated by anion-exchange chromatography on a MonoQ HR column (1 x 8 cm; 

Amersham Bioscience) using a linear salt gradient from 0 to 1 M NaCl in 25 mM Tris buffer pH 

7.5, over 55 min at a flow rate of 1 mL/min.  Fractions of 1 mL were collected and tested for 

activity and analyzed for F420 by MALDI-MS (see below). 

The fractions found to contain activity were further separated on a Shimadzu HPLC 

system equipped with a photodiode array using a Phenomenex BioSep SEC-s2000 column (300 

x 7.8 mm, 5 µm particle size) equipped with a Phenomenex security guard cartridge and operated 

at room temperature (RT).  The elution profile consisted of 20 min at an isocratic flow of buffer 

(50 mM TES, pH 7.2, 150 mM NaCl) at a flow rate of 1 mL/min.  Fractions of 0.5 mL were 

collected every half minute and tested for the desired activity and analyzed for F420 by MALDI-

MS (see below).  Half of the collected fractions (250 µL) that contained the desired activity were 
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evaporated to dryness in glass vials under N2 while being heated prior to analysis by LC-ESI-MS 

(see below) for the contained proteins. 

Analysis for F420 by MALDI-MS.  Collected fractions (10 µL) from the first separation 

(via MonoQ) were diluted 4-fold using solvent Y (98:2 LC/MS grade water: LC/MS grade 

acetonitrile containing 0.1% (v/v) TFA).  One microliter of each fraction was then spotted onto a 

MALDI target plate (AB Sciex).  Once dried, the sample was overlaid with one microliter of 

matrix solution. The matrix solution was 4 mg/ml alpha-cyano-4-hydroxycinnamic acid (Sigma) 

in solvent Z (50:50 LC/MS grade water: LC/MS grade acetonitrile containing 0.1% (v/v) TFA) 

supplemented with 10 mM ammonium chloride (Sigma).  After the matrix solution dried, the 

samples were analyzed utilizing a 4800 MALDI Tof/Tof (AB Sciex).  Data were collected 

utilizing the reflector positive ion acquisition method for the m/z range of 800 to 1200 summing 

the data from 4000 individual laser shots.  Peak intensities were extracted utilizing the MALDI 

control software (AB Sciex) and exported to Excel (Microsoft) for analysis. 

Identification of enzyme by LC-ESI-MS.  The fractions from SEC that were identified 

to have the desired activity (250 µL) were evaporated to dryness before analysis by liquid 

chromatography electrospray ionization mass spectrometry (LC-ESI-MS).  The fractions 

containing protein pellets were resuspended in 250 µl freshly-prepared 8 M urea in 100 mM 

ammonium bicarbonate (AmBic).  Proteins were denatured and disulfides reduced by incubation 

of 1 hour at 37 ˚C after the addition of 4.5 mM dithiothreitol (DTT) in 100 mM AmBic.  Free 

sulfhydryls were then alkylated by incubation for 30 minutes in the dark at room temperature 

after the addition of freshly-prepared 10 mM iodoacetamide (IA) in 100 mM AmBic.  Unreacted 

IA was then neutralized by the addition of 10 mM DTT in 100 mM AmBic and urea content 

diluted to 4 M by bringing the final volume to 500 µl by the addition of 100 mM AmBic. One 

microgram of Endoproteinase LysC (Wako) was added and digestions incubated with shaking at 

37 ˚C overnight.  The following day, urea content was further diluted to 1.4 M by bringing the 

final volume to 1.43 ml by the addition of 100 mM AmBic.  Proteomics-grade trypsin (Sigma-

Aldrich) was added at 1 µg and the digestions incubated for four hours with shaking at 37˚C. 

Digestions were desalted using solid phase extraction (SPE) after acidification by the 

addition of 0.2% (v/v) trifluoroacetic acid (TFA) and 1% (v/v) formic acid.  SPE utilized OMIX 

C18 100 µl tips (Varian).  Tips were conditioned and equilibrated using 2X200 µl LC/MS grade 

methanol followed by 2X200 µl solvent Y (98:2 LC/MS grade water: LC/MS grade acetonitrile 
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containing 0.1% (v/v) TFA).  The sample was then applied to the tip followed by 5X200 µl 

washes of solvent Y and desalted peptides were finally recovered using 200 µl solvent Z.  

Peptide samples were concentrated to dryness using a centrifugal vacuum concentrator, 

resolubilized in 40 µl solvent Y by sonication and stored at -20°C. 

Ten microliters of each resolubilized peptide sample were separated using an Acquity I-

class UPLC system (Waters).  The mobile phases were solvent A (0.1% (v/v) formic acid 

(Sigma) in LC/MS grade water (Spectrum Chemicals) and solvent B (0.1% (v/v) formic acid 

(Sigma) in LC/MS grade acetonitrile (Spectrum Chemicals).  The separation was performed 

using a CSH130 C18 1.7 µm, 1.0 x 150 mm column (Waters) at 50 µL/min using a 110 minute 

gradient from 3-40% solvent B. The column temperature was maintained at 45˚C. 

Column effluent was analyzed using a Synapt G2-S mass spectrometer (Waters) using an 

HDMSe (high-definition mass spectrometry with alternating scans utilizing low and elevated 

collision energies) acquisition method in continuum positive ion “resolution” MS mode.  Source 

conditions were as follows: capillary voltage, 3.0 kV; source temperature, 120˚C; sampling cone, 

60 V; desolvation temperature, 350˚C; cone gas flow, 50 L/hr; desolvation gas flow, 500 L/hr; 

nebulizer gas flow, 6 bar.  Both low energy (4 V and 2 V in the trap and transfer region, 

respectively) and elevated energy (4 V in the trap and ramped from 20 to 50 V in the transfer 

region) scans were 1.2 seconds each for the m/z range of 50 to 1800.  For ion mobility 

separation, the IMS and transfer wave velocities were 600 and 1200 m/sec, respectively.  Wave 

height within the ion mobility cell was ramped from 10 to 40 V. 

For lock-mass correction, a 1.2 second low energy scan was acquired every 30 seconds of 

a 100 fmol/µL [Glu1]-fibrinopeptide B (Waters) solution (50:50 acetonitrile: water 

supplemented with 0.1 % formic acid) infused at 10 µL/min introduced into the mass 

spectrometer through a different source which was also maintained at a capillary voltage of 3.0 

kV.  The data for lock-mass correction was collected but not applied to sample data until data 

processing. 

Mass spectrometric data from 1-101 minutes of each chromatographic run were 

processed and analyzed utilizing ProteinLynx Global Server (PLGS) v. 3.0.2 (Waters). Average 

chromatographic and mass spectrometric peak width resolution were automatically determined 

by the software.  Mass values were lock-mass corrected based on the exact m/z value of the +2 

charge state of [Glu1]-fibrinopeptide B (785.842).  Peaks were defined based on the low energy, 
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elevated energy and bin intensity thresholds of 250, 25 and 2000 counts, respectively.  The final 

peak list for each sample was then searched against a protein database containing the complete 

M. jannaschii proteome including isoforms downloaded from Uniprot (10/08/15) and 3 

randomized decoy entries for each real entry appended using PLGS.  Workflow parameters for 

the protein identification searches were 2 possible missed cleavages utilizing Lys-C and trypsin 

as the protease combination, a fixed modification of carbamidomethylation of cysteine, and 

possible modifications of glutamine to pyroglutamate when glutamine is present at the N-

terminus of a peptide and oxidation of methionine.  The software automatically determined 

peptide and peptide fragment mass tolerances. Protein identification searches using PLGS had a 

false discovery rate of no more than 3%.   

Cloning, Overexpression, and Purification of M. jannaschii MJ1534 in Escherichia 

coli.  The MJ1534 gene (UniProt accession number Q58929) was amplified by PCR from 

genomic DNA using oligonucleotide primers for MJ1534-Fwd: 5'- 

GGTCATATGAAATTTGGTATCGAATTTG-3' and MJ1534-Rev: 5'- 

GCTGGATCCTTACTCTTTTAATGCTG-3'.  PCR amplification was performed as described 

previously(20) using a 55 oC annealing temperature.  Purified PCR product was digested with 

Nde1 and BamH1 restriction enzymes and ligated into compatible sites in vector pT7-7.  The 

sequence of the resulting plasmid pMJ1534 was verified by DNA sequencing.  The plasmid, 

pMJ1534 was then transformed into E. coli strain BL21-CodonPlus(DE3)-RIL cells (Stratagene).  

The transformed cells were grown in LB medium supplemented with 100 µg/mL ampicillin at 37 

oC with shaking until they reached an OD600 of 1.0.  Recombinant protein production was 

induced by addition of lactose to a final concentration of 28 mM.(20)  After an additional 2 hours 

of culture, the cells (200 mL) were harvested by centrifugation (4,000 x g, 5 min) and frozen at -

20 oC. Induction of the desired protein was confirmed by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis of total cellular proteins.  Protein concentrations were 

determined by Bradford analysis.(21) 

The frozen E. coli cell pellet containing the desired protein (~0.4 g wet wt) was 

suspended in 3 mL of extraction buffer (50 mM N-[tris(hydroxymethyl)methyl]-2-

aminoethanesulfonic acid (TES), pH 7.0, 10 mM MgCl2, 20 mM dithiothreitol (DTT)) and lysed 

by sonication.  The resulting expressed proteins were found to remain soluble after heating.  The 

resulting cell extracts were heated for 20 min at 80 oC for the MJ1534 gene product, followed by 
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centrifugation (16,000 x g for 30 min) to remove the insoluble E. coli proteins, which denature 

and precipitate under these conditions. The next step of purification was performed by anion-

exchange chromatography of the heated soluble fractions on a MonoQ HR column (1 x 8 cm; 

Amersham Bioscience) using a linear gradient from 0 to 1 M NaCl in 25 mM Tris buffer (pH 

7.5), over 55 min at a flow rate of 1 mL/min.  Fractions of 1 mL were collected and the desired 

protein was identified through SDS-PAGE analysis of the fractions and subsequent sequencing 

by MALDI-MS of the excised protein bands.  The protein bands corresponding to the predicted 

molecular mass of the MJ1534 gene product (~35 kDa) were excised from the polyacrylamide 

gel and prepared for MALDI-MS as previously described.(22) Protein concentrations were 

determined by Bradford analysis.(21)  The molecular weight of the recombinant protein was 

determined using a Shimadzu HPLC system with a Phenomenex BioSep SEC-s2000 column 

(300 x 7.8 mm, 5 µm particle size) with a Phenomenex security guard cartridge equipped with a 

photodiode array and fluorescent detection was operated at RT.  The elution profile consisted of 

20 min at an isocratic flow of 50 mM TES, pH 7.2, and 150 mM NaCl at a flow rate of 1 

mL/min.  Fractions of 0.5 mL were collected every half minute.   

Analysis for enzymatic activity of MG reduction with NADPH and FoH2 as 

reductants.  The activities of M. jannaschii whole cell extract and collected fractions from the 

two separations were accomplished in a total reaction volume of 100 μL with 25 mM Tris pH 7.0 

and a final concentration of 0.4 mM NADPH and 0.2 mM methylglyoxal.  M. jannaschii cell 

extract or fraction (10-30 μL) was added last and mixed by rapid pipetting.  The reaction was 

monitored for 2.5 min at 340 nm at room temperature in a 100 µL cuvette with a 1 cm path 

length using a Shimadzu BioSpec-1601 UV-vis spectrophotometer.  A control was run for every 

assay to account for background NADPH oxidation without methylglyoxal in the above assay.  

