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ABSTRACT 

  
Soybeans (Glycine max [L.] Merr.) are a good source of 

protein and oil.  In addition to its importance in the 

human diet, this crop plays a major role as an important 

component of animal feed, along with corn.  Despite being a 

very good source of protein, soybeans nutritional value is 

limited by low proportion of sulfur amino acids methionine 

and cysteine. Hence, achieving a favorable amino acid 

composition of soybean protein has been an objective of 

researchers for a long time. Recently, synthetic amino 

acids are being added to soy/corn based animal feeds in 

order to supplement the limited amino acids.  The cost 

involved aside, other essential amino acids, called second-

tier amino acids, are also becoming limiting in animal feed 

due to addition of synthetic amino acids.  Threonine is one 

of those second-tier amino acids and improving its 

proportion in soybean seeds can improve the nutritional 

value of soy-based animal feed. The manipulation of key 

regulatory enzymes in the biosynthesis pathway of this 
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amino acid is one method used to increase the proportion of 

free threonine in soybean seeds. One prerequisite for such 

an approach is the isolation and characterization of the 

genes encoding the key enzymes.  The objective of this 

project was to isolate and characterize the homoserine 

dehydrogenase (HSDH) and threonine synthase (TS) genes in 

the soybean, in order to increase the proportion of 

threonine in free amino acid pool.  

 The genes coding both HSDH and TS have been isolated 

and named gmhsdh and gmts, respectively. The gmhsdh seems 

to code a mono-functional, cytosolic HSDH and is 

interrupted by 11 introns. The gmts encodes a chloroplast 

localized TS and this gene has no introns.  The cDNA 

encoding HSDH was also isolated and expressed in E.coli to 

verify the functionality of the predicted coding region of 

HSDH and used to raise antibodies. Multiple sequence 

analysis of the HSDH amino acid sequence leads to a 

proposition that this protein is feedback insensitive to 

threonine. Verification of this fact could make this a very 

good candidate for achieving a favorable proportion of not 

only threonine but also methionine and isoleucine in the 

free amino acid pool. The promoter region of gmts also was 

isolated and sequenced, which could reveal novel mechanisms 

in the regulation of plant TS. 
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CHAPTER 1 

INTRODUCTION AND REVIEW OF LITERATURE 

 
 
 
Economic Importance of Soybeans 
 

Soybean (Glycine max [L.] Merr.) is an economically 

important legume.  Seeds of this crop are comprised of 

carbohydrates (12%), oils (20%) and proteins (30-40%) based 

on cultivars and agronomic practices (Liu, 1997).  Soybean 

is a rich source of both oil and protein and is considered 

to be the oilseed crop with the highest protein content.  

According to Food and Agricultural Organization(FAO), 

225.84 million acres of soybeans were harvested all over 

the world in the year 2005. 

The United States (US) ranks first in the world in 

cultivated area and in total production of soybeans.  This 

crop was grown in 75.5 million acres in the year 2006.  

Soybean production for the same year was 86.7 million 

metric tons with an average yield of 42.7 bushels per acre 

(Soy Stats Guide, 2007).  The soybean is a very important 

crop for the US economy as the estimated export of soybean 

for the year 2006 is 1.12 billion bushels (Economic 

Research Service, 2007).  



 2

With this crop grown in 5.15 million acres, the state 

of Missouri ranks fifth in cultivated area for soybean in 

the year 2006 after Iowa, Illinois, Minnesota, and Indiana.  

However, Missouri stands only seventh in terms of 

production with 5.2 million metric tons.  This crop is 

important to this state as the total value of this crop in 

2006 was $1.22 billions (Soy Stats Guide, 2007). 

Soybean as a Food Source 

 Though soybeans were introduced into the US in the 

late 1700s, the cultivation of this crop was started only 

in the late 1800s.  Initially, soybean was grown as a 

forage crop with a slow rise in acreage for seed 

production.  By the year 1941, the acreage for soybean 

grown for seed exceeded that grown for forage, and since 

then the crop has been cultivated almost exclusively for 

seed production (Probst and Judd, 1973).  Today, soybeans 

are grown mainly for their protein and the oil components 

of seeds. 

Soybean is a major source of food for both humans and 

animals.  While it has been one of the major food sources 

for humans in Asian countries, human consumption of 

soybeans is gaining momentum in North American countries 

recently.  According to Soyfoods Association of America 

(1995), 26 million Americans consume foods made from 
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soybeans.  Soy-derived foods have also been proven to be 

beneficial for human health by helping to prevent diseases 

such as cancer, heart disease, and osteoporosis.  In a 

significant development, a health claim that consumption of 

25 grams of soybean protein per day can help lower 

cholesterol and prevent heart disease was approved by the 

United States Food and Drug Administration (FDA) in the 

year 1999 (Bachmann, 2001).  By the year 2003, at least one 

in six Americans consumed soy foods or soy beverages once a 

week or more (Rao et al., 2002).  Because of the proven 

health benefits, soy foods are becoming readily available 

in large supermarkets in the USA.  Today, various types of 

soy foods like fermented whole soybean products, roasted 

soybean products, soymilk, tofu, soy cheese, soy yogurt, 

nondairy frozen deserts and okara are available to 

consumers (Kroll, 2000).  

