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ABSTRACT 

In plants, the final two steps of cysteine formation are catalyzed by O-acetylserine (thiol) 

lyase (OAS-TL) and serine acetyltransferase (SAT).  The purpose of this study was to 

isolate and characterize an OAS-TL from the tree-legume Leucaena leucocephala 

(leucaena).  Leucaena contains a toxic, nonprotein amino acid, mimosine, which is also 

formed by an OAS-TL, and characterization of this enzyme is essential for developing a 

mimosine-free leucaena for its use as a protein-rich fodder.  The cDNA for a putative 

chloroplastic OAS-TL and cytosolic SAT were isolated through Reverse Transcriptase-

PCR using degenerate primers.  An additional cDNA for a cytosolic leucaena OAS-TL 

(cy-OAS-TL) isoform was previously obtained through interspecies suppression 

subtractive hybridization and was selected for further characterization.  SAT and cy-

OAS-TL were successfully over-expressed and purified from Escherichia coli.  A 40-kDa 

recombinant cy-OAS-TL was further studied through enzyme activity assays where it 

was found to synthesize only cysteine.  The enzyme followed Michaelis-Menten kinetics, 

and the Km was calculated to be 1.850 ± 0.4146 mM sulfide and the Vmax was 200.6 ± 

19.92 µM cysteine min-1.  The N-terminal affinity His-tag was cleaved from the 

recombinant OAS-TL to eliminate its possible interference in binding with the substrate 

3-hydroxy-4-pyridone for mimosine formation.  The His-tag-cleaved cy-OAS-TL was 

again observed to catalyze the formation of cysteine but not mimosine.  Thus, the 

cytosolic OAS-TL from leucaena used in this study is specific for only cysteine synthesis 

and is different from previously reported OAS-TLs that also function as β-substituted 

alanine synthases. 
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 CHAPTER 1.  INTRODUCTION  
"

1.1  Leucaena leucephala and Mimosine 

Leucaena leucocephala (leucaena) is a hardy legume grown in tropical and 

subtropical regions that is used in agroforestry as a self-sustaining forage crop 

(Brewbaker 1987).  It is valued as a multipurpose tree legume which can be used for 

reforestation, wood production, green manure, and as animal feed (Council 1984; Shelton 

1998).  Leucaena’s vigorous growth and ability to withstand a variety of biotic and 

abiotic stressors make it useful for reforestation, while year-round foliage production also 

makes it a good food source for grazers (Agbede and Aletor 2004).   

There are three different types of leucaena.  The “common type” is the shortest 

growing to 5 m, followed by the Peru type which grows up to 10 m, and the “giant type” 

which can exceed 20 m (Council 1984). The giant type, native to Central America, 

produces a medium hardwood and is used as lumber, timber, pulp for paper, and charcoal 

(Council 1984).   

Leucaena can tolerate a large variety of growing conditions that include rainfall, 

sunlight, salinity, terrain, periodic flooding, windstorm, slight frost, and drought (Council 

1984).  In general, it requires only 1000-3000 mm rain annually, full sunlight, and neutral 

to alkaline soil (pH 6.0-7.7) for optimal growth (Council 1984).  Leucaena can survive 

dry seasons that last from 8-10 months because its root system enables it to reach water 

and minerals deep within the soil (Council 1984).  In addition, it is nodulated by 

Rhizobium, which fixes gaseous nitrogen, allowing leucaena to grow in nitrogen-poor soil 

without fertilizer (Council 1984).  Such qualities make it easy to grow and an ideal 

candidate for use in reforestation or as an animal feed. 

There are few biotic and abiotic stressors reported to hinder leucana’s growth.  

Environmental conditions such as altitudes that exceed 500 m, frost, and acidic soils can 

limit growth (Council 1984).  Also, long dry seasons may negatively affect plant foliage 

production (Council 1984).  Seeds are vulnerable to weevils which eat seed pods, while 

seedlings can be over-taken by weeds or consumed by mound-building ants and twig 
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borers (Council 1984).  Leucaena is also susceptible Phytophthora dreschleri which has 

been reported to kill or weaken branches in Hawaii and Taiwan (Council 1984).   

In addition to its rapid growth and resilience to environmental stressors, leucaena 

is a nutritious, protein-rich foliage.  Its protein content of 20-30% is comprised of a well-

balanced mixture of amino acids, similar to alfalfa (Council 1984).  Sulfur containing 

amino acids are limited but even so, the amino acid profile is in accordance with the Food 

and Agriculture Organization and World Health Organization (Agbede and Aletor 2004).  

It can also be a good source of provitamin A, calcium, phosphorus, and other minerals 

(Council 1984).  Leucaena can be used to supplement ruminant diets that primarily 

consist of grasses that are not as nutritious as legume foliage (Norton 1994b).   

It has a high yield of 6-18 tons dry weight per hectare which is comparable to that of 

alfalfa (8-9 tons per hectare) (Council 1984).  Total dry matter yields of the Hawaiian 

strain measured 20.8 metric tons/hectare at 4 months of growth (Guevarra et al. 1978).  

The foliage can be consumed fresh, sun-dried, or dehydrated, and its vigorous growth 

allows for heavy feeding (Council 1984).  Ruminant animals such as cattle, water buffalo, 

and goats were reported to find leucaena foliage palatable with an in vivo digestibility of 

50-70% (Council 1984).  Thus leucaena is a nutritious forage crop with high digestibility, 

palatability, and growth vigor (Norton 1994b).   

A limitation to the widespread use of leucaena as a forage crop is the presence of 

a toxic amino acid, mimosine (β-[N-(3-hydroxy-4-oxopyridyl)]-α-aminopopionic acid), 

which is produced by the plant (Norton 1994a).  It is found in all parts of leucaena, but is 

present in higher concentrations in the tips of actively growing shoots (8-12%), young 

leaves (4-6%), and young pods and seeds (4-5%) (Jones 1994).  In a previous study, 

mimosine concentration has been shown to change as leaves age and increase in summer 

months in response to plant stress (Bray 1994).  Mimosine is a secondary metabolite that, 

in addition to protecting the plant from grazing animals through its toxic effects, stores 

nitrogen (Luckner 1990).  Mimosine acts by inhibiting DNA replication and by inhibiting 

enzymes by chelating metallic ions and pyridoxal-5’-phosphate (Brewbaker 1987; 

Soedarjo and Borthakur 1996).  Its toxicity results in anti-mitotic activity and can even 

cause animal death (Norton 1994a).  In addition, its breakdown product, 3-hydroxy-

4(1H)-pyridone (3H4P), causes goiter or thyroid gland enlargement that includes 
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symptoms such as listlessness, decreased appetite, excess saliva production, hair loss, and 

weight loss (Brewbaker 1987; Shelton 1998).  For example, cattle fed leucaena for a 

period of 12 months in Western Australia, had thyroids that were 480 g over the normal 

thyroid weight (Jones 1994).   

Non ruminants such as pigs, horses, rabbits, and poultry are more susceptible to 

mimosine toxicity, resulting in poor weight gain, infertility, and alopecia, especially 

when fed leucaena in excess of 7.5% dry weight (Bray 1994; Jones 1994).  For example, 

small litters were observed in rabbits and pigs, while delayed sexual maturity was 

observed in pigs and poultry (Council 1984).   

Mimosine can be degraded by enzymes in the leaf or by bacteria in the rumen of 

grazers into dihydroxypyridine (DHP), then further metabolized into non-toxic 

compounds (Hegarty 1964; Shelton 1998; Brewbaker 1987).  The population of 

microorganisms that can detoxify DHP, later identified as Synergistes jonesii, was found 

in Central America, Indonesia, Hawaii, and Southeast Asia (Jones 1994; Shelton 1998; 

Allison 1992).  In an effort to decrease leucaena consumption toxicity in regions such as 

Australia, where S. jonseii was absent from ruminants, susceptible livestock were treated 

with this rumen microbe, which successfully metabolized DHP into harmless compounds 

(Jones 1994).   

Other attempts to decrease the toxic effects of leucaena consumption have 

included limiting plant consumption (<10% dry matter), introducing rumen microbes, 

and developing a low-mimosine cultivar by crossing leucaena species (Jones 1994; 

Norton et al. 1994).  Decreasing mimosine levels through plant breeding was 

unsuccessful because a strain that contained low mimosine and high growth vigor could 

not be obtained possibly because selecting for low mimosine content disrupted other 

necessary growth factors (Bray 1994).  Mimosine content can also be reduced with 

different treatments such as leaching foliage with water and sun drying (Bray 1994; 

Brewbaker 1987).  

Another method to decrease mimosine concentration in leucaena is to identify key 

enzymes and genes in the mimosine biosynthetic pathway, but this is poorly understood 

(Bray 1994).  Mimosine synthase, the final enzyme involved in mimosine formation, was 

isolated in 1984 from leucaena and was later determined to be a cysteine synthase (also 
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called O-acetylserine (thiol) lyase; OAS-TL), which was capable of catalyzing formation 

of mimosine and cysteine (Ikegami et al. 1990; Murakoshi et al. 1984).  In 1990, Ikegami 

et al., purified two isoforms of cysteine synthase: cysteine synthase A and cysteine 

synthase B from leucaena seedlings.  Both enzymes were 64-kDa and were capable of 

synthesizing cysteine (Ikegami et al. 1990).  Cysteine synthase B could clearly catalyze 

mimosine with higher efficiency relative to cysteine synthase A, suggesting its role as a 

mimosine synthase (Ikegami et al. 1990).  The nucleotide sequences for these enzymes in 

leucaena, however, have never been reported.  Therefore, in this study, genes in the 

cysteine biosynthetic pathway were isolated from leucaena and OAS-TL gene was 

isolated and tested for its ability to synthesize mimosine and cysteine.  This work is 

foundational to developing a mimosine-free leucaena in which a mimosine biosynthetic 

gene is used as a gene silencing target.    
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CHAPTER 2.  LITERATURE REVIEW 
"

Many different plant species naturally produce heterocyclic β-substituted 

alanines, a class of non-protein amino acids that are formed as secondary metabolites in a 

variety of plants (Saito 1997).  These molecules frequently display biological activity in 

foreign organisms and some are studied as potential drugs for treating disease (Ikegami 

and Murakoshi 1994; Saito 1997). For example, a non-protein amino acid L-quisqualic 

acid found in Quisqualis species is an NMDA receptor agonist, and L-willardine found in 

Pisum, Acacia, and Fagus species is an AMPA receptor agonist (Saito 1997).  

