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S-Adenosylmethionine is converted enzymatically and nonenzymatically to 

methylthioadenosine, which is recycled to methionine (Met) via a salvage pathway. In 

plants and bacteria, enzymes for all steps in this pathway are known except the last: 

transamination of α-ketomethylthiobutyrate to give Met. In mammals, glutamine 

transaminase K (GTK) and ω-amidase (ω-Am) are thought to act in tandem to execute 

this step, with GTK forming α-ketoglutaramate, which ω-Am hydrolyzes. Comparative 

genomics indicated that GTK and ω-Am could function likewise in plants and bacteria 

because genes encoding GTK and ω-Am homologs (i) co-express with the Met salvage 

gene 5-methylthioribose kinase in Arabidopsis, and (ii) cluster on the chromosome with 

each other and with Met salvage genes in diverse bacteria. Consistent with this 

possibility, tomato, maize, and Bacillus subtilis GTK and ω-Am homologs had the 

predicted activities: GTK was specific for glutamine as amino donor and strongly 

preferred α-ketomethylthiobutyrate as amino acceptor, and ω-Am strongly preferred α-

ketoglutaramate. Also consistent with this possibility, plant GTK and ω-Am were 

localized to the cytosol, where the Met salvage pathway resides, as well as to 

organelles. This multiple targeting was shown to result from use of alternative start 

codons. In B. subtilis, ablating GTK did not inhibit growth on 5-methylthioribose as sole 
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sulfur source, and ablating ω-Am had only a mild effect. Collectively, these data indicate 

that while GTK, coupled with ω-Am, is positioned to support significant Met salvage flux 

in plants and bacteria, it can probably be replaced by other aminotransferases. 

  



 

12 

CHAPTER 1 
INTRODUCTION 

Centrality of S-Adenosylmethionine 

Covalent and Chiral Instability of S-Adenosylmethionine 

S-Adenosylmethionine (AdoMet) is an integral metabolite in the biological 

infrastructure in eukaryotic and prokaryotic organisms. AdoMet is the major substrate 

for methyltransferase reactions which methylate primary and secondary metabolites, 

lipids, cell wall polymers, as well as nucleic acids and histones (Roje, 2006; Sauter et 

al., 2013).  The chemical properties of AdoMet, particularly the fact that this compound 

is highly labile, have been well documented (Eloranta and Kajander, 1984; Hoffman, 

1986).  Enzymatic as well as pH dependent chemical cleavage points are identified in 

Figure 1-1.  Some of the spontaneous cleavage products have been found to inhibit 

other enzymatic reactions (Eloranta and Kajander, 1984; Hoffman, 1986).  One 

particular example can be found in the case of spontaneous cleavage point III (Figure 1-

1), where the products are homoserine lactone and methylthioadenosine (MTA); the 

latter compound acts as an inhibitor of polyamine synthase reactions (Parveen and 

Cornell, 2011).  In addition to the litany of covalent cleavage points present on AdoMet, 

spontaneous racemization from the biologically active (S,S)-AdoMet to the inactive 

(R,S) form has also been reported (Hoffman 1986).  The (R,S) form of AdoMet is known 

to strongly inhibit the ethylene synthesis enzyme ACC synthase (Satoh and Yang,1989) 

as well as an array of methyltransferases (Borchardt and Wu, 1976).  

Adomet in Methyl Group Metabolism 

Methyl transfer reactions are central to cellular biochemistry and AdoMet is 

undoubtedly the most commonly used methyl donor.  The methyl group that is bound to 
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the charged sulfur atom of AdoMet (Figure 1-1) is very reactive toward polarizable 

nucleophiles (N, O and S) (Cheng and Roberts, 2001).  Methyltransferases that rely 

upon AdoMet as methyl donor have a vast array of targets such as DNA, RNA, proteins, 

lipids, polysaccharides, and many small molecules.  Some methyltransferases have 

been found to demonstrate strict specificity for a single substrate while many others 

accept a broad range of substrates.  In plants, a substantial portion of the carbon flux 

through AdoMet as a methyl donor ultimately is incorporated into lignin (Boerjan, 2003; 

Whetten and Sederoff, 1995).  Aside from the regulatory roles served by protein and 

DNA methyltransferases, these enzymes are also responsible for the biosynthesis of 

various plant metabolites.  An example which ties into lipid metabolism is the conversion 

of phosphoethanolamine to phosphocholine performed by phosphoethanolamine N-

methyltransferase.  Phosphocholine is the precursor to choline (Nuccio et al., 2000) 

which is used to synthesize the phospholipid phosphatidylcholine; this compound 

comprises about 40-60% of lipids in non-plastid membranes (Bolognese and McGraw 

2000).  In plants and animals, the organization of chromatin structure is greatly affected 

by the methylation patterns of histone proteins and DNA (Roje, 2006).   

Adomet as A Precursor of Polyamines, Ethylene and Nicotianamine 

The biosynthesis of ethylene, polyamines (PA), and nicotianamine (NA) all rely 

upon AdoMet as a precursor (Figure 1-2).  Ethylene is involved in regulation of growth, 

development, and responses to stress and pathogen attack in plants (Bleecker and 

Kende, 2000).  ACC synthase produces 1-aminocyclopropane-1-carboxylic acid (ACC) 

and the by-product MTA.  This reaction is also the rate-limiting step of ethylene 

biosynthesis, and is followed by the conversion of ACC to ethylene by ACC oxidase 

(Bleecker and Kende, 2000). The polyamine pathway begins with the decarboxylation of 
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AdoMet by AdoMet decarboxylase, which supplies the aminopropyl moiety for PA 

synthesis and is the rate limiting step of this biosynthetic pathway (Mattoo et al., 2010). 

With the simple diamine putrescine as the starting point, spermidine synthase adds an 

aminopropyl moiety to generate the triamine spermidine and the tetraamine spermine is 

formed after a successive reaction, this time by spermine synthase (Figure 1-2).  After 

each reaction the by-product MTA is formed. PAs are found in all living organisms and 

play roles in development and stress responses.  PAs are positively charged at 

physiological pH, and are known to chemically interact with DNA, RNA, phospholipids, 

and some proteins (Roje, 2006; Sauter et al., 2013). NA is an essential chelator for the 

intracellular transport and delivery of iron and other metals used by metal-binding 

proteins.  Three AdoMet units are used by NA synthase which is responsible for the 

biosynthesis of NA, once again MTA is the common by-product of this reaction (Roje, 

2006; Van de Poel et al., 2013). 

Methionine Salvage 

Methionine Salvage Discovery in Plants 

The study of ethylene synthesis was of great importance to the discovery of a 

recycling pathway of Met.  The connection between Met and ethylene was first strongly 

established by Lieberman et al. (Lieberman et al., 1966) who demonstrated a significant 

increase in ethylene production after apple slices were incubated with Met.  This work 

implicated Met as the precursor to ethylene in apple tissue.  In 1972, Baur and Yang 

were also studying ethylene production in apple fruit and observed that there was only 

enough Met for a few hours of ethylene production.  However, it was known that stored 

apples produced ethylene for months, and during this time no volatile sulfur compounds 
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were released by the fruit.  This led to the postulation that the sulfur was being recycled 

to replenish the Met pool (Baur and Yang, 1972). 

Methionine Salvage Cycle in Bacteria 

In bacteria, MTA is converted in 8 steps (Figure 1-3), although some variations 

are present where two steps may be accomplished with one enzyme.  The salvage 

pathway begins with mtnN, an MTA nucleosidase that  hydrolyzes MTA to 

methylthioribose (MTR) and adenine.  MTR is then phosphorylated by MTR kinase 

(mtnK) to form 5-methylthioribose-1-phosphate (MTR-1-P).  In some organisms, 

commonly in facultative anaerobes living on rich media, MTR can be excreted from the 

cell (Sekowska et al., 2004).  An alternative step has been identified where MTR-1-P is 

produced directly from MTA by MTA phosphorylase (mtnP). The ribose ring is then 

opened by methylthioribose-1-phosphate isomerase (mtnA) to produce 

methylthioribulose-1-phosphate (MTRu-1-P).  A dehydration reaction performed by 

MTRu-1-P dehydratase (mtnB) yields 2,3-diketo-5-methylthiopentyl-1-phosphate (DKP-

1-P).  The diketone is further metabolized to 2-hydroxy-3-keto-5-methylthiopentenyl-1-

phosphate (HKMP-1-P) by 2,3-diketo-5-methylthiopentyl-1-phosphate enolase (mtnW).  

This step is followed by 2-hydroxy-3-keto-5-methylthiopentenyl-1-phosphate 

phosphatase (mtnX) which produces 1,2-dihydroxy-3-keto-5-methylthiopentene 

(DHKMP).  In some bacteria, Klebsiella pneumoniae for example, there is a single 

enolase-phosphatase (mtnC) which is responsible for the production of DHKMP.  An 

acireductone dioxygenase (mtnD) then produces 2-keto-4-methylthiobutryate (KMTB) 

the α-keto acid of Met.  The final step in the pathway is a transamination; it has 

generally been thought that several aminotransferases can mediate this step and that 

they can all more or less replace  one another (Sekowska et al., 2004). 
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Methionine Salvage Cycle in Plants 

In plants, the pathway begins the same as the first variant in bacteria with an 

MTA nucleosidase (MTN) of which there are two homologs in Arabidopsis (MTN1 

[At4g38800] and MTN2 [At4g34840]) (Rzewuski et al., 2007).  One MTR kinase has 

been found in Arabidopsis to complete the second reaction (MTK1, At1g49820) that 

produces MTR-1-P (Sauter et al., 2004).  There has also been only one isomerase 

identified to produce MTRu-1-P (MTI, At2g05830 (Pommerrenig et al., 2011).  

Interestingly, in Arabidopsis there is a single (multi-domain) protein that performs the 

dehydratase, enolase and phosphatase reactions called DEP1 (At5g53850) 

(Pommerrenig et al., 2011).  Four homologous sequences have been identified in 

Arabidopsis where an acireductone oxygenase step produces KMTB (ARD1 

[At4g14716], ARD2 [At4g14710], ARD3 [At2g26400], and ARD4 [At5g43850]) 

(Pommerrenig et al., 2011, Sauter et al., 2005).  The final step of the pathway is also 

ambiguous in plants, with a range of aminotransferases being cited as potential 

candidates.  A recent report used BLAST searches with bacterial sequences as the 

query protein to return results which ranged from aspartate aminotransferases to 

branched chain aminotransferases (Pommerrenig et al., 2011; Sauter et al., 2013). 

Completing the Methionine Salvage Cycle - Filling the Gap in Knowledge 

As noted above, a specific enzyme has not been definitively assigned to 

complete the final step of the Met salvage cycle.  Evidence from assays of cell extracts 

and of recombinant aminotransferases suggest that perhaps even several general 

transaminases could be responsible (Albers, 2009; Berger et al., 2003; Pirkov et al., 

2008; Pommerrenig et al., 2011; Sekowska et al., 2004). The intrinsic problem with 

using a general transaminase is that the transamination reaction is readily reversible 
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(Taylor et al., 1998) and KMTB is known to be chemically unstable (Gao et al., 1998).  

Some evidence in mammals has been found for a specific type of transaminase. In one 

report, the researchers were selecting transaminases that transfer the amino group from 

the α-position on account of the stereochemistry at the 2-keto position of KMTB (Pirkov 

et al., 2008).  It was also known from experiments in mammals that a major source of 

amine nitrogen of Met is glutamine (Backlund et al., 1982).  Specifically, a glutamine-

dependent transaminase, glutamine transaminase K (GTK) [E.C. 2.6.1.64] has been 

proposed to be involved in the transamination of KMTB to Met (Cooper, 2004).  Such 

transaminases form the potentially toxic α-keto acid, α-ketoglutaramate (KGM), which is 

then hydrolyzed by an ω-amidase (ω-Am) to α-ketoglutarate and ammonia. Further 

biochemical evidence implicates the nitrilase-like protein Nit2 as an ω-Am [E.C. 3.5.1.3] 

that hydrolyzes KGM and so limits its accumulation (Krasnikov et al., 2009). In 

mammals, KMTB, the α-keto acid of Met, is the preferred substrate of GTK (Cooper, 

2004).  One possible rationale for using a glutamine-dependent transaminase for this 

reaction is that the α-keto acid produced, KGM, cyclizes spontaneously and rapidly 

(Hersh, 1971).  As with hydrolysis, cyclization removes KGM from the system, thereby 

pulling the transamination in the direction of Met formation (Figure 1-4).There are thus 

indications that GTK and ω-Am could potentially mediate KMTB transamination in 

bacteria and plants, as well as mammals, closing the Met salvage cycle. 

Comparative Genomics 

Background and Strengths 

Traditional methods for identification of novel enzymes and pathways involved 

the isolation of mutants or protein purification from large quantities of the organism of 

interest (Bensen et al., 1995; Chapple et al., 1990).  Today, genomic resources allow for 
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in silico evidence to be accumulated before any bench work begins.  This process of 

making and validating functional predictions is now one of the additional tools at the 

disposal of the experimental scientist (Naponelli et al., 2008; Eudes et al., 2008; Haas 

and de Crécy-Lagard, 2009).   

The formerly stringent definition of a gene function includes an experimentally 

defined role supported by a molecular and a biological dimension.  The molecular 

dimension for a given enzyme is established when its catalytic reaction is elucidated 

whereas the discovery of the pathway in which the enzyme participates fulfils the 

biological dimension (Blaby-Haas and de Crécy-Lagard, 2011).  Therefore, until both 

dimensions are discovered the gene’s function remains unknown.  