A positive activity was indicated when a larger decrease in absorbance was observed when MG 

was present than without the addition of MG at 340 nm for NADPH (ε340 nm = 6.22 mM-1 cm-1).  

The Bradford protein assay(21) was used for protein concentration determination of the active 

fraction(s).  The same assay conditions were used to analyze the recombinant purified Mer using 

5.3 µg of Mer for each assay plus and minus MG in the presence of NADPH. A shortened form 

of F420, Fo, was used to test Mer’s capability of catalyzing the reduction of MG (Figure S2A).  

Fo was synthesized as previously described(23) and reduced to FoH2 using methods previously 

described.(17)  Briefly, Fo (~0.7 mM in 100 µL 25 mM Tris buffer pH 7.5) was reduced with 0.7 
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mg sodium borohydride under argon in a sealed vial.  After disappearance of yellow color, 1 M 

anaerobic HCl was added to a pH 4 to destroy the borohydride.  The sample was neutralized to 

pH 7 with 1 M anaerobic NaOH.  Fo was also included in the assay with NADPH to determine if 

NADPH would reduce Fo and increase activity.  The reduced Fo was added to 5 µg Mer and 0.2 

mM MG in 100 µL 25 mM Tris (pH 7.5) to make a 0.1 mM solution and the absorbance at 420 

nm was monitored over 2.5 min at room temperature.  An increase in absorbance indicates a 

positive activity.  

Confirmation of lactaldehyde production.  In order to establish that lactaldehyde was 

produced from the reduction of methylglyoxal with NADPH a second enzyme was included in 

the assay following completion of MG reduction.  Completion of MG reduction was assumed 

when there was no longer an observed change in absorbance at 340 nm for at least 1 min.  The 

standard assay described above was monitored for 2.5 min to completion, and then 0.5 mM 

NAD+ and 8.7 µg lactaldehyde dehydrogenase from M. jannaschii(16) was added increasing the 

volume to 125 µL.  This reaction was monitored for 5 min, looking for an increase in absorbance 

at 340 nm if lactaldehyde was produced by the reduction of methylglyoxal with NADPH and M. 

jannaschii cell extracts. 

Results and discussion  

Identification of the enzyme responsible for catalyzing the conversion of MG to 

lactaldehyde.  A M. jannaschii cell extract was separated by anion exchange chromatography 

using a gradient from 0 to 1 M NaCl and collecting 1 mL fractions every minute.  Analysis of 

every third fraction showed a peak (fraction 23, Figure 2) with the desired activity (specific 

activity of 0.21 µmol min-1 mg-1 total protein) eluting at 0.2 M NaCl.  The desired activity was 

determined by a greater change in absorbance when MG and NADPH were incubated with the 

M. jannaschii fractions versus when the fractions were assayed only with NADPH (Figure 2A).  

These procedures were necessary for comparison of activity of the NADPH dependent enzymes 

and our enzyme of interest from M. jannaschii, so that only the desired enzyme was isolated.  

The same set of fractions were also analyzed by MALDI-MS for the presence of F420 with either 

2 or 3 glutamates (903.2 and 1032.0 m/z, respectively).  In our analysis only F420 with 2 

glutamates (F420-2) was detected and may signify that an F420-2 dependent enzyme may be 

present in the fractions (Figure 2B).  This is intriguing as F420-3 had previously been 

demonstrated to be the most abundant form in M. jannaschii.(24)  Fraction 23 contained F420-2, 
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further supporting that this fraction could contain the protein of interest.  Furthermore, fraction 

23 was additionally confirmed to produce lactaldehyde by the addition lactaldehyde 

dehydrogenase, which demonstrated an increase in absorbance at 340 nm when added to the 

assay, which would only occur if lactaldehyde was produced from the reduction of MG.   

Fraction 23 was further purified by SEC (Figure 3A) and each fraction was analyzed for 

activity plus or minus MG in the presence of NAPDH (Figure 3B).  Two peaks of activity 

corresponding to a mass of ~80 kDa were observed (Figure 3, Fractions 17 to 19).  The collected 

SEC fractions were also analyzed for F420 by MALDI-MS and though most of the F420 eluted 

earlier (Fractions 12 to 15, Figure 3B), there was a small peak that eluted with the active 

fractions (Figure 3B).  Half of the collected 0.5 mL fractions (Fractions 17 to 19) containing 

activity were dried completely and the tryptic peptides were analyzed by LC-ESI-MS for the 

contained proteins.  The only significantly identified protein in the three fractions exhibition 

activity was identified as N5, N10- methylenetetraphydromethanopterin reductase (Mer, encoded 

by MJ1534) with three peptides.  Mer is an essential enzyme involved in the final steps of 

methanogenesis, performing the reversible F420 dependent reduction of N5,N10-

methylenetetrahydromethanopterin (CH2=H4MPT) to N5-methyltetrahydromethanopterin (CH3-

H4MPT)(25–28) (Figure 4B).   

Cloning, overexpression, and purification of MJ1534 gene product (Mer) in E. coli.  

The MJ1534 derived protein was efficiently expressed in E. coli as measured from the SDS-

PAGE analysis of the total proteins in the E. coli cells after expression.  MALDI-MS analysis of 

the tryptic peptides recovered from the excised expressed protein band confirmed the presence of 

the desired protein by the detection of ten unique peptides.  Heating portions of the resulting 

crude soluble extract for 10 min at different temperatures indicated that Mer remained soluble up 

to 80 oC based on SDS-PAGE analysis.  Thus, the first step in the purification involved heating 

cell extracts at 80 oC for 20 min followed by centrifugation (14,000  g, 10 min) prior to 

purification of soluble proteins on MonoQ.  This produced a peak of activity at 0.4 M NaCl 

using the same methods as described above for the M. jannaschii cell extracts.  The M. 

jannaschii Mer was determined to be a dimer (~80 kDa) with a monomeric mass of 35-40 kDa as 

judged by isolation of the protein from M. jannaschii extracts and by SDS-PAGE and SEC of the 

recombinantly expressed protein.  This is the first report of Mer being recombinantly produced 

and being a homodimer. Mer proteins isolated from various Archaea were determined to be 
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homotetrameric in Methanosarcina bakeri(28) and Methanothemobacter 

thermautotrophicus,(26) homopentameric in Archaeoglobus fulgidus,(29) and homoheptameric 

in Methanopyrus kandleri.(25)   

Analysis of recombinant Mer for MG reductase activity.  The recombinant pure Mer 

was tested for MG reductase activity.  The results demonstrated that when Mer was incubated 

only with NADPH, no change in absorbance was observed, indicating no activity.  However, 

upon addition of MG a decrease in absorbance at 340 nm was observed indicating the oxidation 

of NADPH to NADP+ (Figure 5).  A specific activity of 0.73 ± 0.07 µmol min-1 mg-1 protein was 

measured.  Surprisingly, analysis demonstrated that Mer was unable to reduce MG with reduced 

Fo, as had been previously reported for M. jannaschii cell extracts.(17)  However, the observed 

discrepancy could be due to the use of Fo instead of F420 (Figure S2A).  Though Fo has been 

used successfully as a  replacement for F420 for many F420 dependent enzymes(30), Mer appears 

to have never been tested with Fo as a cofactor.  Thus, some specificity for the F420 might exist 

that was not examined here (Figure S2A).  No previously studied Mer has been demonstrated to 

use NADPH as a cofactor, and Mer was reported to have a strict requirement for F420.(25–29)  

Additionally, the recombinant enzyme lost activity after three weeks of freeze/thaw at -20 oC.  

The instability of the recombinant Mer could be due to the lack of F420 in the active site, which 

could further suggest a specificity for F420 that was unknown before and will be of interest for 

future work on this enzyme.  All previously characterized Mer’s have been isolated from their 

respective organisms.  The isolated Mer from M. jannaschii maintained activity for several 

months of freeze/thaw at -20 oC and F420-2 was determined to be present in the active fractions 

(Figures 2B and 3C).  This is the first report of Mer functioning with NADPH as a cofactor and 

using MG as a substrate.  The X-ray crystal structure of Mer from Methanopyrus kandleri, 

Methanothermobacter marburgensis, and Methanosarcina barkeri have been determined and 

analysis of the active site suggests that it is a large cleft capable of binding F420H2 and 

CH2=H4MPT.(28, 31)  The large cleft region that this work identified does not rule out the 

possibility that a small molecule like MG or lactaldehyde may also bind within the active site for 

catalysis to occur.  These conclusions suggest an additional role of Mer in M. jannasachii and 

other methanogens, indicating that Mer is catalytically promiscuous, where it is able to complete 

two distinctive reactions with two distinct cofactors (Figure 4).  Both of these reactions are 

expected to be essential for M. jannaschii’s survival.   
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Catalytic Promiscuity of Mer in M. jannaschii.  Catalytically promiscuous enzymes are 

defined by their ability to transform an alternate substrate through a different transition state than 

the canonical substrate.(32)  Enzymes demonstrating catalytically promiscuous activity are often 

overlooked because their promiscuous activity is not probed due to its differences from the 

canonical activity. In this case, the promiscuous activity of Mer was identified by isolating Mer 

by following a different activity from M. jannaschii cell extracts.  At the outset of this work, a 

unique enzyme was believed to be the source of the MG reductase activity, not a well 

characterized enzyme like Mer.  Mer has been studied in three other methanogens and one 

sulfate reducing archaeal organism, Archeaoglobus fulgidus.  In all previously studied Mer 

enzymes, Mer demonstrated a strict requirement for F420 when assayed with CH2=H4MPT as the 

substrate.(25–27, 29)  Mer has not previously been investigated for an activity other than as a 

CH2=H4MPT reductase, and nothing indicates that the M. jannaschii Mer (MjMer) is not 

functioning as the CH2=H4MPT reductase. Thus, the ability of MjMer to function as a 

CH2=H4MPT reductase was not investigated here, but would be of further interest to study to see 

how the two activities compare in more detail. 

The discovery that MjMer is catalytic promiscuous demonstrates that the second function 

of Mer is as essential as the initial reported function, which is unique since many enzymes 

catalytic promiscuities are believed to be nonessential.(33)  MG is a required intermediate for the 

biosynthesis of 6-deoxy-5-ketofructose 1-phosphate (DKFP) in M. jannaschii and 

Halobacterium soluniarum(10, 11) (Figure 6) and as such is believed to be essential.  DKFP is 

one of two necessary precursors for the biosynthesis of 3-dehydroquinate (DHQ) in methanogens 

and halobacterium(11, 34) (Figure 6), the ability of Mer to oxidize lactaldehyde to MG for the 

generation of DHQ, and thus aromatic amino acids, is an essential metabolic function in M. 

jannaschii.   

Conclusions.  This work indicates that Mer from M. jannaschii is able to catalyze the 

reduction of MG to lactaldehyde using NADPH.  The ability of Mer to perform this reaction 

demonstrates a catalytically promiscuous activity when compared to its known function (Figure 

4).  The catalytically promiscuous activity of Mer may be responsible for the in vivo oxidation of 

lactaldehyde to MG, an essential metabolite for the biosynthesis of aromatic amino acids in 

many archaeal organisms. 
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Figures 

 

Figure 1. Methylglyoxal (MG) catabolic pathways.  Highlighted in red is the new reaction 

identified in this work. 
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Figure 2. Separation M. jannaschii cell extract via MonoQ with a salt gradient and absorbance at 

280 nm overlaid (A) and overlay of difference in activity (µM min-1) of every third fraction with 

analysis of fractions for F420-2 (B).  The difference in activity was calculated by subtracting the 

NADPH plus MG activity from the NADPH alone activity for each analyzed fraction at 340 nm.  