Additionally, L-mimosine, found in leucaena and Mimosa species, displays anti-mitotic 

and thyrotoxic activities in mammals (Saito 1997).   

The elucidated pathways for many heterocyclic β-substituted alanines include O-

acetyl-L-serine (OAS) and a heterocyclic ring as substrate as well as a 5’-pyridoxal 

phosphate (PLP)-dependent enzyme (Murakoshi et al. 1972; Saito 1997).  In plant species 

including leucaena, Spinacia oleracea, Quisqualis indica, Citrullus vulgaris, it was found 

that β-substituted alanine synthases were, in fact, OAS-TLs, an enzyme that primarily 

functions in cysteine synthesis (Ikegami et al. 1988; Ikegami et al. 1990; Murakoshi et al. 

1985; Murakoshi et al. 1986).   
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"
Figure 1.  Biosynthetic pathway of mimosine and cysteine.  SAT catalyzes the activation 

of serine to the intermediate molecule, OAS.  OAS-TL then catalyzes the formation of 

cysteine or mimosine in the presence of the appropriate substrates. 

 

Cysteine is a sulfur containing, proteinaceous amino acid that is often used to 

maintain protein structure through disulfide bonds.  It is also a precursor of glutathione, 

methionine, biotin, and other sulfur containing molecules (Jost et al. 2000).  Cysteine 

formation is an important part of the sulfur cycle where plants and bacteria fix inorganic 

sulfide. 

OAS-TL belongs to a family of β-replacement enzymes found in bacteria and 

higher plants that require the cofactor, PLP (Alexander et al. 1994).  Cysteine formation 

is a two-step process wherein serine acetyltransferase (SAT) catalyzes the formation of 

OAS from acetyl-CoA and serine.  OAS-TL then catalyzes the formation of cysteine by 

replacing acetate with sulfide in the intermediate molecule, OAS (Figure 1).  The two 

steps for biosynthesis of β-substituted alanines, such as mimosine, are identical to the 

aforementioned pathway except a heterocyclic ring (such as 3H4P for mimosine 

formation) is used in place of sulfide (Figure 1) (Murakoshi et al. 1972; Saito 1997).   
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In Arabidopsis thaliana, three different genes have been isolated and its 

constitutively expressed proteins localize to the cytosol (OAS-TL A), chloroplast (OAS-

TL B), and mitochondria (OAS-TL C) (Jost et al. 2000).  An additional gene, oasA2, is a 

pseudogene that is transcribed, but contains a premature stop codon (Jost et al. 2000).  

Cytosolic and chloroplastic OAS-TL isoforms were found to be more abundant than its 

mitochondrial counterpart in spinach (Warrilow and Hawkesford 1998).  Further studies 

in A. thaliana also confirmed that cytosolic and chloroplast-localizing OAS-TL isoforms 

comprised 95% of all OAS-TL activity (Heeg et al. 2008).   

A. thaliana OAS-TL genes are likely derived from a common ancestor due to a 

high level of similarity (Jost et al. 2000).  The purpose of multiple isozymes may be to 

facilitate cysteine synthesis in each subcellular compartment capable of making proteins.  

Another possibility is that each isozyme offers a unique property during different 

developmental stages or to help the plant cope with various environmental conditions 

(Yamaguchi et al. 2000).  Mitochondrial OAS-TL was found to be required for normal 

plant growth in A. thaliana T-DNA knockout studies of OAS-TL enzymes (Heeg et al. 

2008). 

OAS-TLs are multi-functional enzymes that can catalyze the detoxification of 

cyanide in addition to the formation of cysteine and β-substituted alanines (Jost et al. 

2000).  In plants, β-cyanoalanine synthase (CAS) protects against cyanide by forming β-

cyanoalanine and H2S from cyanide and cysteine.  The CAS protein sequence is often so 

similar to that of OAS-TL enzymes that the true function and name of the enzyme cannot 

be determined until the enzyme is characterized.  For example, in A. thaliana, Yamaguchi 

et al. found that a putative mitochondrial OAS-TL capable of synthesizing both cysteine 

and β-cyanoalanine actually functions as a CAS in vivo (Yamaguchi et al. 2000).  

Mitochondrial OAS-TL also had CAS activity in spinach (Warrilow and Hawkesford 

1998).  Additional studies showed that cytosolic, mitochondrial, and chloroplast-

localizing isozymes of OAS-TL in A. thaliana can catalyze the detoxification of cyanide 

in addition to cysteine (Jost et al. 2000).  In regard to secondary metabolites catalyzed by 

OAS-TL/β-substituted alanine synthase, specificity for N-heterocyclic compounds differ 

significantly (Ikegami et al. 1990; Ikegami and Murakoshi 1994).  While all OAS-TLs 

are capable of catalyzing cysteine formation, not all can catalyze β-substituted alanines or 
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β-cyanoalanine, and therefore, must be experimentally tested with the appropriate 

substrates.   

In the active site of cytosolic OAS-TL (CAA56593) from A. thaliana, a lysine 

residue (lys46) binding the cofactor, PLP is central to the OAS-TL catalytic mechanism 

(Bonner et al. 2005; Rolland et al. 1996; Wirtz et al. 2004).  This interaction, which is 

stabilized by hydrogen bonds formed with surrounding amino acids, is disrupted when 

the substrate OAS displaces lys46 and binds to PLP in the active site (Bonner et al. 

2005). The acetate moiety on OAS is then cleaved and replaced by -SH to form cysteine 

(Bonner et al. 2005).  Finally, lys46 binds to PLP once more, thereby releasing cysteine 

(Bonner et al. 2005).  Lys46 is part of the conserved sequence, SVKDRIG (Rolland et al. 

1996; Wirtz et al. 2004).  OAS-TL active sites are highly conserved across species and 

the same enzyme studied in Salmonella typhimurium, follows the basic mechanism 

described above (Rabeh and Cook 2004).  Through a competitive inhibition assay with 

H2S, the researchers were able to show that the same active site on the enzyme is also 

used to synthesize the secondary metabolite, mimosine (Ikegami et al. 1990).     

 OAS-TL efficiency was decreased by PLP-enzyme inhibitors such as sodium 

borohydride and hydroxylamine, thereby indicating the necessity of PLP for enzyme 

activity (Ikegami and Murakoshi 1994).  OAS-TL, like other PLP-dependent enzymes, 

has a characteristic λmax at 280 and 412 nm.  The enzyme follows Michelis-Menten 

kinetics with Km values for OAS ranging from 1.5-7.1 mM while Km values for sulfide 

range from 0.022-0.059 mM for OAS-TL studied in leucaena, Q. indica, Pisum sativum, 

C. vulgaris, S. oleracea, Lathyrus latifolius, Lathrus sativus, Brassica juncea, Phaseolus 

vulgaris, and Allium tuberosum (Droux et al. 1998; Ikegami and Murakoshi 1994; Wirtz 

et al. 2004).  OAS-TL A, B, and C from A. thaliana expressed in Escherichia coli with no 

affinity tag and purified using chromatography had a Km ranging from 0.31-0.69 mM for 

OAS and a Km ranging from 3.0-6.4 µM sulfide (Wirtz et al. 2004).  Isozymes within a 

plant may have different substrate affinities and velocities to allow for the most effective 

cysteine biosynthetic pathway under specific environmental conditions or growth stages 

(Yamaguchi et al. 2000). 
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Cysteine production is tightly regulated by SAT, which catalyzes the rate limiting 

step of OAS formation.  For example, cysteine concentration in watermelon is 

approximately 10 nmol in one gram fresh weight (Saito 1997).  At least three genes for 

this enzyme exist in A. thaliana and are constitutively expressed, localizing to the 

cytosol, chloroplast, and mitochondria (Noji et al. 1998; Saito 1997).  SAT is regulated 

by feedback inhibition by cysteine in plants and bacteria (Kredich and Tomkins 1966; 

Noji et al. 1998).  Interestingly, different isozymes are inhibited at different 

concentrations of cysteine.  It was found that cytosolic SAT is inhibited by low 

concentrations of cysteine (50% cytosolic SAT inhibited by 1.8 µM cysteine) while 

chloroplast and mitochondrial-localizing SAT isozymes were feedback insensitive up to 

100 µM cysteine (Noji et al. 1998).  This correlates to what was observed in P. sativum 

where the mitochondria-localizing isozyme was the most dominant with as much as 88% 

of total SAT activity studied in occurring in this organelle (Ruffet et al. 1995).  It stands 

to reason that enzymes with higher activity are not as susceptible to regulation.  Since 

cytoplasmic SAT is tightly regulated, it is thought to de-repress the expression of cysteine 

biosynthetic genes when cysteine concentrations are low, thereby acting as an enzymatic 

sensor (Noji et al. 1998). 

SAT contains two regions that are important for protein-protein interactions 

(Bogdanova and Hell 1997).  The first is a central SAT-SAT domain for homomerization 

and the second is a C-terminal hexapeptide SAT-OAS-TL domain for heteromerization 

and catalysis (Bogdanova and Hell 1997; Wirtz et al. 2001).  These protein binding sites 

on SAT are used to form the cysteine synthase complex (Kredich et al. 1969).  The actual 

amount of enzymes that comprise the cysteine synthase complex vary in the literature.  

Several studies observed one SAT homotetramer binding two OAS-TL homodimers 

(Droux et al. 1998; Kredich et al. 1969; Kredich and Tomkins 1966).  It was later 

observed through computational techniques that a mitochondrial SAT hexamer binds two 

OAS-TL dimers to form the cysteine synthase complex in A. thaliana (Feldman-Salit et 

al. 2009).  Contrastingly, biophysical analysis showed that three OAS-TL dimers bind to 

one SAT trimer (Kumaran et al. 2009).  It is possible that the composition of the cysteine 

synthase complex differs between organisms and possibly between organelles within the 

same organism.  
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The enzymes have opposite catalytic properties in the cysteine synthase complex. 

SAT activity is optimal for the formation of OAS, while OAS-TL is virtually inactive.  

(Droux et al. 1998; Kredich et al. 1969; Wirtz and Hell 2006).  Steady state analysis was 

used to show that affinity for the substrates OAS and acetyl-CoA increased when SAT 

was part of the cysteine synthase complex compared to its activity apart from the 

complex (Droux et al. 1998). Furthermore, recombinant A. thaliana SAT was observed to 

be highly unstable and form aggregates during the protein purification process (Droux et 

al. 1998).  Cysteine synthase complex formation, however, stabilized SAT helped to 

maintain enzyme activity (Droux et al. 1998).  Conversely, OAS-TL substrate affinity 

decreased seven-fold when bound in the complex likely because SAT binds at the OAS-

TL active site (Droux et al. 1998; Huang et al. 2005).  When in the cysteine synthase 

complex, OAS-TL is thought to act as an enzyme chaperone of SAT wherein SAT 

activity is enhanced and its sensitivity to feedback inhibition by cysteine is reduced 

(Kumaran et al. 2009).  .  