Sequence similarity is often used as a benchmark to project experimentally 

established functions of proteins from one species to another (Osterman and Overbeek, 

2003).These homology-based methods have been used effectively in the past 

(Emanuelli et al., 2003; Harper and Bar-Peled, 2002), however they can also result in 

imprecise or even incorrect annotations, such as placing an unknown protein in a 

general class (Hanson et al., 2009).  Determining a precise function requires 

approaches that extend beyond homology. This is where comparative genomics, as a 

tool, can help establish the link between gene and function. Comparative genomics is 

the integration of various types of genomic and post-genomic evidence (Hanson et al., 

2009), as summarized in Fig. 1-5.  The guilt by association principle is readily applied in 

comparative genomics, where an unknown gene is found associated with (by genomic 

and/or post-genomic evidence) known genes allowing for the function of the unknown 

gene to be inferred from these associations (Aravind, 2000).  Gene clustering is found 
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commonly in prokaryotes, where functionally related genes often occur in operons.  

There are also cases where genes are divergently transcribed or genes will be found 

consistently in close proximity to one another (Overbeek et al., 1999).  Gene fusions 

can imply functional relatedness as two individual genes with their own respective 

activities are found joined together (Enright and Ouzounis, 2001). Genes that are 

involved in a common pathway or process are often controlled by the same regulatory 

site which may be a DNA motif or riboswitch (Gelfand et al., 2000). Phlylogenetic 

occurrence is based on the assumption that proteins involved in the same pathway will 

tend to either be preserved or eliminated in a new species during evolution (Pellegrini et 

al., 1999). 

Functional predictions can also be made from post-genomic evidence with the 

use of co-expression data from microarrays (Obayashi et al., 2011), and more recently 

RNA-seq (Wang et al., 2009). The emerging protein-protein interaction databases 

(Salwinski et al., 2004, Bickerton et al., 2011) can assist with revealing associations 

along with organelle proteomes and subcellular location databases (Heazlewood et al., 

2007).  Gene essentiality data from knockout collections allows for a phenotype to be 

connected to a particular gene or even determine if the gene is vital to the organism 

(Gerdes et al., 2006).  Structure databases can assign a protein of unknown function to 

a general protein class when homology-based analysis may not have been useful (Lee 

et al., 2011).   

The Comparative Genomics Approach 

The principles stated above are used during the comparative genomics approach 

that was outlined by Osterman and Overbeek (2003).  There are three major steps that 

are implemented in a missing gene study, (i) building a case, (ii) evidence accumulation 
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and analysis and (iii) experimental verification.  Establishing a functional context is the 

first step to see “the bigger picture” of a metabolic pathway.  This is done by gaining 

perspective on the known genes and the metabolites involved in the pathway of interest.  

The public web-resources and databases, (i.e. KEGG [http://www.genome.jp/kegg/], 

BRENDA [http://www.brenda-enzymes.org/], Expasy [http://ca.expasy.org/]) in addition 

to literature and other published biochemical information, are the main resources 

available to assist in this first step.  The inventory of the functional roles that were 

identified is then added to the rows of a table whereas the columns contain a list of 

genomes.  It is important to note that the presence of a functional role for a specific 

organism is inferred by homology and/or the propagation of an annotation. There is 

always a possibility that either or both of these ‘reasons’ for a gene assignment can be 

vague or wrong, which is why multiple forms of genomic and post-genomic evidence are 

used in the evidence accumulation stage.  From the table, specific variants of the 

pathway can be observed in different organisms and can allow for identification of 

currently missing genes.  There are limitations to this method however, such as 

enzymes with broad specificities or non-committed enzymes that may take the place of 

a missing gene (Osterman and Overbeek, 2003).  It is during the evidence accumulation 

step that some filters can be applied to discard a candidate, if the evidence is lacking. 

The genomic and post-genomic evidence presented in Figure. 1-5 is now used to 

infer functional coupling to create a short list of candidate genes.  In order for a 

particular candidate gene to be fully characterized, both its molecular and biological 

dimensions must have experimental evidence.  Briefly, the molecular dimension can be 

supported by enzymatic assays using recombinant protein of the gene of interest 

http://www.genome.jp/kegg/
http://www.brenda-enzymes.org/
http://ca.expasy.org/
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performing the predicted reaction.  The biological dimension is supported when a 

phenotype is returned to wild type by the complementation of a mutant with the ablated 

gene itself and/or homologs from different organisms.  Often the list of candidate genes 

is quite short and the validation process can be efficiently implemented to attain results 

to characterize the missing gene (Osterman and Overbeek, 2003). 

Metabolite Repair 

General Principles 

 

The “genomic revolution” has made thousands of complete genomes available 

as a resource to the scientific community. The issues discussed above relating to 

homology-based annotation methods are confounded because of the fact that even well 

studied genomes have a large proportion of their genes without an associated function. 

This is particularly true for eukaryotic genomes, in which often more than 50% of the 

genes are not assigned functions (Gerdes et al., 2011). Of these genes of unknown 

function, many are predicted to encode proteins are widely conserved across kingdoms 

(Galperin and Koonin, 2004; Galperin and Koonin, 2010).  

In addition, the paradigm that enzymes are ‘perfect’ catalysts is shifting as 

chemical biology increasingly recognizes that enzymes can form useless or toxic side 

products (Linster et al., 2013; Tawfik, 2010; Khersonsky and Tawfik, 2010; D’Ari and 

Casadesús, 1998). Evidence also exists that metabolites are damaged purely by 

chemical reactions (Golubev, 1996). It seems that enzyme mistakes and chemical 

damage are ancient metabolic problems and the evolutionary driving force for 

metabolite repair systems (Galperin et al., 2006; Linster et al., 2013).  These metabolite 

repair systems involve numerous underrecognized enzymes acting on enzymatic 
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mistakes and spontaneous chemical breakdown products.  Repair enzymes are widely 

conserved because the enzymatic errors and chemistry of the damage are the same 

across all organisms (Vinci and Clarke, 2010).  One of the possible reasons that many 

of the repair enzymes have largely gone undetected is that they affect fitness not 

survival.  Only in times of stress would an organism require these repair reactions to 

ensure the integrity of metabolism. In fact, metabolite damage appears to be so 

ubiquitous and pervasive that it has been postulated to be associated with aging 

(Gladyshev, 2014). 

Glutamine Transaminase K and ω-Amidase: Metabolite Repair Enzymes 

The first compound in the Met salvage pathway is MTA, which is the by-product 

of the biosynthesis of ethylene, polyamines, and nicotianamine (Figure 1-2), as well as 

chemical breakdown of AdoMet (Hoffman, 1986; Roje, 2006).  Already in a minor 

capacity, by recycling MTA to Met (Figure 1-3), this salvage pathway can be 

categorized as a repair system.  What strengthens the case of the Met salvage cycle as 

a repair system is the fact that KMTB, which is transaminated to produce Met, is 

chemically unstable and thus its accumulation must minimized (Gao et al., 1998). 

Corroborating this view are reports in mammals of a specific glutamine dependent 

transaminase, GTK, which has a high affinity for KMTB (Cooper, 2004).  What makes 

GTK unique is the α-keto acid, KGM, which is produced during the formation of Met, 

spontaneously cyclizes and is the substrate for an ω-Am (Figure 1-4).  Together these 

two phenomena cause this reaction to be essentially irreversible, thus minimizing KMTB 

buildup.  In keeping with this theme, KGM is also known to become toxic at elevated 

concentrations (Vergara et al., 1973).  This fact warrants the inclusion of ω-Am as a 

repair enzyme as well.  Taken together, biochemical logic therefore points to the 
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GTK/ω-Am duo as the KMTB transamination system that detoxifies problematic 

metabolites in parallel with regenerating Met from MTA. 
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Figure 1-1. Sites for enzymatic and non-enzymatic cleavage of S-adenosylmethionine. 
Sites I, II, III and IV are subject to pH-dependent non-enzymatic cleavage. 
Site IV is also cleaved by a variety of methyltransferases and Site V is 
attacked by S-adenosylmethionine decarboxylase (Eloranta et al., 1984; 
Hoffman 1986). 
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Figure 1-2. Relationship between AdoMet cycle, the Met salvage cycle and polyamine 
biosynthesis. dcAdoMet is generated from AdoMet by the action of 
AdoMetDC. AdoMet is also required for ethylene and NA biosynthesis (black 
arrows). Met is salvaged from MTA produced from PA, ethylene and NA 
biosynthesis (orange line). In the AdoMet cycle (blue arrows), AdoMet is 
synthesized from Met by AdoMetS. S-Adenosylhomocysteine (SAH) is 
generated from AdoMet through donation of the methyl group catalyzed by 
one of hundreds of methyltransferases. SAH is hydrolyzed to homocysteine, 
which is converted into Met by MS. Enzymes are indicated in light orange 
boxes.  Figure adapted from Sauter et al., 2013. 
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Figure 1-3. The methionine salvage pathway. (A) Steps in the Met salvage pathways in 
bacteria (gene names in italics) and plants (gene names in green). Alternative 
bacterial steps are shown as gray arrows. Abbreviations: MTA, 
methylthioadenosine; MTR, methylthioribose; MTR-1-P, 5-methylthioribose-1-
phosphate; MTRu-1-P, methylthioribulose-1-phosphate; DKP-1-P, 2,3-diketo-
5-methylthiopentyl-1-phosphate; HKMP-1-P, 2-hydroxy-3-keto-5-
methylthiopentenyl-1-phosphate; DHKMP, 1,2-dihydroxy-3-keto-5-
methylthiopentene; KMTB, α-ketomethylthiobutryate. The final step to close 
the salvage cycle is performed by an unknown transaminase. 

  



 

27 

 

Figure 1-4 Reaction thought to close the Met salvage cycle in mammals.  Glutamine 
dependent transamination by glutamine transaminase K (GTK) in concert with 
the deamination reaction mediated and ω-amidase (ω-Am).  Note that α-
ketoglutaramate spontaneously cyclizes to 5-hydroxy-2-oxoproline and that at 
neutral pH the equilibrium favors the ring form (99.7%) over the open-chain 
form (0.3%) (Cooper, 2004).  

  



 

28 

 
 

Figure 1-5. Types of associations in comparative genomics. Multiple types of evidence 
gathered from genomic and post-genomic resources are integrated in order to 
make predictions on gene function. Figure retrieved from Hanson et al., 2009
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CHAPTER 2 
1EVIDENCE THAT GLUTAMINE TRANSAMINASE AND OMEGA-AMIDASE 

POTENTIALLY ACT IN TANDEM TO CLOSE THE METHIONINE SALVAGE CYCLE IN 
BACTERIA AND PLANTS1 

Background  

The methionine (Met) salvage pathway – also called the Yang cycle – occurs in 

bacteria, animals, and plants (Albers, 2009; Miyazaki and Yang, 1987; Sekowska et al., 

2004). This pathway recycles Met from 5'-methylthioadenosine (MTA), which is formed 

from S-adenosylmethionine (AdoMet) as a by-product of the synthesis of polyamines, 

ethylene, and other compounds (Albers, 2009), and also comes from spontaneous 

AdoMet breakdown (Hoffman, 1986). In essence, the pathway, which has several 

variants, rebuilds Met from the methylthio and ribose moieties of MTA plus a 

transamination-derived amino group (Fig. 2-1A).   

For bacteria and plants, enzymes and genes are well defined for all the steps in 

Met salvage except the last one, the transamination that converts α-

ketomethylthiobutyrate (KMTB) to Met (Pommerrenig et al., 2011; Sekowska et al., 

2004). Assays of cell extracts and of recombinant aminotransferases suggest that 

several enzymes could be responsible (Albers, 2009; Berger et al., 2003; Pirkov et al., 

2008; Pommerrenig et al., 2011; Sekowska et al., 2004). However, some of these 

studies did not test all potential amino donors (most notably omitting glutamine and 

asparagine) and none of them attempted to show which if any of the measured activities 

carry the bulk of the salvage flux in vivo.  

                                            
1
 Original publication: Ellens, K.W., Richardson, L.G.L., Frelin, O., Collins, J., Ribeiro, C.L., Hsieh, Y.-f., 

Mullen, R.T., Hanson, A.D., 2014. Evidence that glutamine transaminase and omega-amidase can act in 
tandem to close the methionine salvage cycle in bacteria and plants. Phytochemistry. Accepted. © 2014 
by Elsevier 
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The KMTB transamination step is somewhat better characterized in mammalian 

tissues, where enzymological (Backlund et al., 1982; Cooper, 2004) and in vivo 15N 

tracer (Hoskin et al., 2001) data implicate a distinctive glutamine-dependent 

aminotransferase, glutamine transaminase K (GTK) [E.C. 2.6.1.64]. The glutamine 

transamination product, α-ketoglutaramate (KGM), is potentially toxic but is removed by 

an ω-amidase (ω-Am) [E.C. 3.5.1.3], which hydrolyzes it to α-ketoglutarate and 

ammonia (Cooper, 2004; Jaisson et al., 2009; Krasnikov et al., 2009) (Fig. 2-1B). In this 

tandem GTK/ω-Am arrangement, KGM removal by ω-Am ‘pulls’ the transamination in 

the direction of Met formation and so lowers KMTB levels (Cooper, 2004). As KMTB is 

unstable and yields toxic products (Cooper, 2004; Gao et al., 1998), keeping its level 

low may be beneficial.  

Certain bacteria have homologs of mammalian GTK and ω-Am that respectively 

possess glutamine aminotransferase and ω-Am activity (Berger et al., 2003; Cobzaru et 

al., 2011; Hosono et al., 2003;), and plant genomes encode GTK and ω-Am homologs 

(Gerdes et al., 2011; Hudson et al., 2006). Moreover, the activities of both enzymes 

have been detected in plants (Huang and Ireland, 1991; Lloyd and Joy, 1978; Streeter, 

1977), although the ω-Am substrate tested was α-ketosuccinamate (the transamination 

product of asparagine) rather than KGM (Lloyd and Joy, 1978; Streeter, 1977). There 

are thus indications that GTK and ω-Am could potentially mediate KMTB transamination 

in bacteria and plants as well as in mammals. 