Fraction 23 (0.21 µmol min-1 mg-1) contained the most activity and was further separated by SEC 

(Figure 3). 
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Figure 3. SEC separation of Fraction 23 from Figure 2.  Absorbance at 280 nm of SEC 

separation (A), difference of activity for fractions 9 to 27 plus and minus MG (B), and F420-2 

analysis for fractions 9 to 27 (C).  The time shown in (A) coordinates with the fraction numbers 

indicated in (B and C).  The difference in activity was calculated by subtracting the NADPH plus 

MG activity from the NADPH alone activity for each analyzed fraction at 340 nm. 



 

139 

 

 

Figure 4.  Comparison of reactions catalyzed by Mer from M. jannaschii.  Methylglyoxal 

reduction to D-lactaldehyde with either NADPH or F420H2 (A) and F420H2 dependent reduction 

of CH2=H4MPT to CH3-H4MPT (B).  The R groups for H4MPT and F420 are shown at the 

bottom.  Highlighted in red are where the reduction of each compound is performed. 
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Figure 5. Kinetic profile of the reduction of MG with NADPH with recombinant Mer.  Observed 

change in absorbance at 340 nm with time of Mer incubated with NADPH (black) or with 

NADPH and MG (grey).  The specific activity was measured to be 1.3 µmol min-1 mg-1. 
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Figure 6. Biosynthetic pathway for 3-dehydroquinate (DHQ) production in M. jannaschii. ADH 

is the abbreviation for 2-amino-3, 7-dideoxy-D-threo-hept-6-ulosonic acid. 
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Figures 

 

Figure S1. Canonical pentose phosphate pathway as the source of erythrose 4-phosphate 
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Figure S2. Comparison of F420-2, Fo (A) and NADPH (B) structures. 
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Abstract 

Adenine deaminases (Ade) and hypoxanthine/guanine phosphoribosyltransferases (Hpt) are 

widely distributed enzymes involved in purine salvage.  Characterization of the previously 

uncharacterized Ade (MJ1459 gene product) and Hpt (MJ1655 gene product) are discussed here 

and provide insight into purine salvage in Methanocaldococcus jannaschii.  Ade was 

demonstrated to use either Fe(II) and/or Mn(II) as the catalytic metal.  Hpt demonstrated no 

detectable activity with adenine, but was equally specific for hypoxanthine and guanine with a 

kcat/KM of 3.2 x 107 and 3.0 x 107 s-1M-1, respectively.  These results demonstrate that 

hypoxanthine and IMP are the central metabolites in purine salvage in M. jannaschii for AMP 

and GMP production.  A conserved cysteine (C127, M. jannaschii numbering) was examined 

due to its high conservation in bacterial and archaeal homologues. To assess the role of this 

highly conserved cysteine in M. jannaschii Ade, site directed mutagenesis was performed. It was 

determined that mutation to serine (C127S) completely abolished Ade activity and mutation to 

alanine (C127A) exhibited 10-fold decrease in kcat over the wild type Ade. To further investigate 

the role of C127, detailed molecular docking and dynamics studies were performed and revealed 

adenine was unable to properly orient in the active site in the C127A and C127S Ade model 

structures due to distinct differences in active site conformation and rotation of D261.  Together 

this work illuminates purine salvage in M. jannaschii and the critical role of a cysteine residue in 

maintaining active site conformation of Ade.    
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Introduction 

The salvage of purine bases and nucleosides is thought to have emerged at the same time 

as the de novo pathway for purine biosynthesis, with the direct salvage of adenine to AMP 

occurring following the divergence of Bacteria and Eukarya, given the lack of an adenine 

phosphoryltransferase (Apt) and adenosine kinase in Archaea(1).  The direct salvage of adenine 

would bypass the need for an adenine deaminase (Ade) and directly condense adenine with 5-

phospho-α-D-ribosyl-1-pyrophosphate (PRPP) to produce AMP by an Apt.  Alternatively, 

adenine could be salvaged directly by conversion to adenosine by a purine nucleoside 

phosphorylase then subsequent phosphorylation to AMP by an adenosine kinase.  However, the 

possible purine nucleoside phosphorylase, annotated as a methylthioinosine phosphorylase, in 

Methanocaldococcus jannaschii does not utilize adenosine as a substrate (Miller unpublished) 

and no adenosine kinase homologue has been identified in the M. jannaschii genome. These 

findings suggest that adenine is not directly salvaged in M. jannaschii.  

By lacking Apt and adenosine kinase, Archaea must salvage adenine through an 

alternative route, first by deaminating adenine to hypoxanthine followed by further conversion to 

AMP and GMP (Figure 1A).  Therefore, it is proposed that M. jannaschii is able to salvage 

adenine using an enzyme annotated as adenine deaminase (EC 3.5.4.2, Ade)(2) and a 

hypoxanthine/guanine phosphoribosyltransferase (EC 2.4.2.8, Hpt).  Ade’s are members of the 

amidohydrolyase superfamily of enzymes with a (β/α)8-barrel structure (3, 4) and are ubiquitous 

enzymes that catalyze the deamination of adenine to hypoxanthine through attack on C6 of the 

purine ring by a nucleophilic water.  The first indication that Archaea contained an Ade was 

reported in 1990 by the measurement of its enzymatic activity in cell extracts of 

Methanobacterium thermoautotrophicum (5). Hpt’s catalyzed the condensation of purine 

nucleobases (hypoxanthine and guanine) with PRPP to form nucleosides IMP and GMP (Figure 

1).  Hpt has been described in M. thermoautotrophicum and Methanococcus voltae to be specific 

for hypoxanthine and guanine (6, 7). Characterizations of Ade and Hpt from M. jannaschii, 

encoded by the MJ1459 and MJ1655 gene products, respectively, are described here.   

In investigating the Ade from M. jannaschii, a conserved cysteine at position 127 (M. 

jannaschii numbering) was identified to be present in archaeal and bacterial Ade’s (Figure 2).  

The conserved cysteine in Ade, with no clear function, was noted and considered of interest due 
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to the low abundance of cysteine residues in proteins (8). In addition, this conserved cysteine 

was of interest given that it was not observed in a conserved motif commonly associated with 

either formation of disulfide bonds used in structure stabilization (9), iron-sulfur clusters (10), 

redox control (11), or nucleophilic activity, such as in cysteine proteases (12).  Taken together, 

this information indicated that the conserved cysteine found at position 127 (M. jannaschii 

numbering) may have an important role in either the enzymatic activity or structure of Ade’s and 

thus the role of this cysteine was investigated. A combination of experimental and computational 

approaches was used to provide insight into the potential role of the conserved cysteine at 

position 127 in M. jannaschii.   

 

Materials and methods 

Cloning, overexpression, and purification of the MJ1459 (Wt and C127S/A) and 

MJ1655 gene products in E. coli.  The MJ1459 (UniProt accession number Q58854) and 

MJ1655 (UniProt accession number Q59094) gene products were amplified by PCR from 

genomic DNA using the oligonucleotide primers shown in Table S1. The MJ1459 mutants, 

C127A and C127S, were amplified by PCR of QuikChange Site-Directed Mutagenesis kit 

(Stratagene) using the cloned wild type pMJ1459 as the template and the used primers shown in 

Table S1.  PCR amplification was performed as described previously (13) using a 50 oC 

annealing temperature.  Purified PCR product was digested with Nde1 and Bam H1 restriction 

enzymes and ligated into compatible sites in plasmid pET 19b for MJ1459 and mutants (C127A 

and C127S) and in plasmid pT7-7 for MJ1655.  The sequence of the resulting plasmids pMJ1459 

and mutants C127A, C127S and pMJ1655 were verified by DNA sequencing and were 

transformed into E. coli BL21-CodonPlus (DE3)-RIL cells (Stratagene).  The transformed cells 

containing pMJ1459, mutants (C127A and C127S), and pMJ1655 were individually grown in 

Luria-Bertani medium (200 mL) supplemented with 100 µg/mL ampicillin and were grown at 

37o C with shaking until they reached an OD 600 of 1.0.  A concentration of 1 mM MnCl2 was 

supplemented in addition to the ampicillin for MJ1459 and C127S/A mutant cultures.  

Recombinant protein production was induced by the addition of  lactose to a final concentration 

of 28 mM (13).  After an additional 2 hours of culture, the cells were harvested by centrifugation 

(4,000 x g, 5 min) and frozen at -20 oC.  Induction of the desired proteins was confirmed by 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of total cellular proteins. 
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E. coli cells expressing recombinant protein were re-suspended in 3 mL extraction buffer 

consisting of 50 mM extraction buffer (N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic 

acid (TES-K+) pH 7.0, 10 mM MgCl2, 20 mM dithiothreitol (DTT)) and lysed by sonication.  

After precipitating the majority of E. coli proteins by heating the cell lysate to 90 C for 10 min 

for the Wt MJ1459-derived protein, 60 oC for 10 min for the C127S MJ1459-derived protein, 

and 80 oC for 10 min for the MJ1655-derived protein, they were purified by anion exchange 

chromatography on a MonoQ HR column (1 x 8 cm, Amersham Bioscience) with a linear 

gradient from 0 to 1 M NaCl in 25 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.5 over 55 

mL at 1 mL/min.  Protein concentration was determined by Bradford analysis (14). The MonoQ 

fractions containing Wt MJ1459-, C127S MJ1459- and MJ1655-derived proteins were identified 

by SDS-PAGE analysis of the individual fractions.  The protein bands corresponding to the 

predicted molecular mass of the MJ1459 gene product (~62 kDa) and MJ1655 (~20 kDa) were 

excised from the polyacrylamide gel, and the cut gel bands were prepared for matrix assisted 

laser desorption ionization mass spectrometry (MALDI-MS) as described previously (15).  

 C127A Ade was not efficiently recombinantly expressed in E. coli as judged by SDS-

PAGE of the total cellular protein, and the C127A MJ1459-gene product was unable to be 

identified by MALDI-MS (Figure S2).  Instead, the C127A Ade was purified based on activity 

using an E. coli extract overexpressing the MJ0100-gene product (referred to as the E. coli 

control from here on).  The MJ0100 gene product was only produced in the insoluble pellet 

(Figure S2C).  The activity of MJ0100 was demonstrated in M. jannaschii to catalyze the 

reaction of hydrogen sulfide with aspartate semialdehyde to form homocysteine (16).  Thus, the 

E. coli extract from the recombinant expression of MJ0100 was used as a negative control for E. 

coli adenine deaminase activity to purify C127A Ade from the recombinant expression.  The 

crude extracts of the C127A Ade and E. coli control were tested for activity using the standard 

enzyme assay described below following Bradford analysis of the total protein concentration.  

Successive steps of purification were done by heating the cell extracts at 60, 70, and 80 oC and 

MonoQ purification followed by the standard assay to determine where the protein eluted.  The 

protein concentration was determined by Bradford analysis (17) . Results of the purification are 

summarized in Table S2.   

Kinetic and physical characterization of Ade.  Ade activity was measured in 100 µL of 

extraction buffer (50 mM TES-K+ pH 7.0, 10 mM MgCl2, 20 mM DTT) containing 0.5 mM 
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Mn(II) or Fe(II), 1 mM adenine, 1.0 µg of the Wt, C127S, C127A Ade, or E. coli control.  To 

determine if there was a linear relationship between product formation and time, a standard assay 

was performed using Wt Ade except the incubation period was altered to 0, 10, 20, and 30 min.  

Kinetic parameters were determined using from 0 to 1 mM final concentrations of adenine in the 

standard assay with 22 ng Wt Ade and 5.6 μg C127A Ade and E. coli control.  The samples were 

incubated at 60 oC for 20 min followed by the addition of 5 μL of 2 M hydrochloric acid and 

centrifugation (14000 x g, 2 min) to remove the precipitated proteins.  The soluble material was 

separated from the pellet, and 10 µL was injected for HPLC analysis.   