It was previously thought that the purpose of this complex was to channel the 

intermediate molecule, OAS, directly to OAS-TL, however, it was later found by 

studying recombinant enzymes from A. thaliana that OAS is released into solution 

(Droux et al. 1998; Saito et al. 1995).  This indicates that no channeling occurs and the 

presence of OAS-TL is primarily to regulate SAT, as evidenced by SAT’s enhanced 

enzyme activity and OAS-TL’s deficient enzyme activity within the cysteine synthase 

complex (Droux et al. 1998).  For cysteine formation, homodimers of OAS-TL that were 

not associated with the cysteine synthase complex bound the intermediate molecule OAS 

(Droux et al. 1998).  OAS-TL is required in 60 fold excess over SAT for optimal cysteine 

formation, as more OAS-TL enzymes are required in the cysteine synthase complex and 

free dimers must also be available for the biosynthesis of cysteine (Droux et al. 1998).   

The cysteine synthase complex can associate or dissociate based on cellular and 

environmental conditions.  Since SAT is subject to feedback inhibition, the cysteine 

synthase complex acts as an important biosensor of intracellular cysteine levels 

(Bogdanova and Hell 1997; Kredich and Tomkins 1966).  Accumulation of the 

intermediate molecule, OAS promotes cysteine synthase complex dissociation so as to 

allow more OAS-TL dimers to catalyze cysteine (Droux et al. 1998; Hell et al. 2002; 
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Kredich and Tomkins 1966).  Contrastingly, sulfur prevents complex dissociation to 

allow the catalysis of more OAS molecules for use as substrate in cysteine formation 

(Kredich et al. 1969).  Therefore, the cysteine synthase complex is a multifaceted 

biosensor that can control intracellular levels of OAS and cysteine in response to internal 

and external sulfide levels to maintain required levels of cysteine biosynthesis.  In 

addition, the cysteine synthase complex can affect cysteine biosynthetic gene expression.    

The sensitivity of cytosolic SAT to feedback inhibition allows it to promote the de-

repression of cysteine biosynthetic genes when cysteine levels are deficient (Noji et al. 

1998).      
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CHAPTER 3.  CH-OAS-TL AND SAT 

3.1  Materials and Methods - ch-OAS-TL and SAT cDNA Isolation 

3.1.1  Leucaena seed sterilization 

Leucaena seeds were submerged in H2SO4 and gently swirled in a 250-mL bottle 

for 10 s.  The seeds were incubated at room temperature in H2SO4 for 10 min with 

occasional gentle mixing to scar the seeds.  The acid was discarded and the seeds were 

rinsed with water at least 5 times until the seeds were clean.  The seeds were then 

submerged in bleach (Chlorox) and incubated at 37°C for 30 min, shaking at 90 rpm.  

The bleach was decanted and the seeds were washed for a minimum of 5 times.  Each 

seed was cut with sterile scissors near the embryo then gently pressed into ½ MS media 

(2.2 g MS salts, 30 g sucrose, 2 g phytagel in 1 L water, pH 5.7-5.8) in a petri dish.  They 

were placed in darkness at 28°C for 3-5 days for germination.  The seedlings were then 

transferred into sterile jars containing full MS media (4.4 g MS salts, 30 g sucrose, 2 g 

phytagel in 1 L water, pH 5.7-5.8) for 1 month.  Plants were grown in sterile culture for 4 

weeks for use in RNA extractions.  

 

3.1.2  RNA isolation and first strand cDNA synthesis 

TRI Reagent (Sigma-Aldrich) can be used to isolate DNA, RNA, and protein.  A 

Technical Bulletin by Sigma-Aldrich containing the protocol for TRI Reagent RNA 

extraction was followed.  Briefly, approximately 100 mg leucaena leaf tissue was 

homogenized in liquid nitrogen.  1 mL TRI Reagent was added to the tissue and the 

homogenate was centrifuged at 11,000 rpm for 10 min at 4°C.  The supernatant, which 

contained the RNA, was removed, then incubated at room temperature for 5 min.  The 

sample was incubated again at room temperate for 15 min following the addition of 0.2 

mL chloroform.  The sample was then centrifuged at 11,300 rpm for 15 min at 4°C which 

separated the mixture into three phases.  The upper aqueous layer containing RNA was 

extracted, mixed with 0.5 mL 2-propanol (to precipitate the RNA), and incubated for10 

min at room temperature.  To pellet the RNA, the sample was centrifuged at 11,300 rpm 

for 10 min at 4°C.  The supernatant was removed and the pellet was washed with 75% 
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ethanol then centrifuged at 8,900 rpm for 5 min at 4°C.  The ethanol was removed and 

the RNA pellet was allowed to dry before dissolving the RNA in nuclease-free water. 

Total RNA extracted from leucaena leaf tissue was then used in first strand cDNA 

synthesis using M-MLV Reverse Transcriptase (M-MLV RT; Promega).  Briefly, 

approximately 2 µg total RNA was added to 0.5 µg oligo dT primer in a total volume of 

15 µL.  The sample was heated to 70°C for 5 min, to remove secondary structures in the 

RNA, then placed on ice.  5 µL M-MLV 5X Reaction Buffer, 5 µL 10 mM dNTP, 25 

units RNase inhibitor, and 200 units M-MLV RT were added to the sample in a final 

volume of 25 µL.  The mixture was incubated at 42°C for 60 min and stored at -20°C for 

use as template in PCR. 

 

3.1.3  Isolation of chloroplast-localizing OAS-TL and cytosol-localizing SAT cDNA  

 The use of primers in PCR presupposes that the sequences at the 5’ and 3’ end 

of the amplified DNA are known.  This makes it difficult to use PCR to amplify unknown 

genes, however, if the protein sequence is known, degenerate primers can be used.  When 

designing degenerate primers, the protein sequence is used to determine a DNA 

sequence, and since the genetic code is degenerate, specified nucleotides vary but always 

code for the same amino acids.  For this study, we did not know the protein sequences of 

leucaena SAT or chloroplast-localizing OAS-TL enzymes, however, these enzymes have 

been widely studied in other plant species.  Thus, conserved regions identified in other 

plant species were targeted for degenerate primer design.   

 A search for chloroplast-localizing OAS-TL genes was conducted on the NCBI 

database (http://www.ncbi.nlm.nih.gov).  Nucleotide and protein sequences from 

Solanum tuberosum (AF044173, AAC25636), Capsicum Annuum (X64874, CAA 46086, 

AB029513, BAB20863), S. oleracea (D14722, BAA03542), Glycine max (EF584900, 

ABQ88339), Vitis vinefera (XM_002277449, XP_002277485), and A. thaliana 

(NM_129937, NP_181903) were aligned on ClustalW2 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/).  Similar regions were identified and 

compared to sequences from previously studied cytosol and mitochondria-localizing 

OAS-TL enzymes.  Regions that differed from cytoplasm and mitochondria localizing 

OAS-TLs were targeted in order to maximize the possibility of the primers binding to the 
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cDNA encoding a chloroplast-localizing OAS-TL.  Once these regions were identified, 

codons for its corresponding amino acid sequences were compared.  Primers were 

designed from regions with 6-9 amino acids that were conserved across most species.  

Codons that were conserved were maintained while codons that differed across species 

were optimized according to leucaena’s codon preferences 

(http://www.kazusa.or.jp/codon/).  When leucaena’s codon preferences were unclear, or 

when a codon preference conflicted with a nucleotide that was conserved across species, 

a degenerate nucleotide, often in the wobble position, was used.  Degeneracy was 

calculated by multiplying together the amount of nucleotide variability for each position 

within the entire primer.   

 The protocol described above was also used to design primers for a cytosol-

localizing SAT (Table 1).  Nucleotide and protein sequences from Zea mays 

(NM_001111612, NP_001105082), A. tuberosum (AB040502, BAA93050), S. oleracea 

(D88529, BAA13634), G. max (AF452452, AAL66292), V. vinefera (XM_002282514, 

XP_002282550), and A. thaliana (NM_125059, Q42538) were aligned and examined for 

unique conserved regions from which primers were generated. 

 

Table 1.  Degenerate primers designed to isolate gene fragments from SAT and OAS-TL 

cDNA. 

OAS-TL Degenerate Primers Tm (°C) Degeneracy 

Forward 5’-ATYGAAGGNCTYAACATYGCTGAA-3’ 56.9 32 

Reverse 5’-VACATCTTGATCCAARTT-3’ 45.3 6 

SAT Degenerate Primers   

Forward 5’-GACGCCGAGTCGGARCCH-3’ 61.7 6 

Reverse 5’-TCADATGATRTAATCTGACCATCTNGADATGAANGA-3’ 60.0 288 

 

PCR was done with GoTaq® Flexi DNA Polymerase (Promega) according to the 

suggested protocol with a final primer concentration of 0.67-1 µM, 3 mM MgCl2, and 

10% cDNA.  PCR cycle was as follows: 95°C, 30 s, 50°C, 1 min, 72°C, 1 min, repeated 

35 times. 

The cDNA fragment amplified by PCR was ligated to the pGEM-T vector 

(Promega) using T4 Ligase (Promega) according to the manufacturer’s protocol.  Briefly, 
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PCR product was added to vector in a 1:1, 1:3, or 3:1 ratio.  The appropriate amounts of 

vector and insert were added to 1 µL Ligase 10X Buffer (Promega) and 0.1-1 unit T4 

DNA Ligase in a final volume of 10 µL.  The ligation reaction was incubated at 4°C 

overnight.  Cloning was done by transforming 50 µL competent DH15α E. coli cells with 

approximately 2 µL of ligation reaction.  The eppendorf tube was incubated on ice for 30 

minutes followed by heat shock at 42°C for 42 seconds.  The cells were allowed to 

recover on ice for 10 minutes then 500 µL LB broth was added and the cells were 

incubated at 37°C for 1 h, shaking at 200 rpm.  They were spread onto LB agar 

containing 100 µg/mL ampicillin, X-Gal, and IPTG.  If the insert was successfully 

ligated, it interrupted the gene encoding β-galactosidase which resulted in the expression 

of a nonfunctional enzyme that was unable to degrade X-gal in the media.  Colonies with 

a non-functional β-galactosidase were white.  Plasmids that did contain an insert were 

blue because the gene encoding β-galactosidase was interrupted by the insert which 

would result in the expression of a non-functional enzyme.  White colonies were selected 

and further screened by colony PCR.    