The importance of Met salvage in bacteria and plants (Miyazaki and Yang, 1987; 

Sekowska et al., 2004) led us to revisit the enigmatic KMTB transamination step, 

beginning with comparative genomics and transcriptomics analyses to identify 
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candidate aminotransferase genes. Such analyses have a strong track record in 

identifying genes encoding metabolic functions in prokaryotes and plants (Hanson et al., 

2009). At the outset, we predicted that plant KMTB aminotransferase genes would 

encode cytosolic proteins because other plant Met salvage enzymes lack obvious 

targeting signals and so are most probably cytosolic (Sauter et al., 2004; Sauter et al., 

2005). Having obtained comparative genomic evidence associating bacterial and plant 

GTK and ω-Am genes with Met salvage, we characterized representative plant and 

bacterial enzymes, and established that plant GTK and ω-Am proteins localize both to 

the cytosol and to organelles. We also reinvestigated the effects of inactivating the B. 

subtilis GTK and ω-Am genes, earlier work on this (Sekowska and Danchin, 2002) 

being inconclusive.   

Results 

Comparative Genomics 

Genes encoding GTK and ω-Am homologs (henceforth GTK, ω-Am) are 

adjacent in the Bacillus subtilis genome and flanked by Met salvage genes (Sekowska 

et al., 2004). These arrangements point to possible functional relationships between 

GTK and ω-Am, and between these enzymes and Met salvage. To assess the 

prevalence of such arrangements, we used the SEED database and its tools (Overbeek 

et al., 2005) to compare the distribution and chromosomal clustering of GTK, ω-Am, and 

Met salvage genes in 588 representative bacterial genomes. Of these genomes, 426 

(72%) encode ω-Am and 204 (35%) encode GTK. Of the 204 with GTK, 202 have ω-

Am and only two do not. Thus, GTK almost never occurs without ω-Am, whereas ω-Am 

often occurs without GTK (Figs. 2-2A and 2-2B). Moreover, when GTK and ω-Am genes 

are present, they are often neighbors (Figs. 2-2B and 2-2C). These distribution and 
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clustering data suggest that GTK action requires ω-Am but that ω-Am can act 

independently of GTK. 

 

The occurrence of a Met salvage pathway was assessed by the presence of 

genes encoding methylthioribose-1-phosphate isomerase (mtnA) and acireductone 

dioxygenase (mtnD), the two enzymes common to all variants of the pathway (Fig. 2-

1A). Of 82 genomes having mtnA and mtnD, 64 also have GTK and ω-Am, and in 28 of 

these cases GTK and ω-Am cluster with the Met salvage genes (Figs. 2-2A, 2-2B, and 

2-2C). However, of the 82 genomes with mtnA and mtnD, 16 lack GTK (Fig. 2-2B). 

These patterns indicate (i) that GTK and ω-Am could potentially close the Met salvage 

cycle in a majority (78%) of the bacteria surveyed; (ii) that in other bacteria, a different 

enzyme(s) must close the cycle, and (iii) that because 202 genomes have GTK and ω-

Am, and only 64 also have Met salvage, GTK and ω-Am must have other, widely 

occurring roles besides Met salvage. 

Possible associations between GTK, ω-Am, and Met salvage in plants were 

probed using the co-expression tools for Arabidopsis genes in the ATTED-II database 

(Obayashi et al., 2011). Consistent with such an association, the GTK and ω-Am genes 

occurred together in a network with the Met salvage gene 5-methylthioribose kinase, as 

well as genes related to glutamate or aspartate metabolism (Fig. 2-2D).  

Characterization of Recombinant GTK and ω -Am Enzymes 

The tomato and maize GTKs (Solyc11g013170 and GRMZM2G067265) were 

expressed as His-tagged N-terminal Nus fusions, and further purified by Ni2+ affinity 

chromatography, followed by a size-exclusion step to remove degradation products 

(Fig. 2-3A). The ω-Am protein of tomato (Solyc08g062190), the two ω-Am proteins of 
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maize (GRMZM2G169365 and GRMZM2G156486), B. subtilis ω-Am (MtnU), and B. 

subtilis GTK (MtnV) were expressed in E. coli as C-terminally His-tagged proteins and 

purified by Ni2+ affinity chromatography (Fig. 2-3B). B. subtilis ω-Am lost activity during 

this procedure, and was consequently studied in a desalted total protein extract (Fig. 2-

3B).  

Analytical size exclusion chromatography was used to determine the oligomeric 

state of the affinity- purified proteins. The plant GTK-Nus fusions, B. subtilis GTK, and 

the active form of each ω-Am behaved as dimers (Fig. 2-4), as do mammalian GTK and 

ω-Am (Cooper and Meister, 1974; Krasnikov et al., 2009). 

With KMTB as amino acceptor, the plant and bacterial GTKs were almost 

completely specific for glutamine as amino donor, other amino acids giving no more 

than 1% of the activity measured with glutamine (except for tomato GTK with histidine, 

where activity was 5% of that with glutamine)  (Fig. 2-5A). This finding for the B. subtilis 

enzyme agrees with a previous report (Berger et al., 2003). With glutamine as amino 

donor, all GTKs preferred KMTB as amino acceptor over phenylpyruvate and α-

ketoisocaproate, and none showed more than trace activity with α-ketoisovalerate or α-

keto-β-methylvalerate (Fig. 2-5B). Upon investigation of the kinetic properties, substrate 

inhibition by KMTB was observed for all three GTKs; there appear to be no previous 

reports of this phenomenon for any GTK. Kinetic parameters were estimated by non-

linear regression curve fitting (Copeland, 2000; Winge et al., 2008) (Fig. 2-6). The Km 

values for all three enzymes for KMTB were within two orders of magnitude of each 

other (Table 2-1) and of that of mammalian GTK (0.92 mM) (Cooper and Meister, 1974). 

The Ki values were also quite similar to one another. The kcat value for B. subtilis GTK 
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was quite similar to mammalian GTK (3.2 s-1) (Cooper and Meister, 1974) but those for 

the plant GTKs were an order of magnitude lower. These low values may reflect the 

influence of the Nus tag, which was found to be essential for solubility.  

 

The three plant ω-Am proteins showed far higher activity against KGM than 

against α-ketosuccinamate (the transamination product of asparagine) and somewhat 

higher activity than against succinamate (an artificial substrate) (Table 2-2). All three 

proteins showed little or no activity against glutamine, asparagine, or the aliphatic amide 

n-butyramide (Table 2-2). The order of magnitude difference between the activities with 

KGM and α-ketosuccinamate parallels the differences reported for mammalian ω-Ams 

(Jaisson et al., 2009; Krasnikov et al., 2009). The Km and kcat values for the plant 

enzymes were very similar to each other and to those of mammalian enzymes (Table 2-

3) (Jaisson et al., 2009; Krasnikov et al., 2009). The B. subtilis ω-Am could not be 

characterized in detail because it could not be purified in active form. 

Subcellular Localization of Plant GTK and ω-Am Proteins 

Relative to their bacterial and mammalian homologs, plant GTK and ω-Am 

proteins have N-terminal extensions; these extensions show little sequence 

conservation and are generally predicted to be plastid and/or mitochondrial targeting 

peptides. Aligning the N-terminal regions of both proteins from angiosperms, 

gymnosperms, and mosses showed that a Met residue was always present in a six-

residue (ω-Am) or 26-residue (GTK) window just upstream of where the mature protein 

probably begins (Fig. 2-7). This observation shows that each protein has a potential 

alternative start site that, if used, would eliminate the targeting peptide. To study the 

possible second start sites, three types of tomato ω-Am and GTK constructs were used 
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as templates for in vitro transcription/translation reactions: (i) native full-length cDNAs, 

(ii) full-length cDNAs with the putative alternative start Met changed to leucine (M2L), 

and (iii) truncated cDNAs (T) beginning at the putative alternate start (Fig. 2-8A). In the 

case of ω-Am, the native full-length template produced two proteins in similar amounts. 

The full-length M2L template yielded essentially only the larger protein, whereas the 

truncated T template gave only the smaller one. Results for GTK were similar: the full-

length native template again gave two proteins, the M2L template increased, albeit 

slightly, the proportion of the larger protein, and the truncated T template gave only the 

smaller one. These findings indicate that both proteins indeed have a second start site, 

at least in vitro. That changing the second site in GTK to leucine (TTG) did not more 

fully suppress initiation at this site indicates that TTG, at least at this position (i.e. 

context) in the GTK open reading frame, can serve as a start codon. The use of TTG as 

a start codon is not unprecedented in plants (Gordon et al., 1992).   

The subcellular localization of tomato ω-Am and GTK was investigated by dual 

import assays (Rudhe et al., 2002) in which the radiolabeled proteins, and positive 

controls for mitochondrial and chloroplast import, were incubated with mixtures of 

purified pea chloroplasts and mitochondria, and thereafter, organelles were incubated 

(or not) with thermolysin to remove any non-imported proteins and repurified. In assays 

with ω-Am and GTK (whose second start Mets were changed to leucine), chloroplasts 

contained a labeled product that was smaller than the full-length precursor and 

thermolysin-resistant, as expected for a translocated protein (Fig. 2-8B). For ω-Am, the 

mitochondria contained very little thermolysin-resistant product. For GTK, however, faint 

but clear mitochondrial bands corresponding to the original translation products survived 



 

36 

thermolysin treatment, suggesting possible protein import without subsequent 

processing, or with slow processing (Fig. 2-8B).  

Because in vitro import data cannot demonstrate cytosolic localization, the 

possibility of cytosolic as well as organellar localization was explored using tobacco BY-

2 cells transiently-expressing tomato ω-Am and GTK constructs fused at their C-termini 

to a monomeric version of the green fluorescent protein (GFP) or to the Myc epitope. 

When fused to GFP, the ω-Am protein without its N-terminal targeting sequence 

localized to the cytosol (Fig. 2-9). The native full-length ω-Am construct, however, 

appeared in both the cytosol and plastids, as did a construct consisting of GFP fused to 

the ω-Am targeting peptide (Fig. 2-9). GFP fusions to native full-length tomato GTK 

behaved aberrantly, possibly due to misfolding as a result of the appended GFP moiety, 

so GFP was replaced by the much smaller Myc tag. The tagged GTK protein without its 

targeting peptide localized only in the cytosol, whereas the native full-length construct 

localized mainly to mitochondria and partly to plastids (Fig. 2-10).  

Collectively, these in vitro and in vivo data indicate (i) that both ω-Am and GTK 

have alternative start sites, (ii) that if the second site is used the resulting protein 

remains in the cytosol, and (iii) that if the first site is used the protein is sent to plastids 

in the case of ω-Am and mitochondria and plastids in the case of GTK. 

Growth and Metabolic Phenotypes of B. subtilis GTK and ω-Am Disruptants 

B. subtilis is a genetically tractable bacterium in which ω-Am and GTK genes are 

adjacent and clustered with Met salvage genes (Fig. 2-2C), and in which Met salvage 

has been well studied (Sekowska and Danchin, 2002). We therefore used B. subtilis as 

a model to investigate the contribution of GTK and ω-Am to Met salvage by ablating 

each gene and evaluating the effect on growth on ED minimal medium with 5-
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methylthioribose as sole sulfur source. On this medium, the sulfur nutrition of the cell 

depends entirely on the Met salvage cycle (Fig. 2-1A). Gene ablation was achieved by 

insertional mutagenesis using the pJM103 plasmid. Unlike that used previously in 

similar experiments (Sekowska and Danchin, 2002), this plasmid has no promoter and 

so cannot generate confounding artifacts by adventitious activation of downstream 

genes. 

On 5-methylthioribose medium, the GTK disruptant showed no growth defect 

relative to the wild type strain whereas the ω-Am strain showed a slight lag that was 

evident at 19 h but not 42 h (Fig. 2-11). None of the strains grew in the absence of 5-

methylthioribose as sulfur source, and neither disruptant strain manifested any growth 

defect when sulfate replaced 5-methylthioribose (not shown). The lack of effect of 

inactivating GTK agrees with the earlier study (Sekowska and Danchin, 2002). 

However, the even growth retardation we observed for the ω-Am disruptant is unlike the 

previously reported heterogeneous pattern in which a few cells formed colonies while 

most did not (Sekowska and Danchin, 2002). This more complex phenotype may have 

been due to artifactual gene activation, as noted above.   

While the above results confirm that neither GTK nor ω-Am is essential for the 

function of the Met salvage cycle in B. subtilis, they leave open the possibility that both 

enzymes normally carry a significant flux that, in disruptants, is rechanneled through 

other aminotransferases. As a driver for such rechanneling could be an expansion of 

the KMTB pool, we attempted to measure the size of this pool in wild type and GTK 

disruptant cells grown in liquid ED medium with 5-methylthioribose as sole sulfur 

source. The KMTB contents of both strains were, however, below the detection limit of 
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the highly sensitive fluorometric HPLC method used (Pailla et al., 2000). This detection 

limit was 0.4 nmol·mg-1 protein, which corresponds to an intracellular concentration of 

~0.1 mM (Poolman et al., 1987; Burgess et al., 2006). 