The chromatographic separation and analysis of adenine and hypoxanthine was 

performed on a Shimadzu HPLC System with a C18 reverse phase column (Varian Pursuit XRs 

250  4.6 mm, 5 m particle size) with photodiode array detection. The elution profile consisted 

of 5 min at 95% sodium acetate buffer (25 mM, pH 6.0, 0.02% NaN3) and 5% methanol 

followed by a linear gradient to 20% sodium acetate buffer/80% methanol over 25 min at 0.5 

mL/min. Under these conditions hypoxanthine eluted at 13 minutes and adenine at 19 minutes. 

Quantitation was based on absorbance at 260 nm for the adenine and 250 nm for the 

hypoxanthine using 260 = 13400 M-1cm-1 for adenine and 250 = 10700 M-1cm-1 for hypoxanthine 

(18). 

The native molecular weight of Wt Ade was determined by size exclusion 

chromatography as described previously using a Superose 12 HR column (19).  Protein standards 

used to generate the standard curve included: apoferritin (443 kDa), β-amylase (200 kDa), 

alcohol dehydrogenase (150 kDa), conalbumin (77.5 kDa), bovine serum albumin (66 kDa), 

carbonic anhydrase (29 kDa), cytochrome c (14.4 kDa), and B12 (1.4 kDa). 

Metal analysis of Wt Ade was performed at the Virginia Tech Soil Testing Laboratory 

using inductively coupled plasma emission spectrophotometry.  Instrumentation included a 

Spectro CirOS VISION made by Spectro Analytical Instruments equipped with a Crossflow 

nebulizer with a Modified Scott spray chamber; the nebulizer rate was 0.75 L/min.  A yttrium 

internal standard (50 mg/L) was introduced by peristaltic pump.  Samples were analyzed for 

cobalt, iron, manganese, nickel, and zinc. 

Kinetic characterization of Hpt. Hpt activity was monitored in 100 µL of 25 mM tris 

buffer (pH 7.5) with a final concentration of 0.2 mM MgCl2, 0.2 mM PRPP, 0.2 mM purine 

(adenine, guanine, or hypoxanthine (HX)), and 11.0 µg of the Hpt for 10 min at 70 oC.  To 
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determine if there was a linear relationship of product formation with time the above assay was 

done at 0, 10, 20, 30, and 40 min.  Kinetic parameters were determined using from 0 to 0.4 mM 

final concentrations of guanine and from 0 to 0.15 mM final concentrations of hypoxanthine with 

PRPP in excess (0.5 mM) with 0.53 μg Hpt in 100 μL 25 mM tris buffer (pH 7.5).  The kinetics 

of PRPP was determined with guanine in excess (0.4 mM) and PRPP from 0 to 0.5 mM with 

0.53 μg Hpt in 100 μL 25 mM tris buffer (pH 7.5).  All assays were incubated at 70 oC for 10 

min followed by the addition of 5 μL of 2 M hydrochloric acid and centrifugation (14000 x g, 2 

min) to remove the precipitated proteins.  The soluble material was separated from the pellet and 

10 µL was injected for HPLC analysis (see above).  Under these conditions GMP eluted at 6.3 

minutes, IMP at 6.7 minutes, AMP at 9.9 minutes, and guanine at 12.3 minutes. Quantitation was 

based on absorbance at 260 nm for the AMP, 246 nm for guanine, 252 nm for GMP, and 250 nm 

for IMP using 260 = 15400 M-1cm-1 for AMP, 246 = 10700 M-1cm-1 for guanine, 252 = 13700 M-

1cm-1 for GMP, 250 = 12300 M-1cm-1 for inosine (IMP) (18).  

Generation of the Wt, C127A, and C127S Ade homology models. All MD and 

docking results were based on homology models built in MODELLER version 9v7 (20) and 

based on the template structure from A. tumefaciens (PDB ID:3NQB) (21). The Ade structure 

from A. tumefaciens was chosen as the template because it has a resolution of 2.21 Å, contains 

three bound Mn(II) ions, and the sequence identity between the whole A. tumefaciens and M. 

jannaschii protein sequences is 31% with the active site conservation of 99% (Figure 2).  Model 

quality was assessed by Anolea (22, 23), QMEAN (24),  and ProCheck (25) and the models were 

deemed acceptable per assessment standards.  Models were also evaluated using the Verify 3D 

server (26, 27).  The C127S and C127A model was generated by changing C127 to Ser or Ala in 

the Ade amino acid sequence and then building the homology model in MODELLER and 

assessing as described above. Energy minimization was performed using Molecular Operating 

Environment (MOE) (28) and the OPLS-AA force field (29). 

Molecular docking of Wt, C127A, and C127S Ade with adenine.  Wt, C217S, and 

C127A homology models from above were utilized for molecular docking and molecular 

dynamics (Figures 3 and S1).  The adenine structure was acquired from the Protein Data Bank 

(Ligand ID: ADE).  Wt and C127S/A Ade and adenine were prepared for docking using 

AutoDock Tools 1.5.6 (30).  AutoDock Vina (31) was used to perform the molecular docking of 

adenine into the Wt and C127S/A Ade.  Parameters for docking included using the same box size 
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of 15 Å x 15 Å x 15 Å for Wt and C127S/A docking experiments. The Wt Ade box was centered 

within the coordinates of (67.965, -21.471, 18.243), the C127S box was centered within the 

coordinates (-1.571, -7.302, 5.381), and the C127A, box was centered within the coordinates (-

1.571, -7.302, -1.649). The position of the box was relative to the active site in each structure.  

Docking was done with the initial homology models and results were inconclusive.  MD, as 

described below, was utilized to allow residues to position themselves in a more energetically 

favorable position, and RMSD clustering was performed over the last 50 ns of MD. The 

representative structure, which was the center structure of the dominant cluster (Table S3) for the 

last 50 ns of simulation time, was used for docking. 

Molecular dynamics simulations of Wt, C127A, and C127S Ade.  System construction 

and simulations were performed using the GROMACS software package, version 4.5.4 (32, 33).  

All protein parameters were from the AMBER99SB-IDLN force field (34).  Wt, C127S, and 

C127A Ade were centered in a cubic box with a minimum solute-box distance of 1.0 nm. 

Systems were solvated with TIP3P water (35) and neutralized with Na+ counterions.  Mn(II) 

parameters were taken from Bradbrook et al. (36), and crystal waters in the active site were 

retained by overlaying the model and template structures.  To preserve the active site geometry, 

harmonic connections were added between all Mn(II) ions and heavy atoms of ligating water 

molecules and protein residues. The solvated system was energy-minimized using the steepest 

descent method and subsequently equilibrated in two steps, NVT and NPT. Three replicate 

simulations of Wt, C127S, and C127A Ade were produced, each with random starting velocities. 

NVT and NPT using the Berendsen weak coupling method (37) at 300 K was performed for 100 

ps and 500 ps, respectively. Position restraints were imposed on all protein heavy atoms during 

equilibration and released during the molecular dynamics simulations. 

MD simulations utilized three-dimensional periodic boundary conditions. P-LINCS (38) 

was used to constrain bond lengths to allow an integration time step of 2 fs. Nonbonded 

interactions were calculated within a short-range interaction cutoff of 0.8 nm. The smooth 

particle mesh Ewald (PME) method (39, 40) using cubic interpolation, and Fourier grid spacing 

of 0.12 nm was employed to calculate long-range electrostatic interactions.  Simulations were 

conducted for 100 ns and found to be converged, based on backbone RMSD and backbone 

RMSD clustering employing a cutoff of 0.2 nm, using the method of Daura et al (41).  Secondary 

structure was determined according to the DSSP algorithm (42) . All other analysis was 
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performed using programs in the GROMACS package. Structure visualization was performed 

with Pymol (43). Statistical analysis was carried out using a two-tailed t-test, with statistical 

significance determined if p < 0.05. 

 

Results and discussion 

Ade and Hpt’s are ubiquitous enzymes and are predominantly involved in purine salvage.  

Purine incorporation and metabolism has been evaluated in three methanogens: 

Methanobacterium thermautotrophicus, Methanococcus vannielii, and Methanococcus voltae (5, 

44, 45). M. thermautotrophicus showed low levels of Ade activity and an active Hpt (5, 6), M. 

vannielii demonstrated use of adenine as the sole nitrogen source (44), and M. voltae was able to 

incorporate the purines into nucleic acids and demonstrated to have both hypoxanthine and 

guanine phosphoribosyltransferase activity (7, 45).  The source of adenine in M. jannaschii 

remains unknown, but one possible source could be from exogenous adenine that is taken up by 

the cell and then salvaged.  A second source could be from thermal decomposition of DNA 

under extreme heat or pressure conditions,  which proved lethal for M. jannaschii when heat-

shocked from 88 oC to 98 oC (46).  Furthermore, adenine could be salvaged through DNA repair 

mechanisms occurring in M. jannaschii as there are genes that have been identified to be 

involved in these processes (47).  Even though the source of adenine is unclear, the data 

presented indicate the presence of a purine salvage pathway for adenine in methanogens that 

primarily proceeds through deamination of adenine to hypoxanthine followed by condensation 

with PRPP to form IMP (Figure 1A).  Additionally, hypoxanthine could be directly incorporated 

without the need to first deaminate adenine.  M. vannielii, M. thermoautotrophicum, and M. 

voltae were all able to incorporate and utilize exogenously fed hypoxanthine (44, 48, 49). 

Cloning, overexpression, and purification of the M. jannaschii Ade (Wt and 

C127S/A) and Hpt.  In order to increase the thermal stability of Ade and to produce more 

soluble protein, the expression of Wt, C127S, and C127A Ade was conducted in growth medium 

supplemented with 1 mM Mn(II).  The addition of Mn(II) to the media was previously reported 

for expressing E. coli Ade (21).  After sonication of cells suspended in extraction buffer and 

centrifugation (14,000  g, 5 min), about an equal amount of the expressed protein (Wt Ade) was 

found to be in the soluble fraction and in the insoluble pellet.  C127S Ade and Hpt were found to 

be completely soluble as judged by SDS-PAGE.  Heating the soluble sample for 10 min at 
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different temperatures followed by centrifugation (14,000  g, 5 min) indicated that a small band 

in the soluble protein fraction, possibly Wt Ade, was stable at temperatures above 90 oC, C127S 

Ade was only stable to 60 oC, and Hpt was stable up to 80 oC based on SDS-PAGE analysis.  

The low levels of expression and high thermal stability of Wt Ade have been previously 

observed in M. jannaschii during gene expression analyses during temperature and pressure 

stress response (46).  The first step in the purification was heating of the Wt Ade sonicated cell 

extract to 90 C for 10 min, C127S Ade cell extract to 60 oC for 10 min, and Hpt cell extracts to 

80 oC for 10 min prior to separation of the heated cell extracts on MonoQ.  The desired protein 

eluted at 0.36 M NaCl for Wt Ade, 0.56 M NaCl for C127S Ade, and 0.54 M NaCl for Hpt.  

MALDI analysis of the SDS-PAGE purified bands showed that the Wt Ade M. jannaschii was 

confirmed by the presence of four unique peptides and Hpt was confirmed by the presence of 

seven unique peptides identified from the tryptic digest of the excised bands at ~66 and ~20 kDa.   