Colony PCR was used to screen transformed colonies for plasmids that contained 

the insert.  PCR was done using M13 primers (M13F: 5’-CGCCAGGGTTTTCCCAGTC 

ACGAC-3’, M13R: 5’-TCACACAGGAAACAGCTATGAC-3’).  PCR parameters were 

the following: 95°C, 5 min, 95°C, 1 min, 56°C, 45 s, 72°C, 1 min 30 s, repeated 30 times.  

Cells transformed with a plasmid successfully ligated to the insert were grown overnight 

in a 10 mL liquid LB culture. 

Plasmids were extracted from cells grown in liquid culture with the QIAprep® 

Miniprep kit (Qiagen) according to the “Plasmid DNA Purification using the QIAprep 

Spin Miniprep Kit and a Microcentrifuge” protocol found in the QIAprep Miniprep 

Handbook. Briefly, pelleted E. coli cells were resuspended in 250 µL Buffer P1 then the 

cells were lysed with the addition of 250 µL Buffer P2.  350 µL Buffer P3 was added to 

precipitate cellular debris such as protein, polysaccharides, lipids, and genomic DNA, 

which formed a pellet after centrifugation at 13,000 rpm for 10 min.  The supernatant was 

added to a QIAprep spin column which bound plasmid DNA.  The plasmid DNA was 

washed with 0.75 mL Buffer PE then eluted with 50 µL water or Buffer EB. Plasmids 

were sent for sequencing by the Advanced Studies in Genomics, Proteomic, and 
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Bioinformatics and by the Greenwood Molecular Biology Facility at the University of 

Hawai’i at Mānoa. 

To complete the SAT and OAS-TL cDNA sequences the FirstChoice® RLM 

Rapid Amplification of cDNA Ends (RACE) kit (Ambion) was used to extend the genes 

on 5’ and 3’ ends.  RNA was extracted according to the TRI Reagent protocol and cDNA 

was synthesized according to the RACE kit protocol.  For 5’ RACE, 10 µg RNA was 

treated with Calf Intestine Alkaline Phosphatase to cleave the 5’-cap from degraded 

mRNA, rRNA, tRNA, and DNA, leaving whole, intact mRNA unaffected.  Whole 

mRNA molecules were isolated by precipitation with isopropanol and resuspended in 

water.  Tobacco Acid Pyrophosphatase was then used to remove the 5’-cap from mRNA, 

leaving a 5’-monophasphate to which T4 RNA ligase ligated a 45-base RNA adaptor.  

cDNA synthesis was primed with random decamers and catalyzed by M-MLV RT.  The 

5’ region of the cDNA of interest was amplified using a 5’ adaptor primer and 3’ gene 

specific primer (5’ OAS-TL primers in Table 2 and 5’ SAT primers in Table 3) in PCR.  

PCR parameters were the following: 94°C, 30 s, 57°C, 30 s, 72°C, 1.5 min, repeated 35 

times.  For 3’ RACE, a 3’ RACE adaptor was used to prime cDNA synthesis with M-

MLV RT on mRNA.  The 3’ region of the cDNA was amplified using a 5’ gene specific 

primer and a 3’ adaptor primer in PCR (3’ OAS-TL primers in Table 2 and 3’ SAT 

primers in Table 3).  PCR parameters were as follows: 94°C, 30 s, 57°C, 30 s, 72°C, 1.5 

min, repeated 35 times.  Amplified DNA was ligated to pGEM-T which was then 

transformed into E. coli for cloning.  Colony PCR was used to screen for plasmids that 

contained the insert using M13 vector primers.  Colonies with that contained the insert 

were grown overnight in LB broth and plasmids were extracted according to the QIAprep 

Miniprep protocol.  Plasmids were then sent for sequencing. 
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Table 2.  OAS-TL specific primers used in 5' and 3' RACE for OAS-TL cDNA.  5’ 

primers were used to amplify the 5’ region, while 3’ primers were used to amplify the 3’ 

region. 

 OAS-TL 5’ RACE Tm (°C) 

5’ Adaptor 5’-ACTGCGTTGCTGGCTTTGATG-3’ 59.0 

3’ OAS-TL 5’-CTCATAGTGTATCTTAGGATTAGATGGATTGTCAAATTGT-3’ 59.0 

 OAS-TL 3’ RACE  

5’ OAS-TL 5’-ATCGAAGGGCTCAACATTGCTGAAGATGTTACCC-3’ 64.1 

3’ Adaptor 5'-GCGAGCACAGAATTAATACGACT-3' 55.1 

 

Table 3.  SAT specific primers used in 5' and 3' RACE for SAT cDNA.  5’ primers were 

used to amplify the 5’ region, while 3’ primers were used to amplify the 3’ region. 

 SAT 5’ RACE Tm (°C) 

5’ Adaptor 5’-GCGGGATCCGAACACTGC-3’ 59.4 

3’ SAT 5’-AGAATGGTGGCTCCAGCTCCAATAAG-3’ 60.6 

 SAT 3’ RACE  

3’ SAT 5’-ACTCCACCATCCTTGCTCACTCT-3’ 59.9 

3’ Adaptor 5’-AAAACCTATAGTGAGTCGTATTAATCC-3’ 60.7 

 

3.1.4  SAT plasmid construction and protein expression 

The gene encoding SAT was codon-optimized and synthesized by Genescript for 

expression in E. coli BL21 (DE3) pLYsS cells (Promega).  SAT was received in a pUC57 

vector flanked by BamHI restriction enzyme sites. pUC57:SAT was digested with 

FastDigest BamHI (Fermentas) and ligated to pET-14b (Novagen) using T4 Ligase 

(Promega).   

E. coli BL21 cells were transformed with the pET-14b:SAT plasmid and selected 

on LB agar containing 100-µg/mL ampicillin.  Transformed colonies were used to 

inoculate liquid LB cultures and protein expression was induced with 1-thio-β-D-
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galactopyranoside (IPTG; Sigma Aldrich) when A600 was 0.5-0.6 AU.  Expression 

conditions were optimized by varying IPTG induction concentrations (0.2 mM, 0.5 mM, 

and 1 mM), temperature (28°C and 37 °C), and time (2 h and 3 h).  Total protein extracts 

were obtained by centrifuging 200 µL cell culture at 3000 rpm for 3 min.  The 

supernatant was removed and the cells were resuspended in 2x SDS-PAGE reducing 

buffer, heated for 5 min at 99°C, then immediately placed on ice.  40 µg total protein was 

loaded into 8% stacking and 12% resolving gels for SDS-PAGE.  Protein was visualized 

by Coomassie Brilliant Blue staining.  

     

3.1.5  SAT protein purification   

10 mL LB culture induced with IPTG for protein expression was centrifuged at 

4000 rpm for 10 min.  The supernatant was decanted and the culture was resuspended in 

700 µL H2O.  Enzyme was purified according to the HisLink™ Spin Protein Purification 

System (Promega) protocol.  Briefly, cells were lysed in FastBreak reagent containing 

DNase I.  75 µL HisLink™ resin was added, and the sample was incubated for 30 min at 

room temperature, shaking at 150 rpm.  The sample was then added to a spin column, 

centrifuged for 5 s, and washed 3 times with 500 µL HisLink™ Binding/Wash Buffer.  

Recombinant SAT was eluted with 100 µL HisLink™ Elution Buffer.   
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3.2  Results - OAS-TL and SAT cDNA Isolation 

3.2.1  SAT gene isolation 

SAT is an enzyme that catalyzes the transfer of the acetate group from acetyl-coA 

to serine to generate OAS in the cysteine biosynthetic pathway.  In plants such as A. 

thaliana, SATs and have been shown to localize to the cytoplasm, mitochondria, and 

chloroplast (Noji et al. 1998).  cDNA obtained from leucaena leaf tissue was screened for 

SAT using degenerate primers which resulted in the isolation of a 770 base pair (bp) gene 

fragment encoding a putative cytoplasm-localizing SAT.  5’ and 3’ RACE were used to 

extend the gene fragment on the 5’ and 3’ ends in order to obtain the full-length cDNA 

sequence.  An additional 173 bp was sequenced at the 5’ end and an additional 180 bp 

was sequenced at the 3’ end.  The total length of the SAT cDNA was 1123 bp consisting 

of an 885 bp open reading frame (ORF) that encodes an enzyme containing 294 amino 

acids (Figure 2 and 3).  The molecular weight of this protein was predicted to be 31-kDa 

(http://web.expasy.org/compute_pi/).  BLASTp analysis (blast.ncbi.nlm.nih.gov) of the 

leucaena SAT protein produced 64 SAT protein sequences from a variety species which 

shared significant alignments, among which SAT from Medicago truncatula (XP 

003608145.1) shared 90% sequence identity and SAT from Citrullus lanatus 

(BAA12843.1) shared 84% sequence identity.  BLASTp analysis also indicated that 

leucaena SAT contains a conserved N-terminal sequence identified in SATase_N 

superfamily, and that it contains a C-terminal left-handed beta helix, which is 

characteristic of SAT enzymes.  The C-terminus also contains a region conserved in plant 

and bacterial aminotransferase enzymes (Gly209-Val263) which is predicted to bind 

acetyl-CoA (Saito 1997).  The C-terminal domain is necessary for homotrimer 

interaction, while the N-terminal domain is required for homotrimer dimer interaction.  

Leucaena SAT amino acid sequence was examined for transit peptides using the 

TargetP1.1 server (http://www.cbs.dtu.dk/services/TargetP/).   No transit peptides were 

detected, which suggests that the enzyme is localized in the cytoplasm.    
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Figure 2.  Nucleotide sequence of SAT gene.  The sequence was isolated through RT-

PCR using degenerate primers and extended on the 5’ and 3’ ends using RACE.  The 

cDNA consists of 1123 bp and an 885 bp ORF, which is underlined. 

 

 
Figure 3.  Amino acid sequence of SAT enzyme.  This enzyme is comprised of 294 

amino acids and is estimated to be 31-kDa.  The residues in red (Gly209-Val263) are 

thought to comprise the binding site for acetyl-CoA which is conserved in plant and 

bacterial acetyltransferases. 