Discussion 

Our comparative genomic data point to three inferences about GTK and ω-Am 

function in bacteria. First, they make a strong a priori case that these enzymes work in 

tandem to close the Met salvage cycle in B. subtilis and other bacteria. The 

characteristics of the B. subtilis enzymes reinforce this case; previous work had 

suggested no concrete role in Met salvage for either enzyme (Berger et al., 2003; 

Sekowska and Danchin, 2002). That salvage roles for GTK and ω-Am could not be 

confirmed by a gene knockout approach is perhaps unsurprising, given that other B. 

subtilis aminotransferases can mediate KMTB transamination with various amino acids, 

at least if the KMTB concentration is sufficiently high (Berger et al., 2003). Second, the 

comparative genomic data indicate that GTK and ω-Am commonly work together in 

metabolic processes besides Met salvage. Thus, GTK and ω-Am co-occur, often as 

neighbors, in many bacterial genomes that lack genes for Met salvage. One such 

process, proposed for mammals (Cooper, 2004), could be to prevent accumulation of 

abnormal, potentially toxic α-keto acids formed by side-reactions of aminotransferases 

with amino acids that are not their primary substrates. The modest activities of the B. 

subtilis and plant GTKs with phenylpyruvate and α-ketoisocaproate are congruent with 

this role. The irreversibility of the coupled GTK/ω-Am system equips it to dispatch the 

abnormal α-keto acids back to the parent amino acids. The third genomics-based 

inference is that, because ω-Am frequently occurs in genomes without GTK, ω-Am 

must have a function that does not depend on GTK. One possibility known from bacteria 
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(Campbell, 1956) is deamidation of α-ketosuccinamate, the transamination product of 

asparagine.  

The in vitro characteristics of maize and tomato GTK and ω-Am show that, like 

their B. subtilis counterparts, they could potentially close the Met salvage cycle, and 

their co-expression with each other and with 5-methylthioribose kinase in Arabidopsis is 

consistent with this scenario. If this scenario is correct, GTK and ω-Am would be 

expected to be cytosolic proteins since this appears to be the case for the other plant 

Met salvage enzymes (Sauter et al., 2004; Sauter et al., 2005). The presence of 

predicted N-terminal targeting sequences on both GTK and ω-Am thus, at first sight, 

seemed to weigh against a function in Met salvage. Our experimental data, however, 

provided clear evidence that both proteins have a conserved alternative start site that 

eliminates the targeting peptide, that this site is used in vivo, and that a fraction – 

probably large – of the GTK and ω-Am proteins is consequently localized in the cytosol. 

Such alternative start sites have various precedents in plants and have been seen as an 

evolutionary solution to increase the number of cellular functions without multiplying 

genes (Wamboldt et al., 2009; Yogev and Pines, 2011). Besides the cytosol, the in vivo 

evidence indicates that ω-Am is sent to plastids alone whereas GTK goes to both 

plastids and mitochondria. The in vitro evidence suggests the same, for both proteins 

were imported into chloroplasts but only GTK was imported into mitochondria. That 

mitochondrial GTK import was not accompanied by proteolytic cleavage may be 

because the cleavage site was compromised by the Met-to-leucine change that the 

experiment demanded. If GTK alone enters mitochondria, it would appear to constitute 

an exception to the rule that GTK and ω-Am always work together. However, as plants 
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have several ω-Am-like proteins that have not been tested for activity against KGM (e.g. 

Piotrowski et al., 2002) and could be organellar, it is possible that GTK works with one 

of these. 

Finally, ω-amidase activity has been long known in plants in relation to the 

hydrolysis of the asparagine transamination product α-ketosuccinamate and its 

reduction product α-hydroxysuccinamate (Lloyd and Joy 1978; Streeter, 1977; Zhang et 

al., 2013), and maize and tomato ω-Am proteins had low activity against these 

substrates. These enzymes may thus function independently of GTK in plant 

asparagine metabolism. Consistent with this notion, it was recently shown that the 

Arabidopsis ortholog (At5g12040) of tomato and maize ω-Am has high activity against 

KGM, α-ketosuccinamate and α-hydroxysuccinamate, and that its ablation causes 

accumulation of the two latter compounds (Zhang and Marsolais, 2014). Interestingly, in 

terms of Vmax values, Arabidopsis ω-Am had almost equal activity against KGM and α-

ketosuccinamate (Zhang and Marsolais, 2014) whereas the tomato and maize enzymes 

respectively showed 11- and 9-fold preferences for KGM. These striking species 

differences in substrate preference suggest that KGM deamination is a general function 

of plant ω-Am proteins and that α-ketosuccinamate deamination is a more taxon-

specific one. 

Experimental Procedures 

Bioinformatics 

Protein sequences were taken from GenBank, MaizeSequence.org, 

Solgenomics.net, and the SEED database (Overbeek et al., 2005). Comparative 

genomics analyses of bacterial genomes were made using SEED tools (Overbeek et 

al., 2005). Sequences were aligned with Multalin (Corpet, 1988). Organellar targeting 
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was predicted using TargetP (Emanuelsson et al., 2007) and Predotar (Small et al., 

2004). Arabidopsis gene co-expression was analyzed using ATTED-II tools (Obayashi 

et al., 2011). 

Chemicals 

Chemicals and enzymes were from Sigma-Aldrich, unless stated otherwise. KGM 

and α-ketosuccinamate were prepared and quantified as described (Jaisson et al., 

2009). Methylthioribose was prepared by hydrolysis of 5'-methylthioadenosine in 0.05 M 

H2SO4 at 100 °C for 3 h. The hydrolysate, which contains adenine and 5-

methylthioribose, was run through a 1-ml Dowex 50 column (H+ form) to remove 

adenine and remaining traces of the starting material. After removal of SO4
2- by adding 

Ba(OH)2 and centrifuging, the solution was concentrated under reduced pressure 

(Schlenk et al., 1973). 

Cloning, Expression, and Purification of GTK and ω-Am Homologs 

Maize (Zea mays) cDNAs corresponding to GTK homolog GRMZM2G067265 

(ZM_BFb0181K01 and ZM_OEa0005E06) and ω-Am homologs GRMZM2G169365 and 

GRMZM2G156486 (Zm_BFb0147P08 and Zm_BFb0221G16, respectively) were 

obtained from the Arizona Genomics Institute (Tucson, AZ, USA) and sequenced. Both 

ω-Am cDNAs encoded full-length proteins; the two GTK sequences were incomplete 

and were spliced together using Sequence Overlap Extension (Heckman and Pease, 

2007) to produce a full-length sequence. Tomato (Solanum lycopersicum cv. Floridade) 

cDNA provided by H.J. Klee (University of Florida) served as template to amplify the 

sequences of GTK homolog Solyc11g013170 and ω-Am homolog Solyc08g062190. 

Amplifications used PfuTurbo DNA polymerase (Stratagene) and primers (Fig. 2-12) 

designed with restriction sites to allow cloning of amplicons into pET28b (Novagen) for 
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overexpression of ω-Am proteins encoding a C-terminal His-tag, or into pET43.1a 

(Novagen) for overexpression of GTK proteins containing an N-terminal Nus-tag to 

improve solubility. All sequences were truncated to remove putative targeting peptides 

(Fig. 2-7). Sequence-verified constructs were introduced into Escherichia coli strain 

BL21 (DE3) carrying rare codon plasmids RIPL (Stratagene). Transformants were 

grown at 37°C, induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at an 

OD600 of 0.6 and grown for a further 4 h at room temperature, except in the case of B. 

subtilis ω-Am which was induced at 37°C. His-tagged proteins were purified using Ni-

NTA resin (Qiagen) according to the manufacturer’s instructions except that potassium 

phosphate was used in place of sodium phosphate for ω-Am proteins. Purified proteins 

were desalted on PD-10 columns (GE Healthcare) equilibrated with 50 mM potassium 

phosphate (GTK pH 7.4, ω-Am pH 8.0), 30 mM KCl, 2 mM β-mercaptoethanol, and 10% 

(v/v) glycerol, frozen in aliquots in liquid nitrogen, and stored at -80°C.  Nus-tagged 

tomato and maize GTKs were purified by Ni-affinity chromatography as above, followed 

by a size exclusion step to remove breakdown products.  A Superdex 200 HR 10/30 

column was eluted (0.4 ml/min) with 50 mM Hepes, pH 7.4, containing 30 mM 

potassium chloride (KCl), 2 mM β-mercaptoethanol and 5% (v/v) glycerol. Proteins were 

quantified using the Bradford method (Bradford, 1976) with bovine serum albumin as a 

standard. Size exclusion chromatography of ω-Am proteins used a Superdex 200 HR 

10/30 column eluted (0.4 ml/min) with 100 mM potassium phosphate, pH 8.0, containing 

0.1 M KCl. 

Enzyme Assays 

ω-Amidase assays (50 μl) contained 50 mM Tris-HCl, pH 8.5, 5 mM β-

mercaptoethanol, and the specified concentrations of KGM. Incubation was for up to 
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1.5, at 37°C for B. subtilis ω-Am and 25°C for the plant enzymes. The enzyme activities 

used were low enough to prevent the rate of the KGM ring-opening reaction (Fig. 2-1B) 

becoming limiting, the open-chain form being the substrate for ω-Am (See Appendix B) 

(Cooper, 2004). For ω-Am kinetic studies a 2,4-dinitrophenylhydrazine procedure, 

adapted to a 96-well plate format, was used to measure α-ketoglutarate formation 

(Cooper et al., 1985; Krasnikov et al., 2009). A coupled assay with glutamate 

dehydrogenase was used to determine enzymatic activity against additional substrates 

(Jaisson et al., 2009). 

Glutamine aminotransferase assays (100 μl) contained 100 mM potassium 

phosphate, pH 7.5, 50 µM pyridoxal 5'-phosphate, and the specified concentrations of 

KMTB and L-glutamine. Incubation was at 37°C for B. subtilis GTK and 25°C for plant 

enzymes; assays were run for up to 1 h. Met formation was determined by HPLC after 

derivatization with o-phthaldialdehyde (Ravanel et al., 1995). An appropriate dilution of 

the assay was made in 100 mM potassium phosphate, pH 7.5, 10 µl of which was 

derivatized with 90 µl of a solution containing 27 mg o-phthaldialdehyde in 0.5 ml 

absolute ethanol, 4.5 ml 400 mM boric acid-NaOH, pH 9.5, and 2% (v/v) β-

mercaptoethanol. After mixing in the sample loop, derivatized samples were injected 

onto a Spherisorb ODS-2 RP-18 column (250 x 4.6 mm; 5 µm particle size).  Buffers 

used were: A, 85 mM sodium acetate and 6% (v/v) acetonitrile (pH 4.5); B, 60% (v/v) 

acetonitrile. Linear gradients were: 40 to 80% B, 0 to 6 min; 80% B, 6 to 9 min; 80 to 

40% B, 9 to 10 min; 40% B, 10 to 12 min (40°C, 1ml/min). o-phthaldialdehyde 

derivatives were measured fluorometrically (340 nm excitation, 455 nm emission). 
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Bacillus subtilis Experiments 

Bacillus subtilis subsp. subtilis str. 168 knockout strains were constructed using 

the ‘suicide vector’ pJM103, which cannot replicate in B. subtilis (Perego, 1993). 

Nucleotides 30-359 of the B. subtilis GTK gene (mtnV) and nucleotides 41-329 of the B. 

subtilis ω-Am gene (mtnU) were PCR-amplified and cloned into the BamHI site of 

pJM103. The sequence-verified constructs were transformed into B. subtilis using the 

two-step procedure (Cutting and Vander Horn, 1990); gene knockout was verified by 

PCR using primers listed in Fig. 2-12. 

B. subtilis was cultured in ED minimal medium (Sekowska and Danchin, 2002) 

consisting of: K2HPO4, 8 mM; KH2PO4, 4.4 mM; glucose, 27 mM; Na3-citrate, 0.3 mM; L-

glutamine, 15 mM; L-tryptophan, 0.24 mM; ferric citrate, 33.5 μM; MgSO4, 2 mM; MgCl2, 

0.61 mM; CaCl2, 49.5 μM; FeCl3, 49.9 μM; MnCl2, 5.05 μM; ZnCl2, 12.4 μM; CuCl2, 2.52 

μM; CoCl2, 2.5 μM; Na2MoO4, 2.48 μM. When MTR was used as sulfur source (0.1 

mM), MgSO4 was replaced by MgCl2 at the same magnesium concentration (2 mM).  

For growth on plates agarose (0.8%) was used as solidifying agent. 

Cultures (50 ml) for KMTB analysis were harvested at early stationary phase and 

frozen in liquid nitrogen. Cell pellets were resuspended in 1 ml of cold 0.1 N HCl and 

sonicated on ice three times for 10 s. The lysate was incubated on ice for 30 min, 

cleared by centrifugation at 4°C for 5 min at 15 000 x g, and evaporated to dryness 

(Isherwood and Niavis, 1956; Siegel et al., 1977). Keto acids were derivatized with o-

phenylenediamine (OPD) as described (Pailla et al., 2000) except that the derivatization 

mix contained 0.29 M β-mercaptoethanol. α-Ketovalerate was used as internal 

standard. Separation and fluorescence detection were as described (Pailla et al., 2000).  
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Dual Import Assays 

Full-length tomato and maize cDNAs were cloned into pGEM-4Z (Promega) 

using forward primers containing a Kozak sequence; cloning sites are given in Fig. 2-12. 

To ablate putative second start sites, ATG codons were changed to TTG (leucine) by 

using entire constructs as templates in PCR reactions that included the mutation-

carrying primers. Sequence-verified constructs were introduced into E. coli TOP10 cells 

(Invitrogen). Coupled in vitro transcription/translation, organelle isolation, dual import 

assays, and positive control proteins for organellar import were as described (Rudhe et 

al., 2002; Zallot et al., 2013). Import reactions were run for 10 min for GTK and ω-Am, 5 

min for the chloroplast positive control (At1g60990), and 20 min for the mitochondrial 

positive control (soybean alternative oxidase).  