Unfortunately, the recombinantly expressed C127A Ade had extremely low expression 

levels and was unable to be observed on the SDS-PAGE gel (Figure S2).  In this case the crude 

extract of the recombinantly produced C127A Ade was tested in comparison to the crude extract 

of the E. coli overexpressing the MJ0100 gene product (referred to as E. coli control), which was 

found to be completely insoluble (Figure S2C).  This allowed us to determine which fractions 

contained E. coli Ade activity or M. jannaschii C127A Ade activity (Table S2).  The results 

demonstrated deaminase activity that was greater than the E. coli control, indicating that C127A 

Ade was expressed, but the expression level was too low to be detected by SDS-PAGE (Figure 

S2A). The extracts heated at 60 oC were assayed for activity and these extracts containing 

C127A Ade also were more active than the E. coli control (Table S2).  Purification of the 60 oC 

extracts resulted in a peak of C127A Ade activity at 0.39 M NaCl, where the activity of the E. 

coli control showed 7.5-fold less activity (Table S2).   

Kinetic and physical characterization of Ade and Hpt.  Recombinant Wt Ade 

(MJ1459 gene product) from M. jannaschii was found to be equally active after the addition of 

either Fe(II) or Mn(II) (Table 1), and size exclusion chromatography indicated a molecular mass 

of 80 kDa, indicating Ade was a monomer. Though Fe(II) is likely the in vivo metal as has been 

described previously (21), Mn(II) was used because it is stable to air oxidation and demonstrated 

the same activity as Fe(II) (Table 1).  Metal analysis of the Wt Ade was found to contain 1.5 

mole of Fe, 1.1 mole of Zn and 14 mole of Mn per mole of Wt Ade.  These results indicate that 
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the Wt Ade contains Fe and Mn in the protein, which is what has been reported previously for 

the Ade from A. tumefaciens (21).  The excess Mn is likely due to the presence of 1 mM Mn(II) 

in the media during overexpression of the recombinant protein.  Ade was demonstrated to 

efficiently (kcat/KM) use adenine even though it has a relatively low binding affinity for adenine 

(Table 2).  The KM of the E. coli Ade with two irons was demonstrated to be 0.33 mM, which is 

a 2.5-fold higher affinity for adenine than the M. jannaschii Ade (21).    

The recombinant Hpt from M. jannaschii (MJ1655 gene product) was tested for its ability 

to combine adenine, guanine, or hypoxanthine with PRPP; it was demonstrated to be specific for 

hypoxanthine and guanine, but not adenine (Table 3), further supporting the salvage pathway to 

first proceed through deamination of adenine to hypoxanthine (Figure 1A).  Hpt exhibited a 

linear dependence of product formation up to 20 min at 70 oC.  The M. jannaschii Hpt 

demonstrates approximately equal specificity (kcat/KM) for either hypoxanthine or guanine (Table 

3).  Interestingly, the M. jannaschii Hpt shares low sequence identity (less than 50%) with the 

characterized Hpt from M. thermautrophicum (6) and M. voltae (7) and even less with bacterial 

homologues (less than 20% identity).   

Purine salvage in M. jannaschii.  Characterization of the M. jannaschii Ade and Hpt 

demonstrates that purine salvage in M. jannaschii proceeds first through deamination of adenine 

to hypoxanthine by Ade.  Hpt then transfers the phosphoribosyl-moiety of PRPP to N9 of 

hypoxanthine to form IMP, which can be readily transformed to either AMP through the de novo 

purine biosynthetic enzymes, adenylosuccinate synthetase (50) and adenylosuccinate lyase (51) 

(Figure 1A).  Alternatively, IMP can be dehydrogenated at C2 of the purine ring to form 

xanthine monophosphate (XMP) by an IMP dehydrogenase, followed by conversion to GMP by 

a GMP synthase (Figure 1B) (5).  These two routes suggest that hypoxanthine and IMP serve as 

the central purine nucleobase and nucleotide, respectively, in purine salvage for the production 

of AMP and GMP (Figure 1).  Inosine is not directly salvaged, but is first phosphorolyzed to 

hypoxanthine and ribose 1-phosphate by a purine nucleoside phosphorylase family enzyme 

present in M. jannaschii (Miller unpublished).  Furthermore, there is no identifiable inosine 

kinase homologue in the M. jannaschii genome to suggest the direct formation of IMP from 

inosine and ATP for purine salvage by this route.  Collectively, these data imply that 

hypoxanthine and IMP are essential intermediates required for re-generation of AMP and GMP 

for general metabolism. 
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Characterization of C127A and C127S Ade.  C127A Ade had no detectable activity 

when the same amount (1 μg) of enzyme was included in the standard assay; however, activity 

was detectable with 10 µg of C127A Ade in the assay.  Activity of C127A was found to be 

greater with added Fe(II) than Mn(II) (Table 1).  Interestingly, the C127S Ade demonstrated no 

detectable activity even with 1000-fold more enzyme than the Wt and was deemed inactive 

(Table 1).  Kinetic analysis of the C127A and Wt Ade indicate that the binding affinity for 

adenine decreased more than 2.5-fold, the turnover of Ade decreased 10-fold, and the catalytic 

efficiency (kcat/KM) decreased over 25-fold (Table 2).  This change in catalytic efficiency 

suggests that the thiol moiety of C127 plays a critical role in active site construction even if it is 

initially too distant (>10 Å) from the active site to be directly involved in catalysis.   

Several bacterial homologues were found to have an amino acid other than cysteine at 

position 127 (M. jannaschii numbering). For example, the Bacillus subtilis and Enterococcus 

faecalis enzymes (Figure 2) have never been demonstrated to have Ade activity and lack a 

cysteine at this position.  The B. subtilis enzyme was demonstrated to produce an Ade as 

determined through gene complementation studies; however, purified Ade from B. subtilis was 

unable to be studied because the authors were unable to purify active Ade (52).  The predicted 

Ade from Enterococcus faecalis (Figure 2) was demonstrated to not be an adenine deaminase but 

instead to hydrolyze acetyl-(R)-mandelate (53).  Therefore, given the two species that contain an 

alternative amino acid at position 127 instead of a Cys and do not demonstrate Ade activity, it 

can be suggested that the presence of Cys at that position is essential for Ade activity. Our site-

directed mutagenesis and MD studies further support this claim. 

Generation of Wt, C127A, and C127S Ade homology models. To better understand the 

structure and active site of M. jannaschii, homology models of Wt, C127S, and C127A Ade were 

generated by homology modeling and evaluated by several methods.  The Verify 3D server (26, 

27) indicated that the structural features of the models were generally favorable, though all 

structures had regions (residues ~380 to 395) that did not evaluate well. Because this region is 

distant from the active site, it was decided that the models were acceptable for our other 

modeling studies.  In addition, Ramachandran plots were generated from ProCheck (25) analysis 

of the Wt, C127A, and C127S Ade homology models (Figure S3A - C).  The results showed that 

the Wt Ade model had only 0.6% of the residues in disallowed regions, the C127A Ade model 

had only 0.6% of the residues in disallowed regions, and the C127S Ade model had only 0.8% of 
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residues in disallowed regions.  None of the residues found in the disallowed regions of the 

Ramachandran plots were the same as those determined not to be modeled well based on the 

Verify 3D analysis.  The residues identified in these regions were checked individually and 

determined to be sufficiently distant from the active site and not directly involved in catalysis.  

Overlays of the Wt Ade model with the template structure (PDB 3NQB), C127S, and C127A 

Ade are shown in Figure S5 A-C, respectively, and C127A Ade overlaid with C127S Ade, in 

Figure S5 D. 

Molecular docking of Wt, C127A, and C127S Ade with adenine.  Molecular docking 

to the Wt, C127S, and C127A models was employed to discover if the thiol moiety of cysteine 

helps maintain the proper active site environment for adenine binding.  A possible orientation of 

adenine in the active site was previously described for Ade from A. tumefaciens (21), where it 

was shown to interact with several amino acids involved in coordinating the bound active site 

metals including H97, E98, E212, D260, D261, and the α metal (M. jannaschii numbering) 

(Figure 4A). Considering the importance of metals to the activity of Ade, we included Mn(II) at 

the α, β, and γ metal binding positions for our docking studies.  The addition of the γ metal in our 

docking studies showed H97 and E98 maintained interactions with N3 of the adenine ring, 

comparable to the results described for the Ade of A. tumefaciens (21), which did not include the 

γ metal in the structure.  To score the docking results, we developed a knowledge-based scoring 

function based on the interactions in the catalytically competent position described by Kamat et 

al. (21). When multiple poses contained all of the important interactions, calculated free energy 

scores were used to select the best pose of adenine generated from that docking run.  

 Docking of adenine to Wt Ade demonstrated a docked pose that was close to the 

previously published result (21) (Figure 4A) and further supported our structure models, but 

docking into C127A and C127S Ade was not as successful as compared to the Wt Ade (Figure 

4B and 4C).  The best pose from the C127A Ade docking studies positioned the amino group of 

adenine at 4.0 Å from the α-metal, which was the closest of the nine generated poses. The 

relative position of the adenine in all poses in C127A was very different than the position of 

adenine docked into the Wt structure, and the active site in C127A showed some slight 

rearrangements compared with the Wt Ade (Figure 4B). The replacement of C127 with alanine 

shifted D260 into a bridging position similar to E159 in Wt Ade, altering D260 into a position 

too distant to interact with adenine.  The carboxyl moiety of D261, instead of D260, in the 
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C127A Ade docked model is 4.6 Å from the amino group of adenine.  This positions D261 into 

the active site 1.6 Å from the α Mn and hinders the binding of adenine compared to Wt D261 (>6 

Å from the α Mn) (Figure 4B).  However, the position of the adenine amine moiety being 4.0 Å 

from the α-metal would position it close enough for the nucleophilic water to attack the C6 

position of the adenine ring to form hypoxanthine albeit, at a slower rate, which is represented by 

the lower kcat of C127A Ade as compared to Wt (Table 2). 

Only one pose of adenine docked into C127S Ade positioned the adenine similarly to the 

pose in Wt Ade (Figure 4C).  The remaining docked poses positioned adenine at distances 

greater than 6 Å away from the α and β metals, which would not allow the nucleophilic water to 

attack the C6 position of the adenine ring for catalysis. The inability of adenine to correctly “sit” 

in the active site suggests that the C127S mutation has a larger effect on the binding cavity than 

initially believed and corresponds with experimental results. 

It was observed that D261 in the Wt Ade structure is ~5.9 Å from the amino group of 

adenine, whereas in C127S Ade the distance is 3.2 Å.  In C127S Ade, adenine is more distant 

from the α and β metals (5.3 Å), such that it is not in close proximity to the correct location and 

residues for catalysis to occur with the bridging substrate water (Figure 4C, water not shown) 

(21).  This difference in positioning, as compared to Wt Ade, can be attributed to rotation of 

D261 towards the β metal, in such a way that it blocks the adenine from binding into the pocket 

(Figure 4C, Table S4). Ultimately, molecular docking suggested that replacement of Cys with 

Ala and Ser had an effect on adenine binding into the active site, where C127A retained some 

activity through retention of the amino group within 4 Å of the α-metal for catalysis and C127S 

prevented adenine binding due to the greater re-structuring of the active site that prohibited 

catalysis. 

MD studies of Ade, C127A, and C127S Ade. MD simulations were performed to 

determine if the C127A and C127S mutations influenced structural features of the active site. 

AMBER99SB-ILDN was selected as the force field for simulations because it is specifically 

optimized for Ile, Asp, Asn, and Gln (34). Given that there is a ligating Asp in the active site and 

GAFF parameters for Mn(II) were utilized, this choice in force fields was appropriate.  

Simulations were extended until no systematic conformational change occurred for a period of 

50 ns, as shown by backbone RMSD (Figure S4) and RMSD clustering results (Table S3). 