 

1    ACTATTGCCAATCAATCGCACCACGTCATTCTGTTCGGTGCTTCCTCTAA 
51   CAATCCCAAATGCCTGCCGGAGAAATCCGCTACACCTCCGCGCCACCGTC 
101  CACGATGGACTCCTCCTCCGCATACGAAGACGAGGCCTGGATCTGGGCTC 
151  AAATCAAGGCGGAAGCCCGCCGTGACGCCGAGTCTGAGCCCGCCTTAGCT 
201  AGCTACCTCTACTCCACTATCCTTGCTCACTCTTCCCTCGAACGCTCCCT 
251  CTCCTTCCACTTGGGCAACAAGCTCTGCTCCTCCACGCTTCTCTCCACCC 
301  TCCTTTACGACCTCTTCCTCAACGCCTTCACTTCCGACCCTTCTCTCCGT 
351  GCCGCTGCCGTCGCCGACCTTCGCGCCGTCCACGAACGTGATCCTGCTTG 
401  TGTCTCCTACTCCCACTGCCTCCTCAACTACAAAGGTTACCTCGCCTGCC 
451  AGGCACAGCGTGTGGCGAACAGGTTGTGGCAGCAATCTCGGAGGCCATTA 
501  GCTCTGGCACTGCACTCTCGAATTTCGGATGTTTTTGCGGTGGATATACA 
551  CCCTGCTGCTAAGATTGGAAAAGGAATCTTGTTGGATCACGCCACCGGCG 
601  TGGTGGTGGGTGAGACGGCGGTGATAGGCAACAATGTGTCGATTCTGCAT 
651  CATGTGACTCTGGGAGGAACAGGGAAAGTTAGTGGGGATCGGCATCCGAA 
701  GATTGGAGATGGTGTTCTTATTGGAGCTGGAGCCACCATTCTAGGGAATA 
751  TCAACATTGGAGAAGGTGCAAAAATCGGTGCTGGGTCTGTTGTCTTAATC 
801  GATGTGCCGCCACGGACGACGGCGGTTGGGAATCCGGCGAGGTTGGTGGG 
851  TGGAAAGGAGAAGCCGAAGCAGCATGAGGATGTGCCAGGGGAGTCCATGG 
901  ATCACACTTCGTTCATCTCTGAGTGGTCAGATTATATCATATGATGTTTA 
951  AGCTTTTTGAATCAAGACATCACTAGTGGATGATAATTTGAGAACATTAC 
1001 CACATCTCTCCAACCTATAACTGTAGATTTTGGATTTTGAGAGTTGGCAA 
1051 CTCCAGTTCAAAATATACAACATGTTGAGCTTACCTATCAACATGATCTG 
1101 ATATTTATGTACGAAAAAAAAAA 

1   MPAGEIRYTSAPPSTMDSSSAYEDEAWIWAQIKAEARRDAESEPALASYLYSTILAHSSL 
61  ERSLSFHLGNKLCSSTLLSTLLYDLFLNAFTSDPSLRAAAEADLRAVHERDPACLSYSHC 
121 LLNYKGYLACQAQRVANRLWQQSRRPLALALHSRISDVFAVDIHPAAKIGKGILLDHATG 
181 VVVGETAVIGNNVSILHHVTLGGTGKVSGDRHPKIGDGVLIGAGATILGNINIGEGAKIG 
241 AGSVVLIDVPPRTTAVGNPARLVGGKEKPKQHEDVPGESMDHTSFISEWSDYII* 
"
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3.2.2  SAT  Protein Expression 

 The codon-optimized SAT was cloned into pET-14b for protein over-expression 

in E. coli BL21 cell (Figure 4).  Expression of this protein was highly unpredictable and 

SAT was sometimes observed in cells that were not induced with IPTG.  Purified SAT 

was resolved on a 12% polyacrylamide gel and the protein was determined to be 

approximately 37-kDa (Figure 5).  The presence of a 25-amino acid leader sequence from 

the vector resulted in the protein running larger than expected.   

 It was difficult to develop a protocol for optimized SAT expression because of its 

instability.  In addition, it has been shown to form aggregates and lose enzymatic activity 

in the absence of OAS-TL (Droux 1998).  As a result, no enzyme activity assays were 

done with SAT. 

 

 
Figure 4.  Expression plasmid for SAT enzyme.  The SAT ORF was ligated to a pET-

14b vector under the control of a T7 promoter with a T7 transcription terminator.  For 

easy purification of the recombinant protein, the SAT ORF was fused to a His tag leader 

sequence at the 5’ end. 
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Figure 5.  E. coli total protein extract and purified SAT separated on a 12% 

polyacrylamide gel.  Lane 1, purified SAT; lane 2, total protein from E. coli cells 

expressing SAT following induction with 1 mM IPTG for 3 h; lane 3, total protein 

extracted from E. coli cells; lane M, protein marker.  

 

3.2.3  Ch-OAS-TL Gene Isolation 

OAS-TL catalyzes the final step of cysteine formation by cleaving the acetate 

moiety from OAS and replacing it with sulfide.  Several different OAS-TL isozymes 

exist in plants and have been shown to localize to the cytoplasm, mitochondria, and 

chloroplast.  cDNA obtained from leucaena leaf tissue was screened for chloroplast-

localizing OAS-TL (ch-OAS-TL) using degenerate primers found in Table 1.  A 720 bp 

gene fragment encoding a putative ch-OAS-TL was amplified.  5’ and 3’ RACE were 

used to extend the gene fragment in both directions to obtain the full-length cDNA 

sequence.  An additional 286 bp was sequenced at the 5’ end and an additional 544 bp 

was sequenced at the 3’ end.  The total length of the ch-OAS-TL cDNA was 1550 bp 

with an ORF of 1176 bp encoding 391 amino acids (Figure 6 and 7).  The molecular 

weight of this protein was predicted to be 34-kDa (http://web.expasy.org/compute_pi/).   

BLASTp analysis (blast.ncbi.nlm.nih.gov) of the amino acid sequence revealed 69 

proteins from various species with significant alignments, many of which were 

chloroplast localizing isozymes.  Among these sequences, it shared 82% identity with a 

G. max OAS-TL (NP 001235131.1) and 81% identity with a A. thaliana OAS-TL (NP 

851022.1).  A conserved domain recognized by BLASTp analysis on leucaena ch-OAS-

TL was a Cystathione Beta Synthase like domain which is required for 5’ pyridoxal 
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dependent reactions, a cofactor of OAS-TL enzymes.  TargetP 

(http://www.cbs.dtu.dk/services/TargetP/) was used to identify the presence of a 59 

amino acid transit peptide at the N-terminus and strongly predicted that OAS-TL 

localizes to the chloroplast.   

 

 
Figure 6.  Nucleotide sequence of the ch-OAS-TL cDNA.  The initial gene fragment was 

isolated using degenerate primes in RT-PCR and the full-length cDNA was obtained 

through RACE.  The entire sequence is 1550 bp, and the 1176 bp ORF is underlined.  

 

1    ATATCATTTCTGCCATTGATTCCTCGGTGGAGCCAAACAAGATAGGAGTC  
51   ACTCCTTACCACTATCAATACCGCTTACAGTAATGGCCCCAGCTTCACTA  
101  ATAAATTCGTTGATCTCTCCCTGCAAAACCGATTCTATCCGAGCTTCCGC  
151  TACAACTCCCTATCCCTCGGGCAGCAGTGCATCGTTCAGACTCGGATTTG  
201  GCTGTCGTTATCGGAGTGCAAGACAAAGGGTCAATTCACCTTTCTTTAGT  
251  ACCTGCAAAGCTGTGTCTGTGAAGCCGCAAGCGGATATCGAAGGGCTCAA  
301  CATTGCTGAAGATGTTACCCAGCTTATAGGAAAAACGCCAATGGTGTACC  
351  TGAATAATATTGTCAAGGGTTCACTGGCAAATATTGCTGCCAAGCTTGAG  
401  ATCATGGTGCCGTGTTGTAGTGTCAAGGACCGGATAGGATATAGTATGAT  
451  AAACGATGCTGAACAGAAAGGAGAAATAACGCCTGGGAAGAGTATTTTGG  
501  TGGAACCTACAAGTGGGAACACAGGAATCGGTCTTGCATTTATTGCAGCT  
551  TCAAAGGGATATAAGCTCATTTTGACCATGCCTGCATCGATGAGTTTAGA  
601  AAGACGAGTTATTTTAAAAGCATTTGGAGCTGAGCTTGTTTTAACAGATT  
651  CATCAAAGGGCATGAAAGGAGCAGTTCAGAAAGCTGAAGAAATTTTACAA  
701  AGCACACCCAATGCATACATGCTTCAACAATTTGATAATCCATCTAATCC  
751  TAAGATACACTATGAGACAACTGGCCCAGAAATATGGGAAGATACAGGAG  
801  GGAAAGTGGATATCTTGGTTGCAGGAATTGGAACTGGTGGAACCATTTCT  
851  GGAGCTGGTCAATTCCTAAAGCAGAAAAATCCCAAAATACAGGTTATTGG  
901  TATAGAGCCTTTAGAAAGCAACATACTTTCAGGCGGAAAACCAGGACCTC  
951  ACAAGATTCAGGGAATTGGGGCTGGATTTGTGCCCAGGAATTTGAATCAA  
1001 GATGTGCTTGATGAAGTTATTGAGATATCAAGTGATGAAGCTGTTGAAAC  
1051 TGCAAAGCAATTAGCACTCCATGAAGGGTTGTTGGTAGGAATTTCTTCTG  
1101 GAGCTGCAGCAGCAGCAGCATTGAAGGTTGGGAAGAGACCTGAAAATGCT  
1151 GGAAAGCTTATAACGGTTGTATTCCCAAGCTTTGGAGAAAGATACTTGTC  
1201 TTCTGTTCTTTTCCAGTCAATTCGAGAAGAATGTGAGAAGATGGAGCCTG  
1251 AGCCATGACGCTACTTAGAATTTTACCCTGTCATACATTAGACAATAGTG  
1301 TGACATGCTATTGTCCATACTATGGGCTTTTCATTAACAAAATAATTACA  
1351 AAAACAGTACCCAGAAGTTAAGGCAGTGAATAATTTTGTTGGGTTCTTCC  
1401 CTTCAACCTTTACAGTTTAAACGTTAACTGTAACTGCTGTTTATCAACTC  
1451 TATATTCAGCTAGATTCAAGCTGCGTTCCTGTTTCCAGCTTAATTGACGG  
1501 ATGGTTGTGATTGTTTGTATTTATATAAAAAAAAAAAAAAAAAAAAAAAA  
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Figure 7.  Amino acid sequence of leucaena ch-OAS-TL.  Ch-OAS-TL contains a 59 

amino acid N-terminal transit peptide to the chloroplast.  It consists of 391 amino acids 

and was predicted to be 34-kDa. 