Transient Expression and Microscopic Analysis of GFP Fusion Proteins in BY-2 
Cells 

Full-length or N-terminally truncated GTK cDNAs were cloned into the XbaI site 

which is immediately upstream of the Myc epitope sequence of pRTL2/NheI-myc (Clark 

et al., 2009). Full-length or N-terminally truncated ω-Am cDNAs, or their predicted 

targeting peptide, were cloned into the NcoI site of pUC18/NcoI-mGFP (using BspHI if 

an internal NcoI site was present).  The vector pUC18/NcoI-mGFP, has a CaMV 35S 

promoter and a unique NcoI site immediately 5′ of the open reading frame for 

monomeric green fluorescent protein (GFP) (Clark et al., 2009). Primers used for each 

construct are given in Fig. 2-12. Targeting peptides were predicted from alignments of 

the N-terminal regions of diverse plant, bacterial, and mammalian GTK and ω-Am 

homologues. The targeting regions that were removed, or fused directly to GFP, are 

shown in Fig. 2-7. 
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Tobacco (Nicotiana tabacum cv. Bright Yellow-2 [BY-2]) suspension cell cultures 

were maintained and prepared for bombardment as described (Lingard et al., 2008). 

Transient (co-)transformations were performed using 4 µg plasmid DNA precipitated 

onto tungsten or gold microcarriers (Bio-Rad), along with a Biolistic® PDS-1000/HE 

particle delivery system (Bio-Rad). Bombarded cells were incubated for ~8 h to allow 

expression and sorting of the introduced gene products. Cells were fixed in 4% (w/v) 

formaldehyde, then permeabilized with 0.01% (w/v) pectolyase Y-23 (Kyowa Chemical 

Products) and 0.3% (v/v) Triton X-100 (Sigma-Aldrich). Rabbit α-cytochrome c oxidase 

subunit II (CoxII) antibodies and goat anti-rabbit Rhodamine Red-X IgGs were as 

described (Frelin et al., 2012). Rabbit α-N-acetyl glutamate kinase (NAGK) antibodies 

have been also described (Chen et al., 2006). Epifluorescent images were acquired 

using an Axioscope 2 MOT epifluorescence microscope (Carl Zeiss) with a 63× Plan 

Apochromat oil-immersion objective. Images were captured using a Retiga 1300 CCD 

camera (Qimaging) and Openlab software (Improvision); figures were composed using 

Adobe Photoshop CS (Adobe Systems). Micrographs shown in the figures are 

representative images obtained from viewing >50 cells from at least two replicate 

biolistic experiments. 
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Table 2-1. Kinetic constants of recombinant GTK proteins for α-ketomethylthiobutyrate. 
Activities were determined by measuring formation of Met as its o-
phthaldialdehyde derivative by HPLC. The concentration of glutamine was 20 
mM. Values are means of three replicates ± SE.  

GTK Km (mM) Ki (mM) kcat (s
−1

) 
kcat/Km 

(mM
−1

·s
−1

) 

Tomato 0.22 ± 0.011 0.38 ± 0.03 0.15 ± 0.004 0.71 ± 0.02 

Maize 0.07 ± 0.003 1.61 ± 0.04 0.12 ± 0.002 1.73 ± 0.04 

B. subtilis  1.91 ± 0.519 3.73 ± 1.58 2.32 ± 0.467 1.26 ± 0.09 
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Table 2-2. Activities of recombinant ω-amidases against various ω-amide substrates. 
Substrate concentrations were 15 mM. Activities were determined by 
enzymatic assay of NH3 release. Maize 1, GRMZM2G169365; Maize 2, 
GRMZM2G156486. Values are means of three replicates ± SE.  

Substrate ω-Amidase activity (nkatal·mg
−1

 protein) 

Tomato Maize 1 Maize 2 

α-Ketoglutaramate 1180 ± 17 475 ± 28 537 ± 15 

α-Ketosuccinamate 106 ± 4 35 ± 5 36 ± 6 

Succinamate 745 ± 15 179 ± 13 102 ± 15 

Glutamine <1 <1 <1 

Asparagine <1 <1 <1 

Butyramide <1 <1 <1 
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Table 2-3. Kinetic constants of recombinant ω-amidases with α-ketoglutaramate as 
substrate. Activities were determined by measuring formation of α-
ketoglutarate as its 2,4-dinitrophenylhydrazone. Maize 1, GRMZM2G169365; 
Maize 2, GRMZM2G156486. Values are means of three replicates ± SE. 
Values for kcat and Km for B. subtilis ω-Am were not calculated as the protein 
could not be purified in active form. 

ω-Amidase Km (mM) kcat (s
−1

) kcat/Km (mM
−1

·s
−1

) 

Tomato 6.49 ± 0.95 72.7 ± 10.4 11.32 ± 0.80 

Maize 1 6.42 ± 0.73 63.1 ± 7.1 9.87 ± 0.29 

Maize 2 5.31 ± 0.79 50.8 ± 3.3 9.98 ± 0.97 
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Figure 2-1. The methionine salvage pathway. (A) Steps in the Met salvage pathways in 

bacteria (gene names in italics) and plants (gene names underlined). 
Alternative bacterial steps are shown as gray arrows. Abbreviations: MTA, 
methylthioadenosine; MTR, methylthioribose; MTR-1-P, 5-methylthioribose-1-
phosphate; MTRu-1-P, methylthioribulose-1-phosphate; DKP-1-P, 2,3-diketo-
5-methylthiopentyl-1-phosphate; HKMP-1-P, 2-hydroxy-3-keto-5-
methylthiopentenyl-1-phosphate; DHKMP, 1,2-dihydroxy-3-keto-5-
methylthiopentene; KMTB, α-ketomethylthiobutyrate. (B) The tandem 
transamination and deamination reactions mediated by glutamine 
transaminase K (GTK) and ω-amidase (ω-Am) that are thought to close the 
salvage cycle in mammals. ω-Am is also known as Nit2. Note that α-
ketoglutaramate spontaneously cyclizes to 5-hydroxy-2-oxoproline and that at 
neutral pH the equilibrium favors the ring form (99.7%) over the open-chain 
form (0.3%) (Cooper, 2004).  
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Figure 2-2. Comparative genomics of glutamine transaminase K and ω-amidase 
homologs. (A) Distribution among major bacterial taxa of genes for 
homologues of glutamine transaminase K (GTK) and ω-amidase (ω-Am), and 
of Met salvage genes mtnA and mtnD. Major taxa are represented by one or 
a few species. Genes that are clustered on the chromosome are connected 
by bars. Comparative analyses of 588 representative bacterial genomes were 
made using the SEED and its tools; full results are archived in the ‘Omega-
amidase’ subsystem at http://pubseed.theseed.org/. (B) Bar chart and Venn 
diagram summarizing of the distribution and clustering of GTK, ω-Am, mtnA, 
mtnD in bacterial genomes. (C) Examples of clustering of bacterial GTK and 
ω-Am genes with each other and with genes for Met salvage (in green) or Met 
transport (in yellow). Genes in gray have functions unrelated to Met. Arrows 
point in the direction of transcription. Note that the examples come from 
diverse taxa and that the adjacent GTK and ω-Am genes can be in either 
order on the same or opposite DNA strand. (D) ATTED custom co-expressed 
gene network around Arabidopsis ω-Am (At5g12040) and GTK (At1g77670) 
genes. Other network genes include the Met salvage gene 5-methylthioribose 
kinase (MTK, At1g49820), and the glutamate- or aspartate-related genes IDH 
(isocitrate dehydrogenase, At5g14590), OTC (ornithine transcarbamylase, 
At1g75330), QPRT (quinolinate phosphoribosyltransferase, At2g01350), and 
ADSS (adenylosuccinate synthetase, At3g57610).  

  

http://pubseed.theseed.org/
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Figure 2-3. Purification of recombinant bacterial and plant ω-Am and GTK proteins.  (A) 
Ni-affinity purified recombinant GTK proteins:  1 - B. subtilis; 2 - Tomato (N-
terminal Nus-tag); 3 - Maize (N-terminal Nus-tag). Nus-tagged proteins 
underwent an additional size-exclusion step to remove breakdown products. 
(B) Ni-affinity purified recombinant ω-Am proteins: 1 - Tomato; 2 - 
GRMZM2G169365; 3 - GRMZM2G156486; 4 - Empty pET28b soluble, 
desalted fraction; B. subtilis soluble desalted fraction. 
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Figure 2-4. Analytical size exclusion chromatography of recombinant plant ω-Am and 

GTK proteins. Tomato, and two maize (GRMZM2G169365, 
GRMZM2G156486) ω-Am proteins with calculated molecular masses of the 
dimers as 55, 54, and 52 kDa, respectively. Nus-tagged maize and tomato 
GTK proteins as well as B. subtilis GTK were also found as dimers with 
calculated molecular masses of 432, 410, and 108 kDa, respectively. Open 
circles are calibration standards (kDa): cytochrome c (12.4), carbonic 
anhydrase (29), albumin (66), alcohol dehydrogenase (150), b-amylase (200), 
apoferritin (443), and thyroglobulin (669). 
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Figure 2-5. Substrate preferences of plant and bacterial GTK proteins. Purified 
recombinant GTKs from tomato, maize, and B. subtilis were assayed with 
various amino donors and acceptors. Activities were assayed by measuring 
formation of amino acid products as their o-phthaldialdehyde derivatives by 
HPLC. Values are expressed relative to the maximal activity observed (1.0) 
and are means of three replicates ± SE. The absolute values (katal mg-1 
protein) for the tomato, maize, and B. subtilis enzymes were: 0.01, 0.45, 9.88 
and 0.01, 0.27, and 13.77 for the amino donor and amino acceptor 
experiments, respectively. The threshold for activity detection for all enzymes 
was 0.3% of that with KMTB and glutamine as substrates. (A) Amino donor 
preferences. KMTB (5 mM) was used as amino acceptor. Amino acids used 
as amino donors are identified by their single letter codes. (B) Amino acceptor 
preferences. Glutamine (20 mM) was used as amino donor. The α-keto acids 
used as amino acceptors were: KMBT, phenylpyruvate (PhPyr), α-
ketoisocaproate (KIC), α-ketoisovalerate (KIV), and α-keto-β-methylvalerate 
(KMV).  
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Figure 2-6. Substrate inhibition of recombinant GTK enzymes. Non-linear regression 

curve fitting to the equation in A was used to estimate kinetic parameters for 
maize (B), tomato (C) and B. subtilis (D) GTK enzymes. Values are means of 
three replicate determinations ± SE. See text for kinetic parameters. 
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Figure 2-7. N-Terminal sequence alignments of plant, human, and bacterial GTK and ω-

Am proteins. Sequences were obtained from EST and genome databases. 
Putative alternative start Met residues are highlighted green. Red arrows 
indicate the first strongly conserved residue, inferred to be at the beginning of 
the mature protein. For tomato and maize proteins, the putative targeting 
sequence was removed for recombinant protein production and for 
subcellular localization studies (GFP and dual import). The adjusted start 
locations are underlined and bolded (these locations are the alternative start 
Met in ω-Am proteins and a Met inserted immediately before the indicated 
residue in GTKs). Representative mammalian (human) and bacterial (Bacillus 
subtilis, Nocardia, Clostridium) sequences are included for comparison.  
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Figure 2-8. In vitro translation and organellar import of tomato ω-Am and GTK. (A) Full-
length cDNAs (FL), full-length cDNAs with the putative alternative start Met 
changed to leucine (M2L; for ω-Am, Met65Leu; for GTK, Met43Leu), and 
truncated cDNAs beginning at the putative alternative start Met (T; for ω-Am, 
Δ1-64; for GTK, Δ1-42) were cloned into pGEM-4Z. Constructs acted as 
template for in vitro transcription and translation by a wheat germ system in 
the presence of [3H]leucine. Translated proteins were resolved by SDS-
PAGE and visualized by fluorography. The positions of molecular weight 
markers (kDa) are indicated. (B) Full-length cDNAs with the alternative start 
Met changed to leucine (ω-Am and GTK M2L), plus controls for mitochondrial 
(soybean alternative oxidase, GmAOX) or chloroplast (At1g60990) import, 
were transcribed and translated in vitro using a rabbit reticulocyte system plus 
[3H]leucine. The translation products were incubated in the light with mixed 
chloroplasts (C) and mitochondria (M), which were then repurified on a 
Percoll gradient, without (-) or with (+) prior thermolysin treatment to remove 
non-imported proteins. Note the faint but definite signal in the GTK M2L lane 
containing thermolysin-treated mitochondria, and the absence of such a 
signal for the control plastidial protein At1g60990, which has a stronger 
chloroplast import signal. Proteins truncated at the alternative start Met were, 
as expected, not imported into chloroplasts (not shown). Proteins were 
separated by SDS-PAGE and visualized by fluorography; exposure times 
were adjusted to give comparable band intensities. Samples were loaded on 
the basis of equal chlorophyll or mitochondrial protein content next to an 
aliquot of the translation product (P). The positions of molecular weight 
markers (kDa) are indicated.  
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Figure 2-9. Representative confocal images of tobacco BY-2 cells transiently-

expressing tomato ω-Am constructs C-terminally fused to GFP. Cells were 
biolistically bombarded with plasmid DNA encoding either a truncated (∆1-64 
ω-Am-GFP), wild-type full-length (ω-Am-GFP), or predicted plastid N-terminal 
targeting sequence only (1-89 ω-Am-GFP), fused to GFP. After ~8 h, cells 
were formaldehyde fixed, immunostained for endogenous N-acetyl glutamate 
kinase (NAGK), serving as a plastid marker protein, and examined by 
confocal microscopy. Each row of images corresponds to the fluorescence 
attributable to the candidate fusion protein and NAGK immunostaining (green 
or red, respectively), and the corresponding merged image. Solid arrowheads 
indicate examples of colocalization of the expressed protein and endogenous 
NAGK in plastids. No mitochondrial targeting was observed when cells were 
immunostained for endogenous mitochondrial cytochrome c oxidase subunit 
II (not shown). Bar in top left panel equals 10 µm. 
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Figure 2-10. Representative epifluorescence images of tobacco BY-2 cells transiently-

expressing tomato GTK constructs with a C-terminal-appended Myc tag. Cells 
were biolistically bombarded with plasmid DNA encoding either a truncated 
(∆1-42 GTK-Myc) or native full-length (GTK-Myc) Myc-epitope-tagged protein. 
After ~8h, cells were formaldehyde fixed, immunostained for the endogenous 
cytochrome c oxidase subunit II (CoxII), serving as mitochondrial marker 
protein, or plastidial NAGK, and examined by epifluorescence microscopy. 
Each row of images corresponds to the fluorescence attributable to the 
candidate fusion protein and CoxII or NAGK immunostaining (green or red, 
respectively), and the corresponding merged image. Hatched boxes 
represent the portion of the cell shown at higher magnification in the panels 
below. Solid arrowheads present in high magnification images indicate 
examples of colocalization of the expressed protein and endogenous NAGK 
in plastids. Truncated GTK-Myc was found not to colocalize with anti-NAGK 
immunostained cells (data not shown). Bar in top left panel equals 10 µm. 
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Figure 2-11.Growth of B. subtilis with 5-methylthioribose as sole sulfur source. Three 
independent isolates of wild type (WT), ω-Am (ΔmtnU), and GTK (ΔmtnV) 
strains were grown at 37°C for 19 or 42 h on ED minimal medium containing 
27 mM glucose, 15 mM L-glutamine, 0.1 mM 5-methylthioribose as sole sulfur 
source, and 0.8% agarose.  
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Figure 2-12. Synthetic oligonucleotides used in this study. 