Secondary structure analysis was also performed to confirm convergence and to determine any 
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differences between Wt, C127A, and C127S simulations (Table 4). A measurable increase in coil 

formation and decrease in ordered structure (α helices and β strand) was observed in C127A and 

C127S, as compared to Wt Ade (Table 4).  The slight increase in coil formation and the decrease 

of ordered structure is especially apparent in residues 153-169, 178-190, 260-273, and 452-460 

in C127S compared to the Wt Ade. Residues 153-169, 178-190, and 260-273 are in areas that 

surround the active site of the Ade and include several of the metal binding residues. Of specific 

interest are residues E159, D260, and H190, which are important residues involved in 

coordinating the α and β metals.  The fourth region, residues 452-460, is more coiled and is near 

the C-terminus of Ade in an area over the γ-metal binding site.  Thus, secondary structure 

analysis supports that there is slight rearrangement in the active site when C127 is replaced by 

Ala and Ser. This rearrangement in the active site provides context for correlating with molecular 

docking results, which show the change in the position of D260 and D261 influences adenine 

binding. 

Analysis of the solvent-accessible surface area (SASA) of the total protein and specific 

active site residues was performed to determine how the C127A and C127S mutations influenced 

the exposure of the overall protein and those side-chain atoms in the active site to water.  There 

was an overall increase in total SASA in C127A and C127S (Table 5).  By comparing the whole 

protein and the side chain atoms of specific active site residues, we were able to pinpoint slight, 

but significant, changes in the SASA of the active site residues (H97, E98, H447, D448, D260, 

D261, H190, E159, H67, H69, E212, and H211). The total SASA of the side chain atoms of 

these residues remained similar to the Wt Ade for the C127A Ade (Table 5).  However, there 

was an increase in the total SASA of the active site residues in C127S Ade (Table 5). The change 

in the SASA of these residues suggests that the environment of the active site is indeed 

influenced by the change of a hydrophobic amino acid (cysteine) to hydrophilic (serine) (Figure 

4). When cysteine was replaced by alanine, the overall environment in regards to SASA was 

maintained and similar to the Wt, indicating the hydrophobicity of cysteine and alanine is 

important in maintaining active site composition. However, the decrease in activity of C127A 

and the slight rearrangement of amino acids in the active site as shown by torsional angle 

rearrangement, indicate that the thiol moiety is essential for maximum activity.  

Analysis of the χ1 torsional angles of D260, D261, and C/S 127 was performed in order 

to quantitatively assess their position and influence in the active site.  In Wt, C127A, and C127S 
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Ade, D260 samples similar positions indicating that the residue is occupying the same space in 

both enzymes and not related to any changes in activity. However, distinct differences are 

apparent when comparing D261 in Wt, C127A, and C127S Ade. In Wt Ade, the χ1 torsional 

angle of D261 samples several positions indicating that it is able to move as necessary for 

adenine binding and mostly occupies the gauche- position, away from the active site for adenine 

binding. Wt Ade also shows that it can sample the gauche+ position, indicating residue 

flexibility.  In C127A, the χ1 torsional angel of D261 samples only one position that is gauche- 

and facing into the active site, which allows adenine to partially bind into the active site, but 

prevents interaction with the β metal. Also, since D261 in C127A only samples the gauche- 

position, it appears to lack some of the flexibility as demonstrated by D261 in Wt Ade. The 

opposite trend is observed with the C127S; the χ1 torsional angle of D261 samples only one 

position that is gauche+ and facing into the active site, ultimately preventing adenine from being 

able to interact with the α and β metals. Finally, C/S127 χ1 torsional angles showed that both 

sampled similar positions, with S127 sampling more gauche+ angles and pointing into the active 

site, which is supported by other data and ultimately influences the dynamics of the active site.  

By combining SASA data, the change of position of D261 in the molecular docking, χ1 

torsional angles of D260, D261, and C/S 127, and minimum distance measurements (Table S4), 

we were able to determine subtle movements in the active site that could be influencing adenine 

binding and enzyme catalysis in the C127A and C127S mutants.  Table S4 shows that the D261 

moves closer to the α Mn(II) when Cys is replaced with Ala and to the β Mn(II) when the Cys is 

replaced with either Ala or Ser.  These changes in distance suggest that the character of the Cys 

thiol moiety may play a role in maintaining the hydrophobicity of the active site even though it is 

greater than 10 Å from active site (Table 5 and Figure 4).  Removal of the thiol moiety by 

replacement with the methyl moiety of Ala generates a more hydrophobic active site that allows 

adenine to interact with the α metal, with restructuring of the active site so that D260 bridges 

both the α and β metals (Figure 4B) and D261 rotates into the position originally held by D260 in 

the Wt active site (Figure 4). Therefore, there is not as much rearrangement of the aspartate 

residues to completely abolish activity, as seen with C127S.  When the hydroxyl moiety of the 

Ser is introduced into the place of C127, the hydrophobicity of the active site is influenced and a 

slight rearrangement of the active site residues occurs, with D261 rotating into the active site 
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towards the β Mn(II).  When D261 rotates into the active site, it occupies the space in the active 

site into which adenine would normally bind (Figure 4).   

 Many of the residues in an enzyme are essential for maintaining structural integrity and 

conformation of the active site, whereupon mutation of these residues can alter enzymatic 

activity.  In a glycosynthase from Agrobacterium sp., two amino acid mutations not in the active 

site caused a conformational change in the active site making it better suited to stabilize the 

transition state intermediates, thus improving the activity of the enzyme with alternate substrates 

(54).  In an aspartate aminotransferase from E. coli, mutations in regions distant from the active 

site (greater than 10 Å) were shown to have a large effect on the activity and substrate specificity 

(55).  The authors attribute this change to the charge distribution throughout the entire enzyme 

that is responsible for substrate binding and that mutations to amino acids outside of the active 

site can play a large role in substrate binding (55).  Both of these examples demonstrate that 

mutations of amino acids outside the active site can influence enzymatic activity through 

maintenance of the active site conformation.  This information supports our hypothesized role for 

C127 in Ade, specifically in defining the structure of the active site to allow adenine binding.  

When C127 is mutated to Ser, the structure and general characteristics of the active site are 

altered and become more hydrophilic. This influences the rotation of D261 into the active site, 

preventing adenine from binding properly and leading to a loss in activity.  Mutation of C127 to 

Ala does increase the hydrophobicity of the active site, however slight rearrangements prevent 

adenine from binding as needed for full catalysis (Figure 4).   

Conclusions.  The route of purine salvage in M. jannaschii and other methanogens has 

been further elucidated through characterization of Ade and Hpt.  Hpt was demonstrated to be 

specific for hypoxanthine and guanine, and not adenine, as substrates, further proving that 

hypoxanthine and IMP are the central metabolites of purine salvage in M. jannaschii.  These 

results also indicate that an active Ade must be present, which was confirmed by this work to be 

Fe(II) and/or Mn(II) dependent. Without an Ade present, Hpt was unable to directly salvage 

adenine into AMP, instead relying on an active Ade for the production of hypoxanthine in the 

purine salvage pathway. Detailed analysis of Ade identified a conserved cysteine found in 

archaeal and bacterial Ade’s that is essential in maintaining the active site architecture to allow 

adenine binding and for catalysis.  This research represents the first step in defining an 
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alternative role for cysteine residues in proteins that is not associated with the formation of 

disulfide bonds, binding of iron-sulfur clusters, or direct involvement in catalysis.  
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Tables 

Table 1.  Comparison of Wt, C127S, and C127A Ade activity with no metal, Mn(II), and Fe(II) 

 Specific activity  (µmol min-1 mg-1) 

 No Metal Mn(II)e Fe(II)e 

Wt Adea 1.4 5.8 5.3 

C127S Ade ndb ndb ndb 

C127A Adec 0.032 0.043 0.070 

E. coli Controld ndf ndf ndf 

a1 µg of Wt Ade was used  
bno detectable activity was observed even when 1000-fold excess enzyme was present in the 

standard assay of 1 mM adenine and 0.5 mM metal (Mn or Fe). 
c10 µg of C127A Ade was used, no detectable activity was observed with 1 µg of enzyme 
dBackground for Ade activity from E. coli  
e0.5 mM Mn(II) or Fe(II) 
fno detectable activity under the same conditions as C127A Ade assays 

 

Table 2. Kinetic parameters of Wt and C127A Ade 

 KM ± SD (mM) kcat (s
-1) kcat/KM (s-1M-1) 

Wt Ade 0.92 ± 0.4 221 2.4 x 105 

C127A Adeb 2.4 ± 1.6  22 9.0 x 103 

E. coli Controlb nda   

ano detectable activity under the conditions used (5.5 µg enzyme with 0.5 mM Mn(II)) 
bthese are apparent values 
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Table 3. Kinetic parameters of Hpt. 

Substrate KM ± SD (mM) kcat (s
-1) kcat/KM (s-1M-1) 

Adeninea  ndc   

Hypoxanthinea  0.11 ± 0.07 3.6 x 103 3.2 x 107 

Guaninea  0.28 ± 0.07 8.5 x 103 3.0 x 107 

PRPPb 2.2 ± 0.9 1.8 x 104 8.1 x 106 

a determined with PRPP in excess (0.5 mM) 
b determined with guanine in excess (0.4 mM) 
c no detectable activity was observed from 0.1 to 0.4 mM adenine  

 

Table 4.  Average secondary structure content (shown in %) of Wt and C127S Adea. 

 Wt C127S C127A 

Total Coil 52 ± 1 55 ± 1 56 ± 1 

Total β-strand 24 ± 1 22 ± 2 22 ± 1 

Total α-helix 24 ± 1 23 ± 1 22 ± 1 

aAverages are shown over the last 50 ns of simulation time, with corresponding standard 

deviations.   
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Table 5.  Average solvent-accessible surface area (SASA) (nm2) for Ade (full protein) and 

specific side chain atoms of active site residues (ASR)a,b,c 

aAverages are shown over the last 50 ns of simulation time, with corresponding standard 

deviations. Results were determined to be significant if p < 0.05 and are denoted by an asterisk. 
bActive site residues (ASR) defined as: H97, E98, H447, D448, D260, D261, H190, E159, H67, 

H69, E212, H211. 
cAn atom is determined to be hydrophilic if |q| > 0.2 

 

 

 

  

 

 Wt C127S C127A 

 Ade ASR Ade ASR Ade ASR 

Hydrophilic 201 ± 4 11.5 ± 0.4* 207 ± 2 12.9 ± 0.5* 205 ± 1 11.3 ± 0.4 

Hydrophobic 120 ± 3 5.3 ± 0.1* 123 ± 3 6.3 ± 0.1* 125 ± 2 5.4 ± 0.1 

Total 321 ± 6 16.8 ± 0.3* 330 ± 5 19.2 ± 0.5* 330 ± 4 16.7 ± 0.3 
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Figures 

 

Figure 1. Purine salvage in M. jannaschii from adenine (A) and guanine (B). 
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Figure 2. Truncated sequence alignment of adenine deaminases.  Green highlighted residues 

represent the metal binding ligands, blue represents the conserved cysteine proposed to be 

involved in the control of active site environment, and purple with white lettering is D261. The 

asterisk indicates the amino acid sequence of the template structure (3NQB) used for modeling 

the Wt, C127S, and C127A Ade structures.  Accession numbers for the organisms and pdb ID (if 

applicable) are as follows: M. jannaschii Q58854, Methanocaldococcus aeolicus A6UVJ0, 

Methanocococcus infernus D5VSD3, Methanocococcus vulcanius C9RH79, 

Methanocaldococcus fervens C7P5Y7, Agrobacterium tumefaciens* Q7CXF0 (pdb 3NQB), 

Borrelia burgdoferi O50821, Rhizobium loti Q98NF9, Archeaglobus fulgidus O29999, Bacillus 

halodurans Q9KF46, Escherichia coli P31441, Bacillus subtilus PO34909, and Enterococcus 

faecalis Q835Z6. 