  

1   MAPASLINSLISPCKTDSIRASATTPYPSGSSASFRLGFGCRYRSARQRVNSPFFSTCKA 
61  VSVKPQADIEGLNIAEDVTQLIGKTPMVYLNNIVKGSLANIAAKLEIMVPCCSVKDRIGY 
121 SMINDAEQKGEITPGKSILVEPTSGNTGIGLAFIAASKGYKLILTMPASMSLERRVILKA 
181 FGAELVLTDSSKGMKGAVQKAEEILQSTPNAYMLQQFDNPSNPKIHYETTGPEIWEDTGG 
241 KVDILVAGIGTGGTISGAGQFLKQKNPKIQVIGIEPLESNILSGGKPGPHKIQGIGAGFV 
301 PRNLNQDVLDEVIEISSDEAVETAKQLALHEGLLVGISSGAAAAAALKVGKRPENAGKLI 
361 TVVFPSFGERYLSSVLFQSIREECEKMEPEP* 
"



25"
"

CHAPTER 4.  CY-OAS-TL CHARACTERIZATION 
"

4.1  Materials and Methods 

4.1.1  Cy-OAS-TL plasmid construction and protein expression 

A putative cytosol-localizing OAS-TL (cy-OAS-TL) gene was obtained by 

interspecies Suppression Subtractive Hybridization (iSSH) as described in Negi et al. 

(2011).  The gene encoding cy-OAS-TL was codon-optimized and synthesized by 

Genescript for expression in E. coli BL21 (DE3) pLYsS cells (Promega).  Cy-OAS-TL 

was received in a pUC57 vector flanked by BamHI restriction enzyme sites. pUC57:cy-

OAS-TL was digested with FastDigest BamHI (Fermentas) and ligated to pET-14b 

(Novagen) using T4 Ligase (Promega; Figure 2).   

E. coli BL21 cells were transformed with the pET-14b:cy-OAS-TL plasmid and 

selected on LB agar containing 100 µg/mL ampicillin.  Transformed colonies were used 

to inoculate liquid LB cultures and protein expression was induced with IPTG (Sigma 

Aldrich) when A600 was 0.5-0.6 AU.  Expression conditions were optimized by varying 

IPTG induction concentrations (0.2 mM, 0.5 mM, and 1 mM), temperature (28°C and 37 

°C), and time (2 h and 3 h).  Total protein extracts were obtained by centrifuging 200 µL 

cell culture at 3000 rpm for 3 min.  The supernatant was removed and the cells were 

resuspended in 2x SDS-PAGE reducing buffer, heated for 5 min at 99°C, then 

immediately placed on ice.  40 µg total protein was loaded into 8% stacking and 12% 

resolving gels for SDS-PAGE.  Protein was visualized by Coomassie Brilliant Blue 

staining.  

     

4.1.2  Protein purification   

10 mL LB culture induced with IPTG for protein expression was centrifuged at 

4000 rpm for 10 min.  The supernatant was decanted and the culture was resuspended in 

700 µL H2O.  Enzyme was purified according to the HisLink™ Spin Protein Purification 

System (Promega) protocol.  Protein was quantified by comparing the average pixel 

count of purified cy-OAS-TL to a standard curve generated from Bovine Serum Albumin 
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(Supplemental Figure 1 and 2).  Polyacrylamide gels were stained with Coomassie 

Brilliant Blue and average pixel count was measured in ImageJ (Schneider et al. 2012). 

 

4.1.3  Mimosine and cysteine synthesis assays 

Mimosine assays consisted of potassium phosphate or Tris buffer (final pH 7.5), 

3H4P, OAS, and purified cy-OAS-TL in a final volume of 100 µL.  Various assay 

conditions were tested including varying buffer concentration (50 and 100 mM), varying 

substrate concentration (1-10 mM), varying assay pH (7.0-7.8), varying incubation time 

(5 min-16 h), varying temperature (25-37°C), varying enzyme amount (0.5-5 µg), adding 

PLP to the reaction, and cleaving the His tag from the recombinant enzyme.  Reactions 

were initiated by the addition of OAS, then terminated with heat (100°C) and acidified 

with 50 µL 20% TCA.  All assays were syringe-filtered through 0.22 or 0.45 µm nylon 

filters or spun at maximum speed for 5 minutes in a benchtop centrifuge.   

Cysteine synthesis assays were comprised of 50 mM Tris (final pH 7.5), 0.58 µg 

purified OAS-TL, varying amounts of Na2S (0.25 - 4 mM), 10 mM OAS, and 1 mM DTT 

in a final volume of 100 µL.  Each assay was initiated with the addition of Na2S and 

terminated with heat at 30 s, 45 s, and 60 s by placing it in 100°C for 2 min.  Assays were 

done in triplicates for each concentration at each time point.  Cysteine detection required 

pre-column derivatization with 2-Chloro-1-methylpyridinium iodide (2-CMPI), which 

reacts with aminothiols (Figure 8; Sypniewski and Bald 1994).  Following termination, 

assay pH was increased to 9 by adding 3 µL 1 M Tris Base.  2-CMPI was added in 5-fold 

excess above the total thiol concentration and incubated at room temperature for 15 min.  

The derivatization reaction was terminated with the addition of 50 µL 20% TCA.   

 

"
Figure 8.  Precolumn derivatization of cysteine with 2-CMPI.   
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4.1.4  Mimosine and cysteine detection using Reverse-Phase High Performance 

Liquid Chromatography (RP-HPLC) 

The detection of both mimosine and cysteine required a C18 Kinetex column 

(Phenomenex; 2.6 µm, 100 x 4.60 mm) and a two-solvent system consisting of solvent A 

(0.1% HFBA v/v, aqueous, 0.22 µm filtered) and solvent B (0.08% HFBA v/v in 50/50 

methanol/acetonitrile, 0.22 µm filtered).  An initial flow of 1% solvent B (1.1 mL min-1) 

over 3 min followed by a linear gradient of 3% Solvent B to 60% Solvent B (1.1 mL min-

1) over 20 min was applied.  After each sample injection, the column was re-equilibrated 

with a series of three washes: 100% Solvent B (0.8 mL min-1 for 6 min), 1% Solvent B 

(0.8 mL min-1 for 4 min), and 1% Solvent B (1.1 mL min-1 for 4 min).  Chromatograms 

were analyzed using Waters Millennium 32 software.  Mimosine was detected at 280 nm 

and cysteine derivatized to 2-CMPI was detected at 314 nm using UV detection 

photodiode array (200 - 400nm).   

 

4.1.5  Cy-OAS-TL kinetic analysis 

 To determine the kinetic parameters for sulfide, substrate concentrations were 

varied (0.25, 0.5, 1, 2, 3, and 4 mM) in the presence of 10 mM OAS and the amount of 

cysteine formed was quantified at 30, 45, and 60 s.  Cysteine concentrations were 

determined using a standard curve that plotted the integrated area of a peak generated by 

HPLC against varying concentrations of cysteine standard (0.25-6 mM) derivatized to 2-

CMPI (Supplemental Figure 3).  Data obtained by steady state analysis was fit into a 

Michaelis-Menten model on GraphPad Prism software.  

  

4.1.6  Dialysis 

Following protein purification, 100 µL recombinant cy-OAS-TL was treated with 

thrombin (GE Healthcare) for 4 h to remove the His affinity tag at the N-terminus.  6 M 

Guanidine-HCl was then added to cy-OAS-TL to a final volume of 3 mL and added to a 

dialysis cassette (Thermo Scientific).  The enzyme was dialyzed against 1 L 50 mM 

potassium phosphate (pH 7.5), 2.5 µM PLP with six buffer changes over 72 h. 
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4.2  Results 

4.2.1  Cy-OAS-TL 

A leucaena OAS-TL gene was previously isolated by iSSH, a method that 

amplifies genes that are upregulated or unique when compared between two closely 

related species.  In that study, leucaena was compared to Acacia confusa, a relative that 

does not produce mimosine.  Considering that leucaena produces large amounts of 

mimosine, it was thought that the up-regulation of the OAS-TL gene in luecaena was due 

to its role in mimosine biosynthesis.  The OAS-TL gene isolated was named cy-OAS-TL 

because subsequent analysis on the TargetP1.1 server indicated the absence of a transit 

peptide, and therefore, suggested that this enzyme is localized in the cytoplasm.  The 

ORF consists of 978 bp, coding for a 34-kDa protein with 325 amino acids (Figure 9 and 

10).  BLASTp analysis showed 75 other OAS-TL enzymes from different species with 

significant alignments, and some were indicated to localize to the cytoplasm or 

chloroplast.  cy-OAS-TL shared 78% identity with enzymes from both G. max (NP 

001235628.1) and M. truncatula (XP003610723.1).  A search for conserved domains on 

BLASTp indicated that cy-OAS-TL also contains a cystathione beta synthase-like 

domain, indicative of PLP-dependent enzymes.   

 

 
Figure 9.  ORF of cy-OAS-TL which was isolated by iSSH and contains 978 bp. 