  

Vector Gene Description of ORF Primer Name Sequence Restriction Site

Sl_wAm_Fwd CTTAGAATTCACCATGAGACTTGGATTCCTCTTC EcoRI

Sl_wAm_Rev GTGAGCATGCTTACTGAGAACTCGACCTCTG SphI

Truncated pG4z_SlwA_Tr_Fd CTAAGAATTCACCATGGCTTCCACTTTCAAGC EcoRI

pG4z_SlwA_Mut_F CTGCATCAGCTTCTTCCTTGGCTTCCACTTTCAAGCCC

pG4z_SlwA_Mut_R GGGCTTGAAAGTGGAAGCCAAGGAAGAAGCTGATGCAG

SlAT_4Z_Fwd GTTAGAGCTCACCATGCGAATCTGTAAAGCAATTCG SacI

SlAT_4Z_Rev CTACAAGCTTTCACTTCTTTGACAGCTTCTCC HindIII

Truncated pG4z_SlAT_Tr_Fd CTTAGAGCTCACCATGGCCACCGCTTCAACCC SacI

pG4z_SlAT_Mut_F CCACAAAATACTCTTCTACATTGGCCACCGCTTCAACCC

pG4z_SlAT_Mut_R GGGTTGAAGCGGTGGCCAATGTAGAAGAGTATTTTGTGG

SlωAmGFP-Fd   CTTCTCATGAGACTTGGATTCCTCTTC  BspHI

SlωAmGFP-Rv   GACATCATGACCTGAGAACTCGACCTCTGTAC BspHI

Truncated 1-64TrSlωAmGFP-Fd CTACCCATGGCTTCCACTTTCAAG NcoI

Pre-sequence 1-89-SlωAm-GFP-Rv CTCATCATGACCTTAGTGATAGGAGGAGAGGG  BspHI

SlAT-Myc-Fd  GCTCTAGAATGCGAATCTGTAAAGCAATTCG XbaI

SlAT-Myc-Rv GCTCTAGACTTCTTTGACAGCTTCTCCTTC XbaI

Truncated 1-42TrSlAT-Myc-Fd GCTCTAGAATGGCCACCGCTTCAACCCAG XbaI

BswApET28_Fwd  CTACTCATGAAATGGACGATATCTTGTC BspHI

BswApET28_Rev  CTACCTCGAGATATAAATCTTTTCTGATATCATCG XhoI

pET-SlwA-Fwd  ACTGACCCATGGCTTCCACTTTCAAGC NcoI

pET-SlwA-Rev   GTCAGTGTCGACCTGAGAACTCGACCTCTGTA   SalI

pET-Maize-Fwd      ACTGACCCATGGCCTCCGCCCCCA NcoI

pET-169365-Rev  GTGAGTGTCGACCTGAGAACCCAGTCTCTGGA SalI

pET-156486-Rev     GTGAGTGTCGACATGAGAACCCAGCCTCTGGA SalI

BsGTKpET28_Fwd  CTACTCATGAAATTTGAACAGTCTCATGT BspHI

BsGTKpET28_Rev  GTTGCTCGAGTAAGGTCTTGTCAATGCTTTTTTG XhoI

SlAT-pET43-Fwd  CTACGGATCCATGCCTAAGCCTATTCAGGTTGCC BamHI

SlAT-pET43-Rev   CTCAGTCGACTCACTTCTTTGACAGCTTCTCC SalI

ZmpET43-265-Fwd GTACGGATCCATGCAGCGGCCCGTGCAGG BamHI

ZmpET43-265-Rev CAGTCTCGAGTCATTTCCTCCTGAGCTTCG XhoI

mtnU-Fwd GATCGGATCCACGGAAAACCTTCGGAAAAT BamHI

mtnU-Rev GATCGGATCCCTGTACTCTTTAATGATTTGCCC BamHI

mtnV-Fwd GATCGGATCCGGAATTGCCTAAACAATTCTTCG BamHI

mtnV-Rev GATCGGATCCGTATCACCGGGATTCAACAAG BamHI

pET43.1a

Full length

pRTL2/Nhe I-myc 
Tomato 

GTK

Tomato 

GTK

Maize GTK

pGEM-4z

Tomato ω-

amidase

 Full Length

M65L

Tomato 

GTK

 Full Length

M43L

pJM103

 B. subtilis 

ω-amidase

 B. subtilis 

GTK

Full length

pUC18/Nco I-mGFP 

Full Length

Tomato ω-

amidase

 Full Length

Predicted targeting 

peptide removed

Predicted targeting 

peptide removed

pET28b

 B. subtilis 

ω-amidase

Tomato ω-

amidase

Maize ω-

amidases

 B. subtilis 

GTK
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CHAPTER 3 
GLUTAMINE TRANSAMINASE K AND OMEGA-AMIDASE ANTISENSE LINES IN 

TOMATO 

Background 

The Impact of Met and AdoMet on Growth, Development and Genome Stability 

Methyltransferases rely upon AdoMet as universal methyl donor and have a vast 

array of biological targets.  In plants and animals, the organization of chromatin 

structure is largely affected by the methylation patterns of histone proteins and DNA (He 

G. et al., 2011; Roje, 2006).  These methylation patterns contribute to the epigenetic 

landscape of the eukaryotic genome and are involved in diverse biological processes 

(He G. et al., 2011; He X. et al., 2011).With respect to the plant genome, DNA 

methylation participates in the suppression of the activity of transposons and other 

repetitive sequences, as well as regulating gene expression (He G. et al., 2011; He X. 

et al., 2011).  Some of these epigenetic marks are transferred through to the next 

generation in a process known as imprinting (Gehring, 2013).  Histone modifications 

occur as post-translational covalent modifications at the N-terminal tail of the histone 

protein (He G. et al., 2011).  These modifications are also important to the regulation of 

gene expression and response to environmental inputs including stress, pathogen 

attack, temperature, and light (Pfluger and Wagner, 2007).   

In addition to the role of AdoMet as a methyl donor in plant growth, development, 

and genome stability, its role as a precursor for ethylene and polyamines adds to the 

biological importance of this compound.  Ethylene is also known to be involved in 

regulation of growth, development, and responses to stress and pathogen attack in 

plants (Bleecker and Kende, 2000).  Polyamines (PAs) are found in all living organisms, 

play roles in development and stress responses, and are positively charged at cellular 
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pH values.  PAs are also known to chemically interact with DNA, RNA, phospholipids, 

and some proteins (Roje, 2006; Sauter et al., 2013). With AdoMet underpinning such 

important biological processes we were interested in the role that the Met salvage cycle 

has in planta.  Particularly, during green fruit maturation the process of 

endoreduplication is occurring (Bourdon et al., 2012), and with this increase in DNA 

synthesis, the metabolic load of polyamine biosynthesis also increases (Paschalidis and 

Roubelakis-Angelakis, 2005).  During ripening there is an increase in ethylene 

biosynthesis along with an increase in transcription of the E8 fruit specific promoter 

(Deikman et al., 1992).  These biological phenomena are the main reasons why tomato 

was selected as the model system for determining in planta effects of GTK and ω-Am 

antisense lines.   

Tomato as a Model System 

The major advantage of using tomato as the model system, aside from its 

genetic and genomic resources, is the fact that modifying a specific tissue (i.e. fruit) 

limits potential deleterious effects for the whole plant. Considering the mild growth 

phenotype observed for the B. subtilis ω-Am, and no observable growth phenotype for 

B. subtilis GTK (as described in Chapter 2) we hypothesized that the primary validation 

of gene function would be perturbation of the KMTB and KGM pools.  The fruit is an 

ideal system for evaluating such effects because fruit tissues undergo periods of rapid 

cell division and expansion.  During these times, there are strong requirements for Met 

and AdoMet-associated metabolism. This will allow for any direct effects on metabolite 

pools to be readily assessed in fruits over short or extended time periods. 
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Design of Antisense Constructs 

In order to limit the transgene expression to the fruit, we used two promoters. 

The first was the E8 promoter, which is active only in fruit tissues, is ripening-specific, 

and ethylene responsive (Deikman et al., 1992; Deikman et al., 1998). The second was 

the Tfm7 promoter, which is expressed in all fruit tissues from anthesis to the onset of 

ripening (Santino et al., 1997).  These two promoters were selected with the goal of 

limiting the expression of GTK and ω-Am when there was a large metabolic burden on 

the Met salvage cycle.  For the E8 promoter the metabolic load would be ethylene 

biosynthesis and for the Tfm7 promoter it would be polyamine biosynthesis, during 

endoreduplication as the green fruit matures.  A constitutive promoter, the Figwort 

Mosaic Virus (FMV) promoter was also used to determine if there would be a metabolic 

perturbation if the expression of GTK and ω-Am was universally limited.   

Experimental Plan for Transgenic Tomato Lines 

The approach used to produce antisense lines is to first obtain at least 20 

independent transgenic events for each construct.  This is followed by the use of 

quantitative RT-PCR to choose, for each construct, three or more independent events 

that exhibit maximal reduction in gene expression. The Micro-Tom cultivar was selected 

to efficiently use the growth space that was available.   

The overall goal after 3 or more lines with maximal reduction in gene expression, 

were selected, was to evaluate both metabolite profiles and overall phenotypes in T1 

generation plants.  For E8 antisense lines, time from breaker stage to red ripe was to be 

measured, in addition to ethylene synthesis.  For TFM7 antisense lines, time from 

anthesis to breaker stage (onset of ripening) was to be measured, along with fruit size, 

and ethylene synthesis.  Overall growth effects in the FMV antisense lines was to be 
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assessed by measuring seedling growth rates, time to first flowering, and time from 

anthesis to fruit ripening. Ethylene synthesis, which as stated above, depends on 

AdoMet, was to be assessed during fruit ripening.  These lines were to also be grown 

for metabolomic profiling, with the fruit as the target tissues for plants containing the E8 

and Tfm7 constructs.  Target tissues for plants containing the constitutive FMV 

construct would be roots, stem, leaf and fruit.  KMTB is commercially available as a 

standard, and KGM as a standard will be prepared as described in Chapter 2. 

Results 

Expression Analysis of Antisense Tomato Lines 

Tomato lines were confirmed to contain the antisense expression construct 

before RNA was extracted from either fruit or leaves of the transgenic plants.  WT 

Micro-Tom seeds were germinated for parallel growth upon arrival of the transformed 

plantlets, which were prepared at the University of Nebraska.  Expression analysis by 

quantitative PCR (qPCR) for all lines transformed with the three antisense GTK 

constructs displayed no reduction in expression levels relative to GTK expression in WT 

fruit or leaves (Figure 3-1).  The two most likely explanations for these results are (i) the 

annealing site of the primers overlapped with the sequence that would have been 

expressed strongly under each respective promoter (ii) the construct was not at all 

effective at producing an antisense mRNA which would then have resulted in reduction 

of measurable transcript.  To address the first possibility, the second primer set that was 

designed for GTK included a forward primer which had an annealing site in the 5’ 

untranslated region of the tomato GTK gene.  The 5’ region was not used in the design 

of the antisense construct and thus this primer pair should have been able to determine 

if the primer design was the issue at hand.  As presented in Figure 3-1, each primer set 
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gave similar results, where there was no reduction in transcript abundance of GTK.  

This suggests that the second explanation, where the construct was ineffective, ismore 

likely to be the cause of this result.   

In the case of all three antisense ω-Am constructs, at least one line of each set of 

transgenic plants had reduced transcript abundance compared to WT ω-Am levels 

(Figure 3-2).   In the case of pMON10086-ω-Am, line ω-Am 2 had just under 10% 

expression (Figure 3-2 A).  Transcript knockdown for pHK-Tfm7-ω-Am was not as 

dramatic as about 30% transcript level remained detectable (Figure 3-2 B).  The 

construct encoding the constitutive FMV promoter resulted in one line with <10% 

transcript abundance (ω-Am 10), and several other lines with approximately 20% 

measurable transcript of ω-Am (Figure 3-2 C).  While there were still transgenic plant 

lines where transcript level was relatively unchanged compared to WT, the fact that 

some lines had a drastic reduction confirmed that the antisense construct design (same 

strategy for each gene) was effective for at least one of the genes of interest. 