 

173 

 

 

 

Figure 3. Comparison of representative replicates of Wt (A), C127S (B), and C127A (C) Ade 

from molecular dynamics simulations. Dominant structures from RMSD clustering, with the 

central structure of the first cluster, are shown. Metal ions are shown as purple spheres. Metal 

binding residues are shown with green carbon atoms, Cys, Ser, or Ala 127 is shown with pink, 

and D261 is shown with purple.  Measured distances are shown with a red dotted line with the 

measured distance in Å between the heavy atoms.  All nitrogen atoms are shown as blue, oxygen 

atoms as red, and sulfur atoms as yellow. 
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Figure 4. Molecular docking of adenine into Wt, C127A, and C127S Ade.  A) Adenine docked 

into active site of Wt Ade (cyan carbon backbone).  B) Overlay of C127A Ade (blue carbon 

backbone) docking results to Wt docking results. C) Overlay of C127S Ade (pink carbon 

backbone) and Wt docking results.  Metal ions are shown as spheres and are labeled α, β, or γ, 

the measured distances are shown as dotted lines with the measured distance in Å between the 

heavy atoms. All nitrogen atoms are shown as blue, oxygen atoms as red, and sulfur atoms as 

yellow. 
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Figure 5. χ1 torsional angle analysis of D260 (A), D261 (B), and C/S 127 (C).  Average 

frequency of χ1 torsional angle for all 3 replicates sampled for the respective residue over the last 

50 ns of simulation time is shown (Wt-solid line, C127S-dashed line, and C127A-dotted line).  
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Tables  

Table S1. Primers used for overexpression of MJ1459 Wt and the C127A/S mutants and MJ1655 

gene products. 

Gene  Primer 

Wt MJ1459 Fwd 5’-GGTCATATGATTGTCTTCAAAAATAC-3’ 

Rev 5’-GCTGGATCC-CTAAATAAATAAATC-3’ 

C127A MJ1459 Fwd 5'- GTTATGCTTCCTTCCGCTGTTCCAGCTACAAAC-3' 

Rev 5'- GTTTGTAGCTGGAACAGCGGAAGGAAGCATAAC-3’ 

C127S MJ1459  Fwd 5'-GTTATGCTTCCTTCCAGTGTTCCAGCTACAAAC-3' 

Rev 5'-GTTTGTAGCTGGAACACTGGAAGGAAGCATAAC-3’ 

MJ1655 Fwd 5’-CATGCATATGTTATTAGAAGAAACATTAAA-3’ 

Rev 5’- GATCGGATCCTAAAATAACAACCTTTCC-3’ 

 

Table S2. Purification of recombinant C127A Ade from M. jannaschii expressed in E. coli  

Protein 
Purification 

Step 

Protein 

(mg) 

Specific Activity 

(nmol min-1 mg-1 

of protein) 

Total Activity 

(nmol min-1) 

Fold 

Purification 

Yield 

(%) 

C127Aa  Crude extract 2.3 70 4.7 1 100 

60 oC 

Heating 
1.0 214 4.3 3.1 91 

MonoQb 0.23 235 1.6 3.4 34 

E. coli c Crude extract 6.9 10 2.1 1 100 

60 oC 

Heating 
1.6 24 0.75 2.4 36 

MonoQ 0.2 31 0.18 3.1 9 
a C127A Ade 
b Anion exchange chromatography by MonoQ with fraction at 0.39 M NaCl  
c E. coli control cells were an E. coli cells overexpressing the MJ0100 gene product, which was 

only found in the insoluble pellet of E. coli and does not contain the C127A Ade. 

 

Table S3. Percentage of number of frames during the last 50 ns of simulation that differ by no 

more than 0.2 nm RMSD from the central structure.  

 WT C127S C127A 

Replicate 1 91.6 89.7 24.2 

Replicate 2 80.0 49.1 57.3 

Replicate 3 45.8 42.2 56.6 
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Table S4.  Influence of D261 in the active site as observed in MD simulations. Minimum 

distance (nm) of closest heavy atoms between D261 and C127/S127 and Asp261 and Mn2+ ions 

(α, β, and γ).  

 WT C127S C127A 

D261-C/A/S127 1.6 ± 0.1 1.4 ± 0.1 1.1 ± 0.1 

D261-D260 0.38 ± 0.03 0.29 ± 0.03 0.3 ± 0.05 

D261-α-Mn(II) 0.49 ± 0.04 0.50 ± 0.01 0.4 ± 0.1 

D261-β-Mn(II) 0.61 ± 0.02 0.3 ± 0.1 0.3 ± 0.1 

D261-γ-Mn(II) 1.00 ± 0.06 1.00 ± 0.03 0.9 ± 0.1 

aAverages are shown over the last 50 ns of simulation time, with corresponding standard 

deviations. 
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Figures 

 

Figure S1. Comparison of three replicates each of Wt (A), C127S (B), and C127A (C).  Ade 

from molecular dynamics simulations highlighting the active site of each replicate. Dominant 

structures from RMSD clustering, with the central structure of the first cluster, are shown. Metal 

ions are shown as purple spheres. Metal binding residues are shown with green carbon atoms, 

Cys, Ser, or Ala 127 is shown with pink, and D261 is shown with purple.  Measured distances 

are shown with a red dotted line with the measured distance in Å between the heavy atoms.  All 

nitrogen atoms are shown as blue, oxygen atoms as red, and sulfur atoms as yellow. 
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Figure S2.  Picture of SDS-PAGE analysis of Wt, C127S, C127A Ade, and E. coli control. A) 

The red box indicates identified purified C127S Ade, the white box indicates where C127A Ade 

should be, but sequencing data of the excised bands found no Ade.  The bands are labeled left to 

right as: M - marker, C127S Ade - purified fraction, C127A Ade MonoQ - purified fraction, E. 

coli control MonoQ - same purified fraction as C127A Ade, C127A Ade 60 oC - C127A Ade 

crude extract heated at 60 oC for 20 min,  E. coli control 60 oC - E. coli control crude extract 

heated at 60 oC for 20 min, C127A Ade extract - crude extract of C127A Ade following 

recombinant overexpression in E. coli, and E. coli control extract - E. coli control crude extract 

following recombinant overexpression of MJ0100 gene product. B) Purified Wt Ade in the 

purified fraction indicated by red box. C) E. coli control cell extract pellet and soluble fractions 

overexpression MJ0100.  The black box indicates where the MJ0100 gene product was identified 

by MALDI-MS sequencing to be in the pellet but not soluble extract. 
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Figure S3. Ramachandran plots of Wt Ade (A), C127S Ade (B), and C127A (C) homology 

models. 
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Figure S4. Cα-RMSD of Wt (A), C127S (B), and C127A (C) Ade as a function of time. 

Replicates are shown in black (1), red (2), and green lines (3). 
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Figure S5.  Overlay of Wt Ade with PDB 3NQB (A), with C127S Ade (B), with C127A (C), and 

overlay of C127S Ade with C127A Ade (D).  Wt Ade is shown as green in (A), (B), and (C).  

PDB 3NQB is blue (A), C127S is purple in (B) and (D), and C127A is maroon in (C) and (D).  

The conserved cysteine is shown as stick (pink) to give relative position in the overall structure.  
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Conclusions 

Due to the prevalence of S-adenosyl-L-methionine (SAM) dependent enzymes in 

Methanocaldococcus jannaschii the pathways involved in recycling the ribose and nucleobase 

moieties of SAM were investigated.  The results of this work demonstrate that the canonical 

pathways are modified and additional unique pathways exist in the autotrophic methanogenic 

organism M. jannaschii for the recycling of SAM.  SAM recycling pathways are essential to 

prevent feedback inhibition of SAM dependent enzymes, many of which have essential 

functions.(1, 2) The three major metabolites to arise from SAM dependent enzymes are S-

adenosylhomocysteine (SAH), and methylthioadenosine (MTA), and 5’-deoxyadenosine (5’-dA) 

(Figure 1).   

The first metabolite that was investigated was SAH.  Since the 5’-deoxyadenosine 

deaminase (DadD) is able to deaminate SAH to S-inosylhomocysteine (SIH)(3), it was 

postulated that the annotated SAH hydrolase would utilize SIH instead of SAH.(4)  In the 

canonical pathway, SAH is hydrolyzed to homocysteine and adenosine (Figure 2A) and 

homocysteine is methylated to methionine via a methionine synthase.(5–7)  The results 

demonstrated that the annotated SAH hydrolase was indeed specific for SIH (Table 1) over SAH 

and had no activity with SAH.(4)  These results prompted the renaming of the enzyme as an S-

inosylhomocysteine hydrolase (SIHH) and this is the first report of an enzyme using SIH as a 

substrate.(4)  Additionally, the results show that the SAH is recycled by a modified route where 

first SAH is deaminated to SIH followed by hydrolysis to homocysteine and inosine (Figure 

2B).(4) 

The SIHH was further characterized and the recombinant enzyme purified with bound 

NAD+, which is required for both the hydrolysis and synthesis of SIH.  These results are 

consistent with the mechanism of the homologous SAH hydrolase, which shares greater than 

45% sequence identity with SIHH.(4)  The presence of SIHH highlights that in M. jannaschii 

purine salvage in which hypoxanthine (HX), not adenine, is the central metabolite.  These results 

were further supported by characterization of the adenine deaminase (Ade) and 

hypoxanthine/guanine phosphoribosyl transferase (Hpt) from M. jannaschii.  Once adenine is 

deaminated by Ade to HX, HX can be condensed with 5-phospho-α-D-ribosyl-1-pyrophosphate 

(PRPP) to form IMP.(8)  The Hpt from M. jannaschii was specific only for HX and guanine 
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(Table 2), which supports HX as the central metabolite in the salvage of purines instead of 

adenine (Figure 3). 

The second metabolite of interest was methylthioadenosine (MTA).  Like SAH, MTA is 

deaminated by DadD to methylthioinosine (MTI).(3)  Prior to this work, only one other enzyme 

has been demonstrated to use MTI as a substrate, a methylthioinosine phosphorylase (MTIP) 

from Pseudomonas aeruginosa.(9)  However, contrary to the M. jannaschii MTIP, the P. 

aeruginosa MTIP was active with MTA in addition to MTI and inosine.(9)  The combined 

results are consistent with the two proteins belonging to the purine nucleoside phosphorylase 

superfamily which has been demonstrated to have a broad substrate range.(10) The M. jannaschii 

MTIP is known to use six different purine nucleosides that contain either hypoxanthine or 

guanine moieties (Table 3).  These results along with the lack of a general purine nucleoside 

phosphorylase in the M. jannaschii proteome would suggest that MTIP is functioning as a 

general purine nucleoside phosphorylase in M. jannaschii, and plays a role in the salvage of 

purines (Figure 4) and of MTA to methionine (Figure 5).   