1   ATGGCGGTGGAATGGACTGGAATTGCCAATGATGTTACAGAATTGGTTGGCAAAACCCCA 
61  TTAGTATATCTTAATAAAGTTGTGGATGGCTGTGTGGGCCGGATTGTTGCCAAACTAGAG 
121 TTTATGGAACCCCTCTCTAGTGTCAAAGACAGGATCGGCTATAGTATGATTGCTGATGCA 
181 GAGGAAAAAGGTCTTATCACGCCTGGAAAGAGTGTCCTTATTGAACCAACAAGTGGTAAT 
241 ACTGGCATTGGATTAGCCTTCACGGCAGCAGCAAAAGGTTACAGGCTTATTATTGTAATG 
301 CCTGCTTCAATGACTCTTGAAAGAAGAATGGTTCTGAAAGCTTTAGGGGCTGAGTTGGTG 
361 CTGACGGATCCTGAAAAGGGAATAAGAGGTGCATTTCAGAAAGTTGAAGAAATATATGCT 
421 AAGACACCTAATTCCTACGTACTTCAACAGTTTGAAAATCCTTCCAATCCCAAGATGCAT 
481 TATGACACTACTGGCCCAGAGATTTGGAAAGCCACTGGAGGGAAAATTGATGCACTTGTA 
541 GCAGGGATAGGTACTGGTGGCACAATAACAGGTTCTGGCAAATTTCTTAAAGAACAAAAT 
601 CCCAATATTAAGGTTTGTGCTGTTGAACCTGCTGAAAGTCCCGTGCTCGTTGGTGGACAG 
661 CCTGGTTCTCATGGGATTTATGGGATTGGTGCTGGTTTTATACCTAAGGTGGTGGATGTC 
721 AGTCTTCTTGACGAAGTTGTTCATGTAACAACCTCTGAAGCCATTGAAACTGCAAAGCTT 
781 CTTGCAGTGAAAGAAGGCCTATTTGTGGGAGTTTCATCTGGAGCTGCAGCAGCCGCTGCA 
841 ATTAAGGTTGCAAAACGACCAGAAATGGCTGGAAAGCTTATTGTAACGATTTTTCCAAGC 
901 TGCGGTGAGAGATATCTGTCGTCTGCGTTGTTTGAGTCGATCAGAGAAGAATCTGAGAAC 
961 ATGACTTTTGAGCCATAA 
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Figure 10.  Amino acid sequence of cy-OAS-TL enzyme.  The enzyme contains 325 

amino acids and was predicted to be 34-kDa. 

 

4.2.2  Expression of the leucaena cy-OAS-TL in E. coli  

 Since plants and bacteria have different codon preferences, the leucaena cy-OAS-

TL was codon-optimized by Genescript for expression in E. coli.  The synthetic cy-OAS-

TL gene was ligated to a pET-14b vector (Figure 11), transformed into E. coli BL21 cells 

and its expression was induced with IPTG.  Over-expression of a protein, approximately 

40-kDa in size, was observed (Figure 12).  The expected size was 34-kDa, however, the 

fusion to a 25-amino acid leader sequence from the vector, which included the His-tag, 

resulted in an increased molecular weight. The optimal expression conditions for the 

protein were 0.2-1 mM IPTG induction at 37°C for 3 h.  

 

 
Figure 11.  Expression plasmid for cy-OAS-TL expression.  The cy-OAS-TL ORF was 

ligated to a pET-14b vector under the control of a T7 promoter with a T7 transcription 

terminator.  For easy purification of the recombinant protein, the cy-OASTL ORF was 

fused to a His tag leader sequence at the 5’ end.   

1   MAVEWTGIANDVTELVGKTPLVYLNKVVDGCVGRIVAKLEFMEPLSSVKDRIGYSMIADA 
61  EEKGLITPGKSVLIEPTSGNTGIGLAFTAAAKGYRLIIVMPASMTLERRMVLKALGAELV 
121 LTDPEKGIRGAFQKVEEIYAKTPNSYVLQQFENPSNPKMHYDTTGPEIWKATGGKIDALV 
181 AGIGTGGTITGSGKFLKEQNPNIKVCAVEPAESPVLVGGQPGSHGIYGIGAGFIPKVVDV 
241 SLLDEVVHVTTSEAIETAKLLAVKEGLFVGVSSGAAAAAAIKVAKRPEMAGKLIVTIFPS 
301 CGERYLSSALFESIREESENMTFEP* 
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Figure 12.  E. coli total protein extract and purified cy-OAS-TL separated on a 12% 

polyacrylamide gel.  Lane 1, total protein extracted from E. coli cells; lane 2, total protein 

from E. coli cells expressing cy-OASTL following induction with 1 mM IPTG for 3 h; 

lane 3, purified cy-OASTL; lane M, protein marker.  

 

4.2.3  Cy-OAS-TL assay for mimosine and cysteine synthesis  

Cy-OAS-TL was tested for its ability to synthesize both mimosine and cysteine 

through in vitro enzyme activity assays using the 40-kDa recombinant cy-OAS-TL 

protein isolated from E. coli.  Mimosine synthesis assays consisted of cy-OAS-TL, Tris 

or potassium phosphate buffer (pH 7.5), and the substrates 3H4P and OAS.  Initially, RP-

HPLC was used to detect mimosine formation at 220 nm on a C18 Dionex Acclaim™ 120 

column (5 µM, 120 Å, 4.6 x 250 mm).  Samples were run on the column with 0.02 M O-

phosphoric acid at 1 mL/min.  It was later observed that this method did not facilitate 

mimosine retention on the column.  An alternative method utilizing a C18 Phenomenex 

Kinetex column (2.6 µm, 100 x 4.60 mm) with 0.08% v/v HFBA in 50/50 acetonitrile 

and methanol and 0.1% v/v HFBA, aqueous was developed, as described in “Materials 

and Methods.”  No pre-column derivatization of mimosine was required and mimosine 

standard eluted at approximately 2 min (Figure 13a).  Mimosine could not be formed 

using the recombinant cy-OAS-TL, as no peak corresponding to the mimosine standard 

was observed (Figure 13d).   
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"
Figure 13.  Chromatogram of mimosine synthesis assay.  Mimosine standard (a) eluted at 

approximately 2.7 min. 3H4P standard is shown in (b).  The negative control (c) 

contained all assay components except cy-OAS-TL.  The mimosine assay (d) contained 

cy-OAS-TL, however, no mimosine formation was detected.  

 

Enzyme activity assays were also done using the substrates Na2S and OAS to 

determine if recombinant cy-OAS-TL could form cysteine (Figure 14).  It was necessary 

to derivatize cysteine because its charge prevents it from binding a C18 column. 2-CMPI 

was selected as the derivatizing agent because of its reactivity with thiols, the stability of 

the derivatized cysteine, and because it can be detected at 314 nm (Sypniewski and Bald 

1994).  Derivatized cysteine was detected on a C18 Phenomenex Kinetex column (2.6 µm, 

100 x 4.60 mm) and had an elution time of approximately 3.3 minutes (Figure 5a).   

Cysteine was successfully formed and the enzyme was further characterized by 

calculating its kinetic parameters. A Km of 1850±414.6 µM sulfide and a Vmax of 

200.6±19.92 µM cysteine minute-1 were calculated using Michaelis-Menten model (Fig. 

15a).  Km calculated by the Lineweaver-Burke plot was 1456 µM sulfide and Vmax was 

177 µM cysteine minute-1 (Fig. 15b). 
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Figure 14.  Chromatogram of cysteine synthesis forllowing derivatization to 2-CMPI, 

measured at 314 nm on a Phenomenex Kinetex column.  Cysteine standard (a) retention 

time was approximately 3.3 min.  Na2S standard is shown in (b).  The negative control (c) 

did not contain cy-OAS-TL, which resulted in no cysteine formation.  The cysteine assay 

(d) contained enzyme, which resulted in a peak that corresponded to the cysteine standard 

at approximately 3.4 minutes. 

"
"
"
"
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Figure 15.  Enzyme saturation kinetics of cy-OAS-TL with Na2S as substrate (a) 

showing standard deviation.  GraphPad Prism6 calculated a Km of 1850±414.6 µM 

sulfide and a Vmax of 200.6±19.92 µM cysteine minute-1.  A Lineweaver-Burke plot (b) 

had a y-intercept (1/Vmax) of 0.005638±0.0003821 and an x-intercept of (-1/Km) -

0.0006867. 

 

 Since the recombinant cy-OAS-TL could synthesize cysteine, but not mimosine, 

we hypothesized that the catalytic site of the 40-kDa recombinant enzyme was blocked 

for entry of 3H4P by the 25-amino acid leader peptide of the enzyme. 3H4P is nearly 

double the size of sulfide, with the molecular weights of 111.1 and 55.5, respectively.  To 

examine this possibility, the protease thrombin cleaved the first 17 residues of the 25-

amino acid leader peptide of the 40-kDa recombinant enzyme.  The resulting cleaved 

enzyme appeared as a 37-kDa protein in SDS-PAGE (Figure 16).  The enzyme was then 

denatured with guanidine hydrochloride and renatured by dialysis in 50 mM potassium 
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phosphate buffer.  The refolded 37-kDa enzyme was again tested for mimosine and 

cysteine synthesis activities.  The enzyme could catalyze cysteine formation, but not 

mimosine.  Additionally, a variety of assay parameters such as pH, substrate 

concentration, enzyme concentration, and temperature, were changed, but mimosine 

synthesis could not be detected.  This suggests that cy-OAS-TL is specific for cysteine 

synthesis and the recombinant enzyme is active with or without the leader peptide.  

 

 
Figure 16.  Full-length recombinant cy-OAS-TL and thrombin-treated cy-OAS-TL 

resolved on a 12% polyacrylamide gel.  The full-length cy-OAS-TL was approximately 

40-kDa while the digested cy-OAS-TL was approximately 37-kDa.  Lane 1, Full-length 

recombinant cy-OAS-TL; lane 2, Incomplete digestion of cy-OAS-TL by thrombin after 

5 h incubation; lane 3, Complete digestion of cy-OAS-TL following 72 h dialysis. 
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CHAPTER 5.  DISCUSSION 

"
In plants, multiple copies of OAS-TL are present which are located in the cytosol, 

chloroplast and mitochondria.  In A. thaliana, nine copies of OAS-TL are present, among 

which at least one is cytosolic.  We expected one leucaena OAS-TL cDNA isolated in 

this study to be cytosolic because it lacked a transit peptide.  This gene was isolated 

through iSSH, which favors isolation of upregulated or unique gene sequences.  

Considering that mimosine is synthesized only in leucaena and not in A. confusa, which 

was used as the tester species in the subtractive hybridization, we reasoned that the 

isolated OAS-TL cDNA would be mimosine specific.  Furthermore, since the isolated 

OAS-TL cDNA has only 78% similarities with OAS-TL from G. max and M. trancatula, 

we thought this could be a unique OAS-TL enzyme that was part of the mimosine 

biosynthetic pathway.  Additionally, Ikegami and Murakoshi (1994) asserted that all 

OAS-TL enzymes in higher plants can function in the biosynthesis of β-substituted 

alanines, especially in plants such as leucaena, where these secondary metabolites are 

naturally found (Ikegami and Murakoshi 1994).  This has been demonstrated by OAS-TL 

isolated from several species, including C. vulgaris, S. oleracea, and even E. coli which 

have all been shown to have broad substrate specificity through its ability to synthesize 

both cysteine and ß-substituted alanines such as β-(pyrazol-1-yl)-L-alanine, β-(triazol-1-

yl)-L-alanine, and β-(3-amino-1,2,4-triazol-1-yl)-L-alanine (Ikegami and Murakoshi 

1994; Murakoshi et al. 1985; Saito et al. 1993; Saito et al. 1997; Zhao et al. 2004).  