Discussion 

Considering that no growth phenotype was observed for the GTK B. subtilis 

mutant work described in Chapter 2, it seems reasonable to extrapolate the biological 

possibility that other transaminases would act on KMTB in tomato as well.  Perhaps 

even if GTK were to carry the majority of the flux in vivo for the Met salvage cycle, upon 

knockdown of GTK, KMTB would accumulate to the point where other transaminases 

would potentially act on this substrate.  It seems plausible that high resolution 

metabolomics analysis would have been able to detect such a (potentially minor) 

metabolic phenotype.  The ω-Am antisense lines that exhibited the most severe 

reduction in measurable transcript would be well suited to determine if there was in fact 
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a metabolic phenotype, where the concentration of KGM would be elevated.  Upon 

successful determination of a metabolic phenotype through targeted metabolomics, it 

would have been interesting to analyze if metabolic perturbations rippled through the 

rest of methyl group metabolism.  If significant perturbations in methyl metabolism were 

identified, targeting bisulfite sequencing could be an appropriate follow up experiment.  

Considering the tomato methylome has recently been published (Zhong et al., 2013) 

genomic loci affecting growth and development could be probed to determine if these 

perturbations persisted through to epigenetic changes.   

As metabolite repair enzymes, the activity of GTK and ω-Am would be integral to 

normal growth and development.  During times of stress, the failure of these enzymes 

could threaten not just the metabolic pathways discussed above but also the 

epigenome.  Perhaps, based on B. subtilis mutant data presented in Chapter 2, ω-Am 

knockdown plants provided the best opportunity to determine the in planta metabolic 

role of this enzyme.  Therefore, the ω-Am knockdown lines would be worthwhile to 

pursue for the purpose of  determining whether a metabolic phenotype exists. 

Experimental Procedures 

Bioinformatics 

Protein sequences were taken from GenBank and Solgenomics.net.  Antisense 

constructs were prepared and included 3’ untranslated region with the goal of added 

siRNA specificity.  Primers used for expression analysis were designed using Primer 

Express 3.0 software (Applied Biosystems) according to the manufacturer’s 

recommendations (optimal melting point, 60°C; optimal primer length, 20 bp; amplicon 

length, 60–80 bp). These and primers used for cloning are listed in Figure 3-3. 
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Cloning 

Tomato (Solanum lycopersicum cv. Floridade) cDNA provided by H.J. Klee 

(University of Florida) served as template to amplify the sequences of GTK 

Solyc11g013170 and ω-Am Solyc08g062190 used for preparation of antisense 

constructs. Amplifications used PfuTurbo DNA polymerase (Stratagene) and primers 

(Fig. 3-3) designed with restriction sites to allow cloning of amplicons into pMON10086, 

pGen7nos, and pFMV.  In the case of the latter two constructs, NotI was used to excise 

and subclone the promoter and antisense sequence into the binary vector pHK1001.All 

constructs were confirmed by sequencing and were kindly provided by H.J. Klee 

(University of Florida). 

Transgenic Plants 

Micro-Tom tomato seeds (Ball Seed Company) were sent along with sequenced 

constructs to the Plant Transformation Research Core Facility at the University of 

Nebraska for transformation with Agrobacterium strain ABI.  Plantlets containing the 

pMON10086-ωAm, pMON10086-GTK, pHK-Tfm7- ωAm, pHK-Tfm7- GTK, pHK-FMV-

ωAm or pHK-FMV-GTK construct were identified by PCR performed on genomic DNA 

prepared using primers located within the Kanamycin resistance gene in each construct 

and primers located within the naturally occurring ACC gene were used as a genomic 

DNA control.   Plants were grown at 23°C for 16 h of light.  Plants transformed with 

pMON10086 and pHK-TFM7 had their fruit harvested, seeds removed and the fruit 

tissue was frozen in liquid nitrogen and stored at -80°C until RNA was extracted.  Leaf 

samples were removed from plants transformed with pHK-FMV frozen in liquid nitrogen 
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and stored at -80°C until RNA was extracted.  These plants too had seeds removed and 

stored for future work. 

Quantitative PCR 

Total RNA was prepared from fruit tissues using Plant/Fungi Total RNA 

Purification Kit (Norgen Biotek). Possible genomic DNA contamination was removed by 

DNase treatment (Qiagen). RNA was quantified spectrophotometrically, and 1 µg of 

RNA of each plant line was used for cDNA synthesis.  cDNA was synthesized using 

SuperScript® III First-Strand Synthesis System for RT-PCR (Invitrogen). The provided 

procedure was followed except for the cDNA synthesis step where the reactions were 

incubated at 50°C for 30 min followed by 55°C for 1 h.  Real-time PCR quantification 

was performed in a 96-well plate with StepOnePlus real-time PCR system.  The primers 

used to amplify DNA fragments of GTK and ω-Am are listed in Figure 3-3.  Primer 

concentration was optimized (50-900 nM) and the concentrations leading to the lowest 

threshold cycle values (CT) were used to calculate amplification efficiency.  Standard 

conditions were used with EvaGreen 2X qPCR MasterMix-ROX (ABM) (95°C for 10 min 

and 40 cycles of 95°C for 15 s, 60°C for 1 min, and 72°C for 30 s). The 2–ΔΔC
T 

quantification method (Schmittgen and Livak, 2008) was used for quantification, with an 

actin gene (GenBank XM_004235020) as internal reference.  Gene of interest (GTK or 

ω-Am) expression levels were expressed relative to levels found in the appropriate WT 

sample (fruit or leaf cDNA). 
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Figure 3-1. Transcript level of GTK in transgenic tomato lines.  Transgenic tomato lines 
contained: (A) pMON10086-GTK antisense construct; (B) pHK-Tfm7-GTK 
antisense construct; (C) pHK-FMV-GTK antisense construct.  Relative levels 
of mRNAs were determined by quantitative polymerase chain reaction 
(qPCR) using the 2 –ΔΔC

T quantification method with actin as internal 
reference.  Values are means and SD from three technical replicates. Results 
are expressed relative to GTK levels present in WT fruit (A, B) and WT leaf 
(C).  Two different primer sets were used to corroborate no observed 
reduction in GTK gene expression. 
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Figure 3-2. Transcript level of ω-Am in transgenic tomato lines.  Transgenic tomato lines 
contained: (A) pMON10086- ω-Am antisense construct; (B) pHK-Tfm7- ω-Am 
antisense construct; (C) pHK-FMV- ω-Am antisense construct.  Relative 
levels of mRNAs were determined by quantitative polymerase chain reaction 
(qPCR) using the 2 –ΔΔC

T quantification method with actin as internal 
reference.  Values are means and SD from three technical replicates. Results 
are expressed relative to ω-Am levels present in WT fruit (A, B) and WT leaf 
(C).   
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Figure 3-3. Synthetic oligonucleotides used in this study. 

  

Vector Gene Primer Name Sequence Restriction Site

pMON_wAM_Fwd CTGAGCGGCCGCCTAAAGAACAATAACATTATTACAT NotI

pMON_wAM_Rev CTAGGGCGCGCCATGAGACTTGGATTCCTCTTCT AscI

pMON_TA_Fwd CTGAGCGGCCGCTACGCTTCAATTATCAAATGTCT NotI

pMON_TA_Rev CTAGGGCGCGCCATGAATTAGTATCTATCTACCAC AscI

Tfm7_wAM_Fwd CTGAGAGCTCCTAAAGAACAATAACATTATTACAT SacI

Tfm7_wAM_Rev CTAGGAGCTCATGAGACTTGGATTCCTCTTC SacI

Tfm7_TA_Fwd CTGAGAGCTCTACGCTTCAATTATCAAATGTCT SacI

Tfm7_TA_Rev CTAGGAGCTCATGAATTAGTATCTATCTACCAC SacI

FMV_wAM_KpnF CTGAGGTACCCTAAAGAACAATAACATTATTACAT KpnI

pMON_wAM_KpnR CTAGGGTACCATGAGACTTGGATTCCTCTTCT KpnI

FMV_TA_KpnF CTGAGGTACCTACGCTTCAATTATCAAATGTCT KpnI

pMON_TA_KpnR CTAGGGTACCATGAATTAGTATCTATCTACCAC KpnI

ω-amidase wAM_Int_Fd GGATAGCAGATCAGGTGAGC

GTK TA_Int_Fd CGTCATTCTCAATGCACAGAG

Tfm7_Fwd_Seq GAATGGGTGTGTTAAAGAGC

Kan_Fwd GATGCGCTGCGAATCGGG

Kan_Rev TCGGCTATGACTGGGCACAACA

SlACCsyn_Fwd GACCAGTTGTCAATACATACGC

SlACCsyn_Rev TTAGCGGCAATGCTATCGGACG

qPCR-wAm-F1 TTGGGGTTGAGGAAAGAGAA

qPCR-wAm-F2 GAAATTGAAATTGAAATGAGACTTG

qPCR-wAm-R1 TGGGTTGCTGTTAGTGGTTG

qPCR-wAm-R2 GGGATGAAGTGAAAGGGATG

qPCR-GTK-F1 TCGGATGAATTAGTATCTATCTACCAC

qPCR-GTK-F2 CCAATAAATACGGATGCGAATC

qPCR-GTK-R1 TGGGAAAATTGCGAAGAATG

qPCR-GTK-R2 CGGTGGCCATTGTAGAAGAG

Actin-F1 GAAATAGCATAAGATGGCAGACG

Actin-F2 GTGAGGATATTCAGCCCCTTGT

Actin-R1 ATACCCACCATCACACCAGTAT

Actin-R2 CAGCAAATCCTGCCTTAACCA

pMON10086

ω-amidase

GTK

NPTII

ω-amidase

GTK

Actin

qPCR primers

ω-amidase

GTK

pGen7nos

ACC

pFMV

ω-amidase

GTK

Sequencing 

primers
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CHAPTER 4 
CONCLUSIONS 

This study set out to determine whether the evidence that was accumulated 

through comparative genomic methods could address the gap in knowledge that existed 

in the Met salvage cycle.  The enzymes performing the final step of the salvage cycle 

had not been definitely assigned.  Either there was a specific transaminase that was 

responsible for this reaction and it had not been identified or several general 

transaminases were capable of converting KMTB to Met.  Biochemical logic suggests 

that general transaminases would not be an ‘ideal’ solution to this metabolic issue due 

to the inherent instability of KMTB, and the characteristic of general transaminases to 

be readily reversible, therefore not minimizing the accumulation of the labile KMTB.  

This logic, along with comparative genomic evidence, both genomic and post-genomic, 

led to the hypothesis that a specific type of transaminase, a glutamine dependent 

transaminase, was responsible for the final reaction of this pathway.  In mammalian 

literature, biochemical experiments described glutamine transaminase K as having a 

high specificity for KMTB.  In addition, the product of this reaction is a unique keto acid, 

KGM, that spontaneously cyclizes at physiological conditions.  In the linear form, KGM 

is acted upon by an ω-Am, which hydrolyzes the terminal amino moiety producing α-

ketoglutarate and ammonia.  Together these two enzymes not only ‘pull’ this 

transamination step towards Met formation, but they then limit the buildup of the labile 

KMTB and potentially toxic KGM.  Minimizing the abundance of compounds such as 

these puts these enzymes in the category of metabolite repair reactions.  While 

biochemical characterization of the tomato, maize and B. subtilis homologs of GTK and 

ω-Am indicated that these enzymes had activities on the substrates of interest close to 
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published mammalian and bacterial values, in vivo functional complementation was not 

successful.  Insertional mutants of GTK and ω-Am were prepared in the commonly used 

gram-positive model organism B. subtilis.  When the sulfur source in the medium was 

limited to MTR, an intermediate in the Met salvage cycle, there was only a slight growth 

retardation observed in the ω-Am mutants.  The GTK mutants had no observable 

growth phenotype on plates.  Attempts at complementing the mild phenotype in the ω-

Am mutant were unsuccessful.  This left the primary evidence for function of these two 

enzymes resting on in vitro biochemical experiments.  The plant homologs were found 

to have an N-terminal extension in their amino acid sequence compared to the 

prokaryotic homologs.  This type of extension suggests organellar targeting.  When it is 

considered that the other Met salvage cycle enzymes are all present in the cytosol, and 

this is where Met salvage takes place, organellar targeting is a direct contradiction to 

function if these enzymes are not even present in the required cellular location.  

Interestingly, it was determined that both the tomato and maize homologs of GTK and 

ω-Am encoded alternative start sites, which upon experimentation with fluorescent 

fusion proteins confirmed that each protein was localized to the cytosol and to plastids 

(in the case of GTK, mitochondria as well).  These results mean that these two enzymes 

are localized in the same cellular compartment as the pathway in which they are 

implicated.   

The presence of alternative start sites, the weak growth phenotypes observed for 

B. subtilis mutants and the comparative genomics evidence that GTK and ω-Am may 

perform alternate reactions feed into the theme of biological ‘messiness’.  The solid, in 

vitro biochemical characterization of GTK and ω-Am provide evidence for involvement 
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in the Met salvage cycle, however, additional biological roles cannot be excluded.   