 The methionine salvage pathway in anaerobic organisms is still in need of further 

investigation.  In M. jannaschii more than half of the known enzymes of the methionine salvage 

pathway are not present in the genome based on homology with the known enzymes (Figure 5, 

black).  Recently, the anaerobic methionine salvage pathway (AnMSP) has been identified in the 

falcultative anaerobic bacteria Rhodospirillum rubrum (Figure 5, green).(11)  However, the 

proposed pathway AnMSP in R. rubrum is unlikely to occur in M. jannaschii due to several 

differences. First, no homologues to the two proposed enzymes, methylthioribulose 1-phosphate 

(MTRu 1P) isomerase and methylthioxylulose 5-phosphate (MTXu 5P) sulfurylase, are present 

in M. jannaschii (Figure 5, green).  Second, M. jannaschii uses the mevalonate pathway for the 

biosynthesis of isoprenoides(12) not the alternative route that uses 1-deoxy-D-xylulose 5-

phospahte pathway (DXP).  Lastly, the canonical enzymes for methionine biosynthesis are 

absent in M. jannaschii and are replaced by a single enzyme that is able to combine aspartate 

semialdehyde and hydrogen sulfide directly to form homocysteine.(13)   

 As shown in Figure 5 (red) the anaerobic methionine salvage pathway in M. jannaschii 

proceeds through a unique route, where many of the remaining steps remain unknown.  

Currently, three enzymes have been found to be involved.  First, MTA is deaminated by DadD to 

MTI which is then phosphorolysized to hyoxanthine and methylthioribose 1-phosphate (MTR 
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1P).  MTR 1P is then isomerized to methylthioribulose 1-phosphate (MTRu 1P) by a 

methylthioribose 1-phosphate isomerase (MTRI) (Table 4).  MTRI is the only other enzyme that 

is annotated to be involved in the methionine salvage pathway in M. jannaschii in addition to 

MTIP.  In an effort to identify other intermediates in the anaerobic methionine salvage pathway a 

strain of Methanosarcina acetivorans that is auxotrophic for either homocysteine or methionine 

(HcyAux)(14) was used.  I hypothesized that if a proposed compound was able to restore the 

growth of M. acetivorans HcyAux, then the fed compound is converted to methionine by M. 

acetivorans, implicating the proposed compound as an intermediate of the methionine salvage 

pathway.  This process was used to successfully identify 2-keto-4-(methylthio)butyrate (KMTB) 

as a possible intermediate (Figure 5, red).  Unfortunately, that was the only intermediate that was 

able to be identified and it is unclear if KMTB is a physiological intermediate or if it is non-

specifically transaminated to methionine by any of the numerous aminotransferases encoded by 

M. acetivorans or M. jannaschii.  In order to determine if KMTB is indeed a physiological 

substrate of one of the ten encoded aminotransferase from M. jannaschii is currently under 

investigation.  As of now five of the ten encoded aminotransferases in M. jannaschii have shown 

to be active with KMTB as a substrate with glutamate as the amino donor.     

 Lastly, the recycling of 5’-deoxyadenosine (5’-dA) was investigated.  The work 

described in this dissertation are the first reports of a recycling pathway for 5’-dA.  5’-dA is 

proposed here to be recycled into methylglyoxal (MG) (Figure 6).  I identified a specific 

deaminase for 5’-dA, DadD, which supports its role in preventing the feedback inhibition of 

SAM dependent enzymes.(3)  Following deamination of 5’-dA to 5’-dI the two enzymes 

annotated from the methionine salvage pathway, MTIP and MTRI, were demonstrated to use 5’-

dI and 5-deoxyribose 1-phosphate (5-dR 1P).  MTIP and MTRI showed near equal specificity for 

the 5-deoxysugars compared with the methylthio-sugars (Tables 3 and 4).  Next, two enzymes 

annotated from the pentose phosphate pathway (Figure 7, red), the ribulose 5-phosphate 3-

epimerase (RPE) and transketolase (TK) were analyzed for their involvement in the recycling of 

5’-dA. 

 The involvement of RPE and TK are proposed due to the lack of an operating pentose 

phosphate pathway in M. jannaschii and other Arachea.  Instead the pentose phosphate pathway 

is replaced by the ribulose monophosphate pathway.(15, 16)  Thus, there is no clear role for RPE 

and TK in M. jannaschii. I proposed that the two enzymes are functioning in the recycling 
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pathway of 5’-dA (Figure 6).  Analysis of the RPE for activity with the canonical substrate, 

ribulose 5-phosphate, and the proposed substrate, 5-deoxyribulose 1-phosphate, demonstrated 

that M. jannaschii RPE was active with both.  Unfortunately, at this time the M. jannaschii RPE 

was unable to be further characterized with 5-deoxyribulose 1-phosphate at this time due to the 

inability to obtain it.  It would be of interest in the future to better define the activity of M. 

jannaschii RPE with ribulose 5-phospahte and with 5-deoxyribulose 1-phosphate to determine if 

the proposed activity is feasible in vitro. 

 The M. jannaschii TK was of further interest to study because enzyme is encoded by two 

genes annotated for the N- and C-terminal halves of the full length TK.  Thus, the first line of 

investigation was to determine if the two halves were active alone, in combination by mixing the 

two halves in vitro, or if an active enzyme was only achieved by co-expression of the two genes 

in vivo.  The results of this analysis demonstrated that only when the two genes are co-expressed 

simultaneously (in vivo) was an active enzyme achieved.  When the enzyme was included in a 

coupled enzyme assay with MTIP, MTRI, and RPE with 5’-dI as the substrate, the production of 

lactaldehyde was confirmed.  These results suggest the involvement of the M. jannaschii TK 

enzyme in the recycling pathway of 5’-dA (Figure 6).  The specific activity of the M. jannaschii 

TK was determined to be 0.23 µmol min-1 mg-1 protein with 5-deoxyxylulose 1-phosphate and 

erythrose as substrates.  Together, these results suggest RPE and TK are involved in the 

proposed recycling pathway for 5’-dA (Figure 6). 

 The final reaction proposed to be involved in recycling of 5’-dA (Figure 6) is an enzyme 

able to oxidize lactaldehyde to MG.  Previous analysis of M. jannaschii cell extracts showed that 

the reduction of MG to lactaldehyde does occurs and is likely F420 dependent via an unknown 

enzyme(17)  MG is a well-known to be a toxic metabolite and there are established enzymes that 

have been demonstrated to be responsible for the metabolism of MG.(18) However, MG has 

been demonstrated to be a required for the biosynthesis of 6-deoxy-5-ketofructose 1-phosphate 

(Figure 6) in M. jannaschii.(19)  Bioinformatic searches were unable to identify potential 

enzymes that would produce MG from lactaldehyde.  In order to identify the enzyme, it was 

purified based on enzymatic activity from M. jannaschii cell extracts using NADPH as the 

reductant.  M. jannaschii cell extracts showed that MG could be reduced to lactaldehyde with 

NADPH, but to a lesser extent than F420H2.(17)  Using this approach a single enzyme was 

identified: N5, N10-methylenetetrahydromethanopterin reductase (Mer).  Mer was recombinantly 
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overexpressed and purified from Escherichia coli and analyzed for activity.  The results 

demonstrate that Mer was able to successfully reduce methylglyoxal to lactaldehyde with 

NADPH as the reductant.  Mer is an F420 dependent enzyme that is well known to be involved in 

methanogensis.(20–22)  Unfortunately, due to the instability of the recombinant Mer, a more 

detailed analysis of the promiscuous activity was not able to be fully elucidated at this time.   

 In conclusion, this dissertation describes the elucidation of several unique pathways that 

are involved in the recycling of SAM.  In each of these pathways there is an intersection of 

recycling pathways involving nucleobase, hypoxanthine, which is released by phosphorolysis of 

the 5’-dI, MTI, and inosine.  Hypoxanthine is then incorporated into IMP by combination with 

PRPP (Figure 4).  Furthermore, I have demonstrated that the canonical methionine salvage 

pathways proceeds through modified routes (Figures 2 and 5). Lastly, I have proposed a novel 

route for recycling 5’-dA into methylglyoxal for aromatic amino acid biosynthesis (Figure 6).  

Ultimately, this work helps shed light on how an organism, such as M. jannaschii, can maintain a 

small proteome, (~1800 encoded proteins), but sustain many diverse pathways.  The enzymes 

described here have been demonstrated to utilize multiple substrates and are involved in 

numerous pathways.  Through the identification of the pathways and enzymes involved in the 

unique pathways occurring in the methanogens, we will gain insight into the biochemical 

reactions that were occurring when life originated.   
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Tables  

Table 1. Kinetic Parameters of SIHH 

Substrate KM ± SD (mM) kcat ± SD (s-1) kcat/KM (s-1M-1) 

Inosinea 0.64 ± 0.4  
0.83 ± 0.21 

1.3 x 103 

Hcya 5.4 x 10-3 ± 0.006  1.52 x 105 

SIHb 0.22 ± 0.11 0.42 ± 0.06 1.9 x 103 

athis was determined without the addition of NAD+ in the assay 
bthis was determined in the presence of excess NAD+ 

 

 

Table 2. Kinetic Parameters of Hpt. 

Substrate KM ± SD (mM) kcat ± SD (s-1) kcat/KM (s-1M-1) 

Adeninea ndc 

3.6 x 103 

 

Hypoxanthinea 0.11 ± 0.07 3.2 x 107 

Guaninea 0.28 ± 0.07 8.5 x 103 3.0 x 107 

PRPPb 2.2 ± 0.9 1.8 x 104 8.1 x 106 

aDetermined with PRPP in excess (0.5 mM) 
bDetermined with guanine in excess (0.4 mM) 
cNo detectable activity was observed from 0.1 to 0.4 mM adenine 
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Table 3. Apparent kinetic parameters of MTIP at 37 oC 

Substrate KM ± SD (mM) kcat ± SD (s-1) kcat/KM (s-1M-1) 

MTI 0.13 ± 0.08 1.5 ± 0.12 1.2 x 104 

5’-dI 0.86 ± 0.17  6.6 ± 0.61 7.6 x 103 

inosine 0.93 ± 0.75 1.30 ± 0.72 1.4 x 103 

2’-deoxyinosine 0.86 ± 0.09  4.2 ± 0.8 4.9 x 103 

guanosine 0.61 ± 0.50 0.92 ± 0.38  1.5 x 103 

2’-deoxyguanosine 15 ± 5 64 ± 22 4.3 x 103 

MTA N.da   

5’-dA N.da   

adenosine N.da   

aNo detectable activity with 0.2 mM MTA, 5’-dA, or adenosine 

 

Table 4. Apparent kinetic parameters of MTRI at 60 oC 

Substrate KM ± SD (mM) kcat ± SD (s-1) kcat /KM (s-1M-1) 

MTR 1Pa 0.53 ± 0.11 0.14 ± 0.021 2.5 x 102 

5-dR 1Pa 0.41 ± 0.09 0.067 ± 0.0037 1.7 x 102 

5-dRb 1.6 ± 0.8 0.0043 ± 0.0013 2.6 

Ribose 5Pb N.d.c   

aCoupled assay through MTIP 
bSubstrate added directly to MTIR 
cNo detectable activity with 0.2 mM ribose 5P and 5 µg MTRI  
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Figures 

 

Figure 1. First step in the salvage of SAM via DadD. 
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Figure 2. Canonical (A) versus methanogenic (B) pathways for the recycling of SAH to SAM. 
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Figure 3. Purine Salvage in M. jannaschii from adenine (A) and guanine (B). 



 

196 

 

 

 

 

Figure 4.  Interconversion of purines in M. jannaschii 
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Figure 5. Different methionine salvage pathways.  Highlighted in blue are the known 

intermediates shared in the canonical and proposed AnMSP, red is the AnMSP proposed in 

methanogens, green is the bacterial AnMSP, and shown in black are the intermediates and 

enzymes missing from the canonical pathway in anaerobic organisms.  
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Figure 6. Complete biosynthetic route proposed for DHQ from SAM. 
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Figure 7. Pentose phosphate pathway 
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