Therefore, it was unexpected that the OAS-TL isolated from leucaena would be incapable 

of synthesizing mimosine.   

In this study, recombinant cy-OAS-TL purified from E. coli was used in in vitro 

enzyme activity assays where it was observed to have catalytic activity for synthesis of 

cysteine but not for mimosine.  The recombinant cy-OAS-TL had an N-terminal 25-

amino acid leader sequence, which contained a histidine hexapeptide affinity tag.  While 

affinity tags allow for easy purification, its ultimate effect on the enzyme is often 

unpredictable and may cause altered protein structure and enzymatic activity (Arnau et al. 

2006; Cadel et al. 2004; Chant et al. 2005; Kim et al. 2001).  We hypothesized that the 

presence of the cy-OAS-TL leader sequence might have had an unfavorable effect on the 
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enzyme’s active site resulting in an inability to bind 3H4P for mimosine formation.  In 

previous studies, affinity tags used to purify A. thaliana OAS-TLs expressed in E. coli 

were cleaved and sometimes dialyzed in an effort to generate the native enzyme 

conformation (Berkowitz et al. 2002; Bonner et al. 2005).   The His-tag in the 

recombinant cy-OAS-TL was, therefore, cleaved with thrombin, and the enzyme was 

denatured, then renatured through dialysis.  The renatured cy-OAS-TL was again capable 

of cysteine synthesis, but not mimosine in the presence of the appropriate substrates.  The 

selectivity of leucaena cy-OAS-TL for cysteine formation is likely caused by the enzyme 

structure.  S. typherimurium OAS-TL has been shown to exist in open and closed 

conformations based on OAS binding to PLP-OAS-TL; in the absence of OAS, the 

enzyme remains in an open conformation but the enzyme’s active site closes after OAS 

binding (Rabeh and Cook 2004).  This conformational change facilitates the removal of 

bulk solvent and enables the proper positioning of functional groups for effective 

catalysis, allowing only small molecules such as acetate and sulfide to reach the active 

site (Burkhard et al. 1999).  Leucaena cy-OAS-TL shares 51% identity with the S. 

typherimurium OAS-TL, and if open and closed conformational changes affect the 

leucaena cy-OAS-TL active site in a similar manner, it may prevent the bulky 3H4P 

molecule from reacting with OAS, ultimately preventing mimosine formation.  While 

many OAS-TLs in higher plants bear multiple substrate specificities to form β-substituted 

alanines in addition to cysteine, it appears that some may retain selectivity to synthesize 

cysteine.  When Ikegami et al. compared mimosine formation from two different OAS-

TLs isolated from leucaena, one could only synthesize mimosine at 0.03% relative 

velocity of cysteine synthesis, while the second could synthesize mimosine at 15.7% 

relative velocity of cysteine synthesis (Ikegami et al. 1990).  This indicates that even 

though more than one OAS-TL isoform exists in leucaena, substrate specificity for 

mimosine synthesis varies amongst the enzymes.  

In previous reports, recombinant plant OAS-TL expressed in bacteria successfully 

synthesized cysteine and β-substituted alanines such as β-(pyrazol-1-yl)-alanine (β-PA) 

and mimosine either in transformed E. coli or in enzyme activity assays (Saito et al. 

1994; Saito et al. 1997; Zhao et al. 2004).  Therefore, in this study, a leucaena cytosolic 

cy-OAS-TL gene was isolated then expressed in E. coli, however, the recombinant cy-
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OAS-TL enzyme may also require post-translational modifications.  Wirtz et al. 

determined that the major cytosol and chloroplast-localizing OAS-TL isozymes in A. 

thaliana undergo N-terminal processing wherein the first methionine is cleaved and the 

N-terminus is acetylated (Wirtz et al. 2010).  The OAS-TL active site lies at the N-

terminal region, therefore, such post-translational modifications could drastically affect 

the activity of the enzyme.  Since the recombinant cy-OAS-TL was expressed in E. coli, 

the enzyme was not acetylated, which could explain its inability to synthesize mimosine. 

Studies that used native OAS-TL isolated from Q. indica, P. sativum, C. vulgaris, 

S. oleracea, B. juncea, and P. vulgaris reported Km values for sulfide ranging from 22 to 

59 µM (Ikegami and Murakoshi 1994).  In contrast, bacterial OAS-TL was reported to 

have a Km of 140-180 µM for sulfide as the substrate by Kredich and Tompkins which is 

approximately 10-fold less than the Km of 1850±414.6 µM observed for leucaena cy-

OAS-TL (Kredich and Tomkins 1966).  The Km elucidated for leucaena cy-OAS-TL in 

the present study is higher relative to other Km values reported for plant and bacterial 

OAS-TLs, indicating that the leucaena cy-OAS-TL has poor affinity for sulfide as the 

substrate.  The Km of cytosolic isozymes is often higher than that of chloroplastic and 

mitochondrial isozymes.  For example, native cytosolic OAS-TL isolated from Datura 

innoxia had a cytosolic OAS-TL with a Km of 5293 µM for sulfide, while the 

chloroplastic and mitochondrial isozymes had Km measuring 296 µM and 138 µM for 

sulfide, respectively (Kuske et al. 1994).  These differences in Km further indicate that 

while OAS-TL isozymes catalyze the same reaction of OAS and sulfide to cysteine, the 

isozymes are not identical, each fulfilling a different function within the plant.  

OAS-TLs with different subcellular localizations have varying effects on plants.  

When Heeg et al. (2008) studied T-DNA knockout lines of cytosolic, chloroplastic, and 

mitochondrial OAS-TL in A. thaliana, they found that the absence of the mitochondrial 

OAS-TL resulted in a 25% growth decrease in the plant even though it only accounted 

for 5% of all OAS-TL activity.  Cytosolic and chloroplastic OAS-TL knockout plants, 

which together accounted for 95% of all OAS-TL acitivty, were similar to the wild-type 

(Heeg et al. 2008).  The mitochondrial OAS-TL null mutant was thought to decrease 

OAS levels in the plant because the cysteine synthase complex could not form in the 

mitochondria, which is known to facilitate the majority of SAT activity, ultimately 
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affecting the plant growth phenotype (Heeg et al. 2008; Ruffet et al. 1995).  Thus, in 

addition to catalyzing cysteine formation, another primary purpose of OAS-TL is to 

regulate SAT in the cysteine synthase complex.  

The last two steps of cysteine biosynthesis are regulated by SAT through 

feedback inhibition (Kredich and Tomkins 1966; Noji et al. 1998).  Since SAT interacts 

with OAS-TL for optimal activity the cysteine synthase complex acts as an important 

biosensor of intracellular cysteine levels (Bogdanova and Hell 1997; Kredich and 

Tomkins 1966).  Noji et al. established that cytosolic SAT is much more sensitive to 

cysteine levels than mitochondrial or chloroplast-localizing SAT.  Given that leucaena 

cy-OAS-TL is predicted to localize to the cytosol and has a relatively poor affinity for 

sulfide, we speculate that this enzyme is specialized for regulating SAT in the cysteine 

synthase complex to maintain cysteine levels and control expression of cysteine 

biosynthetic genes in vivo (Noji et al. 1998).  OAS-TL is clearly a multifunctional 

enzyme and its activities appear to be influenced by its subcellular localization, substrate 

specificity and affinity, and regulation of SAT through the cysteine synthase complex.   
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APPENDIX A.  STANDARD CURVES 

 

 
Supplemental Figure 1.  Varying concentrations of BSA standard separated on a 12% 

polyacrylamide gel stained with Coomassie Brilliant Blue.  Average pixel count of each 

band was used to generate a standard curve to determine protein concentrations. Lanes 1-

7 contain 2, 1.75, 1.5, 1.25, 1, 0.75, and 0.5 µg of BSA. 

 

 
Supplemental Figure 2.  Standard curve of quantified BSA standard plotted against 

average pixel count of protein band showing standard deviation (n=3).  This was used to 

determine unknown protein concentrations. 
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Supplemental Figure 3.  Standard curve of cysteine standard derivatized with 2-CMPI.  

Integrated area of the cysteine peaks were graphed against varying cysteine 

concentrations, showing standard deviation.  Derivatized cysteine standards were 

measured in triplicates in concentrations of 0.25, 0.5, 1, 2, 4, and 6 mM.  This was used 

to determine concentrations of cysteine formed from cy-OAS-TL enzyme activity assays. 
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APPENDIX B.  MIMOSINE DETECTION BY DERIVITIZATION WITH OPA 

 

An alternative method for mimosine detection was previously developed that 

involved derivatization with O-phthalaldehyde (OPA; Alfa Aesar), a reagent commonly 

used in HPLC to identify amino acids.  A 400 mM stock solution of OPA was made by 

dissolving OPA in methanol.  A working solution consisting of 200 mM OPA, 155.6 mM 

boric acid (pH 9), and 11% v/v β-mercaptoethanol was added in 5-fold excess above the 

total mimosine concentration after increasing the sample to pH 9-10 with 400 mM boric 

acid (pH 12).  The sample and OPA working solution mixture was incubated at room 

temperature for 2-5 min right before injecting the sample into the column.  This detection 

method required a C18 Kinetex column (Phenomenex; 2.6 µm, 100 x 4.60 mm) and a 

two-solvent system consisting of solvent A (0.1% TFA v/v, aqueous, 0.22 µm filtered) 

and solvent B (0.08% TFA v/v in 50/50 methanol/acetonitrile, 0.22 µm filtered).  A linear 

gradient of 3% Solvent B to 60% Solvent B (1.1 mL min-1) over 20 min was applied.  

Mimosine standard derivatized with OPA was detected at 338 nm at approximately 13.1 

min.  

While OPA is commonly used to detect amino acids, it was not derivatized with 

cysteine in this study.  OPA reacts with an amino group in the presence of β-

mercaptoethanol, which contains a thiol group (Supplemental Figure 4).  Since cysteine 

also contains a thiol group, it would have to be protected to prevent disruption of the 

derivatization reaction (Tcherkas and Denisenko 2001).  A more efficient method of 

detection was to target the thiol group on cysteine using 2-CMPI (Figure 8). 

 

 
Supplemental Figure 4.  Derivatization reaction of an amino acid with OPA. 
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Supplemental Figure 5.  Mimosine standard derivatized with OPA detected at 338 nm 

with a retention time of approximately 13.1 min. 
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