Selective pressure appears to have retained the genomic proximity and context of 

prokaryotic GTK and ω-Am (Figure 2-2 C), but GTK may not be the sole enzyme 

capable of acting on KMTB.  The stability of KMTB and the toxicity of KGM have been 

mentioned earlier, but if the fitness or survival of a given organism is at stake, it is 

beneficial to that organism to have multiple means to remove or detoxify these 

compounds.  Natural selection therefore could have been the driving force for 

alternative enzymes to act on these compounds.  The above is just one potential 

explanation for the in vivo B. subtilis results described in Chapter 2.  However, it does 

seem that the comparative genomics evidence and the dual targeting of these enzymes 

suggest they have a larger biological role.  If this is the case for these two enzymes, the 

biological capacity of other enzymes must be larger than previously thought.  Once 

again feeding into the thought that biology is ‘messier’ that currently held, and 

metabolite repair is a great deal more prevalent than previously imagined. 
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APPENDIX A 
ADDITIONAL COMPARATIVE GENOMICS 

Evidence for the concerted action of GTK and ω-Am to complete the methionine 

(Met) salvage cycle was presented in Chapter 2.  Specifically, comparative genomics 

techniques provided some of the first evidence for this functional association. In addition 

to the Met salvage connection, GTK and ω-Am were found present, and sometimes 

clustered, in genomes where the Met salvage cycle was absent (Figure 2-2).  This 

observation suggested that GTK and ω-Am may work together in metabolic processes 

aside from Met salvage.  A general role was proposed for mammals (Cooper, 2004) 

where GTK and ω-Am could possibly prevent accumulation of abnormal, potentially 

toxic α-keto acids.  Side-reactions of aminotransferases with amino acids that are not 

their primary substrates could produce such α-keto acids.  Fitting well with this 

hypothesis were the modest activities of the B. subtilis and plant GTKs with 

phenylpyruvate and α-ketoisocaproate.  The coupled and irreversible nature of the 

GTK/ω-Am system allows abnormal α-keto acids to be converted back to the parent 

amino acids. 

In an attempt to gain a better understanding of the possible additional metabolic 

roles, comparative genomics were once again used to determine if additional 

hypotheses of function could be established.  Associations listed on the STRING 

database for B. subtilis GTK and ω-Am yielded no obvious functional associations that 

were not already tied to Met salvage or Met metabolism.  The next line of inquiry was 

based upon plant co-expression data, freely available on ATTED (http://atted.jp/).  The 

underlying reason for using Arabidopsis co-expression data is related to the discovery 

that alternative start sites were found to be responsible for cytosolic and organellar 

http://atted.jp/
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localization of GTK and ω-Am.  The role of GTK and ω-Am in the cytosol was stated to 

be with Met salvage, however their role in organelles remained unclear.  Therefore, by 

identifying plant genes that are co-expressed with GTK and ω-Am, any associations 

found with prokaryotic homologs of these genes may assist with identifying an 

alternative metabolic (and potentially organellar) role.   

The Arabidopsis GTK and ω-Am homologs (At1G77670 and At5G12040, 

respectively) were used as the input for ATTED.  There were three different genes listed 

in a co-expression gene network with GTK or ω-Am (Figure A-1), each of which had a 

strong homolog in B. subtilis.  The benefit to identifying prokaryotic homologs is that 

these genes can be added as functional roles alongside GTK and ω-Am to identify any 

genomic associations.  

Upon analysis of these genes in the SEED database (http://pubseed.theseed.org/) 

argininosuccinate synthase (argG) was found to cluster with ω-Am in Blautia 

hydrogenotrophica. While additional clustering of these two genes was not present, of 

the 4846 genomes that encode ω-Am, 4802 (99%) of those also encode argG. 

Interestingly, additional genes encoding enzymes involved with arginine (Arg) 

biosynthesis were also found to cluster with ω-Am, and occasionally GTK as well 

(Figure A-2), in total 73 genomes were found to have such clustering. Included in these 

gene clusters was an enzyme encoding an aminotransferase, acetylornithine 

aminotransferase (ArgD) that converts N-acetylglutamate-5-semialdehyde to N-

acetylornithine (Figure A-2). The co-occurrence of ω-Am and argD was again strong 

where of the 4846 genomes that encode ω-Am, 4323 (89%) also encode argD. Along 

http://pubseed.theseed.org/
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with the clustering evidence, the co-occurrence also adds to the evidence that Arg 

biosynthetic genes may be functionally associated with GTK and ω-Am. 

The first four steps of Arg biosynthesis are strongly conserved in plants (Slocum, 

2005); these steps originate with glutamate as outlined in Figure A-2A.  The most 

important detail about the corresponding plant enzymes is that their activity has been 

found in the chloroplast (Jain et al., 1987; Slocum, 2005).  Specifically, Arabidopsis 

acetylornithine aminotransferase (At1g80600) was found to localize to the chloroplast 

(Frémont et al., 2013). Thus the prokaryotic genomic clustering and this localization 

information suggest a functional association between GTK, ω-Am and Arg biosynthesis.  

Next experimental steps would be to screen N-acetylglutamate-5-semialdehyde or other 

semialdehydes with similar carbon chain lengths as substrates for GTK.  In addition, 

any known damage products of these pathway intermediates would have to be 

identified and then also screened to determine if any activity can be found for GTK or ω-

Am. 

Another potential connection to amino acid metabolism was found when 

analyzing the genes which clustered around GTK and ω-Am.  The gene encoding 

diaminopimelate epimerase (DapF, EC 5.1.1.7), which is involved in lysine biosynthesis 

(Figure A-3) was found to cluster with GTK in Dethiobacter alkaliphilus.  Upon further 

analysis it was determined that GTK has close homology to LL-DAP aminotransferase 

(DapL, EC 2.6.1.83) and that the annotation of DapL was not accurate.  Once corrected, 

GTK did not cluster with Lys biosynthesis genes, but of the 8275 genomes that 

contained dapL, clustering with at least one other Lys biosynthesis gene was found in 

37% of those genomes (3076) (Figure A-3B). In addition to this clustering evidence, it is 
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interesting to note how close in homology GTK proteins are to DapL proteins by means 

of phylogenetic analysis (Figure A-4).  This tree shows that prokaryotic and eukaryotic 

GTK homologs are found closer to DapL homologs than the other aminotransferases 

involved in Lys biosynthesis.  With this information it would be interesting to determine if 

there is any overlap in substrate specificity between the two enzymes.  It is particularly 

interesting because in Arabidopsis, there is a DapL homolog that is predicted to be 

targeted to the chloroplast (Hudson et al., 2006).  If there was an overlap between the 

substrate specificities of the two enzymes, an additional metabolic role for the GTK/ω-

Am system may be acting upon intermediates in Lys biosynthesis.  The first compound 

of the pathway to assay against GTK would be L-2,3,4,5-tetrahydrodipicolinate as this is 

the named substrate of DapL. Again, further inquiry into any common breakdown 

products of this pathway would provide more substrates to test. 

These two examples provide a framework from which to determine the organellar 

metabolic role of GTK/ω-Am.  While these examples do not suggest a hypothesis as 

specific as that developed for Met salvage, they do suggest new compounds to screen 

as substrates. Chemical knowledge of the compounds in Arg and Lys biosynthesis, as 

well as being able to predict potential breakdown products would help to further target 

the next experimental steps.   

If specific compounds were found to be good substrates in vitro, subcellular 

fractionation could be performed to isolate chloroplasts in an attempt to confirm the 

activity in vivo. The major issue with this experiment is that if GTK and ω-Am are in fact 

‘moonlighting’ and performing a reaction that can also be completed by another 

enzyme(s) there would be no clear way to determine which enzyme was responsible for 
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the activity.  The next step would be to identify the best bacterial model system in which 

to generate knockout strains in Arg or Lys biosynthesis pathway. These mutants may 

result in stronger growth phenotypes to be observed to validate in vivo function of GTK 

and ω-Am in this additional metabolic role. 
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Figure A-1.  Arabidopsis genes coexpressed with GTK and ω-Am.  ATTED 

coexpression database listed the above genes as present in a co-expression 
network with either GTK or ω-Am.  B. subtilis homologs were found using the 
protein BLAST tool present in the SEED database 
(http://pubseed.theseed.org/). 

 
  

B. subtilis  homolog

At3g18130 Receptor for activated C kinase 1C DNA mismatch repair protein MutS

At4g24830 Arginosuccinate synthase family Argininosuccinate synthase (EC 6.3.4.5)

At4g37910 Mitochondrial heat shock protein 70-1 Chaperone protein DnaK

B. subtilis  homolog

At1g23190 Phosphoglucomutase/phosphomannomutase family protein Adenylosuccinate synthetase (EC 6.3.4.4)

At5g66120  3-dehydroquinate synthase, putative 3-dehydroquinate synthase (EC 4.2.3.4)

At2g01350  Quinolinate phoshoribosyltransferase Quinolinate phosphoribosyltransferase [decarboxylating] (EC 2.4.2.19)

Arabidopsis GTK Associations

Arabidopsis ω-Am Associations

http://pubseed.theseed.org/
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Figure A-2. Connection of arginine (Arg) biosynthesis to GTK and ω-Am pathway.  (A) 

Beginning with glutamate, ornithine is produced after five enzymatic steps. 
ArgA, N-acetylglutamate synthase (EC 2.3.1.1); ArgB, Acetylglutamate kinase 
(EC 2.7.2.8); ArgC, N-acetyl-gamma-glutamyl-phosphate reductase (EC 
1.2.1.38); ArgD, Acetylornithine aminotransferase (EC 2.6.1.11); ArgE, 
acetylornithine deacetylase (EC:3.5.1.16).  (B) Examples of clustering of GTK 
and ω-Am with Arg biosynthesis genes (in green). Genes in gray have 
functions unrelated to Arg. Arrows point in the direction of transcription. Also 
listed is ArgG, Argininosuccinate synthase (EC 6.3.4.5). 
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Figure A-3. DAP-lysine biosynthesis pathway. (A) Variants of Lys biosynthesis 

(retrieved from Hudson et al., 2008). Listed enzymes are as follows: DapA, 
dihydrodipicolinate synthase (EC 4.2.1.52); DapB, dihydrodipicolinate 
reductase (EC 1.3.1.26); DapC, succinyldiaminopimelate aminotransferase 
(EC 2.6.1.17); DapD, L-2,3,4,5-tetrahydrodipicolinate succinyltransferase (EC 
2.3.1.117);  DapE, succinyldiaminopimelate desuccinylase (EC 3.5.1.18); 
DapF, DAP epimerase (EC 5.1.1.7); LysA, m-DAP decarboxylase (EC 
4.1.1.20); Ddh, DAP dehydrogenase (EC 1.4.1.16); DapL, LL-DAP 
aminotransferase (EC 2.6.1.83). (B) Examples of genomic clustering of Lys 
biosynthesis genes. Arrows point in the direction of transcription. Additional 
genes: LysC, Aspartokinase (EC 2.7.2.4); Asd, Aspartate-semialdehyde 
dehydrogenase (EC 1.2.1.11). 

  



 

88 

 
Figure A-4. Phylogenetic analysis of GTK and variants of diaminopimelate 

aminotransferases. Sequences were aligned with ClustalW; the tree was 
constructed by the neighbor-joining method (Saitou and Nei, 1987) with 
MEGA5. The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (1000 replicates) are shown next to 
the branches (Felsenstein, 1985). The tree is drawn to scale, with branch 
lengths in the same units as those of the evolutionary distances used to infer 
the phylogenetic tree. The evolutionary distances were computed using the 
Poisson correction method (Zuckerkandl and Pauling, 1965) and are in the 
units of the number of amino acid substitutions per site.  
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APPENDIX B 
CYCLIZATION OF α-KETOGLUTARAMATE 

The kinetic analysis of ω-amidase (ω-Am) enzymes presented in Chapter 2 had 

to take into account an important property of the substrate α-ketoglutaramate (KGM).  In 

solution, KGM undergoes a reversible cyclization reaction to form a cyclic lactam (2-

hydroxy-5-oxoproline) (Hersh, 1971; Meister, 1953).  At neutral pH, the equilibrium 

heavily favors the cyclic form over the open-chain form (99.7%:0.3%, respectively) 

(Hersh, 1971). Therefore, particularly at pH 8.0 or below, the rate of the ω-Am 

enzymatic reaction is potentially  limited by the rate of spontaneous hydrolysis of the 

predominant cyclic form because this form cannot be hydrolyzed by ω-Am (Figure B-1) 

(Hersh, 1971; Jaisson et al., 2009; Krasnikov et al., 2009).  All enzyme assays were 

performed at pH 8.5, where the rate of ring opening is less problematic (Hersh, 1971).  

However, even at this pH value, the amount of ω-Am used in assays must be carefully 

adjusted to ensure that the rate limiting step of the reaction is enzymatic and not the 

opening of the cyclic form. The appropriate amount of ω-Am was determined by 

assaying KGM with a range of ω-Am amounts (Figure B-2). The ideal result would be a 

doubling of the amount of α-ketoglutarate (αKG) produced with the doubling of the 

reaction time.  The quantity of ω-Am used would be deemed too great if upon doubling 

the enzyme amount, the measured αKG did not respond by also doubling.  Given those 

criteria, the amount of tomato ω-Am that is appropriate is 5 ng (Figure B-2A), and 10 ng 

for the maize enzymes (Figure B-2B). These quantities of ω-Am ensured that the 

observed reaction rate was purely enzymatic and was not complicated by the rate of 

ring opening. 



 

90 

 
Figure B-1. The fate of α-ketoglutaramate (KGM).  The open-chain form, KGM can be 

hydrolyzed by an ω-Am to form α-ketoglutarate, however, at neutral pH, KGM 
spontaneously cyclizes (99.7%) to form 2-hydroxy-5-oxoproline. 

 
 
  



 

91 

 
 

Figure B-2. ω-Amidase (ω-Am) enzyme quantity validation assays.  Varying amounts of 
(A) tomato ω-Am, (B) maize 2 ω-Am (GRMZM2G156486) were assayed. 
Activities were determined by measuring formation of α-ketoglutarate as its 
2,4-dinitrophenylhydrazone. Maize 1, GRMZM2G169365 had results similar 
to Maize 2 (data not shown). ω-Amidase assays (50 μl) contained 50 mM 
Tris-HCl, pH 8.5, 5 mM β-mercaptoethanol and 10 mM KGM.  
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