 The soybean has been the most important protein source 

in animal feed.  Most of the soy protein is used as animal 

feed in the form of defatted meal. Soybean meal contains 44 

to 48% of protein, depending on the type of processing used 

to produce the meal (Maier et al., 1998).  The importance 

of soy meal in animal feed can be understood by the fact 

that 83% of total protein in animal feed consumed in 2004 

came from soybean meal as against 7% from all other oilseed 
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meals together, 3% from grain protein, and 7% from animal 

protein (Fig. 1).  

Limiting Amino Acids 

Despite the importance of soybean seed protein, the 

nutritional value of this protein is limited by the low 

proportions of sulfur containing amino acids methionine and 

cysteine.  Soy/Corn based rations have been the chief food 

source for animal feed industry. Since soy proteins are 

limited in sulfur amino acids and corn proteins are limited 

in lysine (Beauregard and Hefford, 2006), one of the major 

focuses of plant biologists has been improving the content 

of these limited amino acids in legumes and cereals.  While 

these efforts are still ongoing, the practice of adding 

synthetic methionine and lysine to the feed has become 

popular. This practice not only costs more than $100 

million annually (Imsande, 2001), but also causes other 

amino acids to be limited in soy/corn based rations.  From 

the results of recent animal feeding experiments, a group 

of essential amino acids called second-tier amino acids are 

becoming limited in soybean and corn based feed when 

synthetic amino acids are added.  These second-tier amino 

acids include threonine, tryptophan, isoleucine, arginine 

and valine (Rapp et al., 2003).  Since compensating for the 

deficiency of all these essential amino acids with 



 5

synthetics is more expensive, enhancing the content of 

these second-tier amino acids in soybean seeds is 

important.   

Approaches to Improve Amino Acid Content 

Amino acid content in the economic parts of crop 

plants can be enhanced by the following approaches.  

 Conventional Plant Breeding 

 Genetic Engineering Approaches 

Conventional Plant Breeding 

 Traditional plant breeders employed various selection 

and/or hybridization methods to improve soybean seed 

protein quality (Wilcox, 1998). Various selection 

methodologies have been successful in increasing the 

proportion of seed protein in soybeans (Brim and Burton, 

1979). However, these efforts were not very successful in 

increasing the content of specific amino acids for two 

reasons. First, the major focus was increasing total seed 

protein per se rather than looking to a particular amino 

acid.  This was challenging, owing to the negative 

correlation with seed yield and seed oil content. Second, 

though there have been efforts to increase content of a 

particular amino acid, poor variability for the levels of 

target amino acids limited any progress.  This made 
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breeders look to various approaches like mutation breeding 

and tissue culture methods in order to create variability. 

Though a spontaneous maize mutant, opaque-2 has high lysine 

content, the kernels of mutant plants showed poor texture 

(Mertz et al., 1964). Subsequent efforts to retrieve normal 

seed phenotype met partial success and these mutants with a 

near normal phenotype are called ‘High-Quality Maize’ 

(Gibbon and Larkins, 2005).    

 Though different tissue culture techniques helped 

plant breeders in various aspects of crop improvement, one 

major problem associated is regeneration of crop plants. 

Upon treatment with ethionine – a chemical analog of 

methionine – soybean cell cultures resulted in lines that 

have methionine 8.7 times more than the parental line. 

However, these lines were not able to regenerate soybean 

seedlings (Madison and Thompson, 1988). One significant 

effort of mutation breeding was the chemical mutagenesis of 

soybean seeds using ethyl methane sulfonate (EMS) followed 

by screening for high methionine lines.  Of the many lines 

thus screened, one showed 20% higher levels of methionine 

and cysteine (Imsande, 2001). This investigation not only 

achieved higher levels of target amino acids but also 

pioneered the efforts to increase the contents of specific 

amino acids rather than total seed protein. Another 
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approach was to derive mutants for altered composition of 

different seed proteins to conveniently elevate levels of 

target amino acids. The proportion of 7S globulins to the 

total seed protein of soybean determines the content of 

methionine and cysteine in soybean seeds. Approximately 70% 

of the total seed protein in soybean is constituted by 

glycinin (11S) and β-conglycinin (7S) multi-subunit 

proteins (Meinke et al., 1981). While methionine and 

cysteine account for 3 to 4.5% of amino acid residues of 

glycinin (Nielson et al., 1989; Fukushima, 1991), their 

contribution to β-conglycinin is only 1% (Harada et al., 

1989). Since the manipulation of the expression of these 

two proteins in the seed could result in higher levels of 

methionine and cysteine, many breeders tried to produce 

mutants to create altered composition in these two 

proteins. While one recessive and one dominant mutation 

resulting in the complete elimination of the expression of 

β-conglycinin were characterized, the recessive mutants 

showed developmental abnormalities and reproduction 

failures (Kitagawa et al., 1991). However, the dominant 

mutant was successfully used to incorporate this trait into 

soybean cultivars (Hajika et al., 1996; Teraishi et al., 

2001). 

 



 8

Genetic Engineering Approaches 

 With the accumulation of knowledge about seed storage 

proteins, genes that code these proteins and expression of 

the genes opened new avenues for protein quality 

improvement through genetic engineering. Reasonable success 

in the development of plant transformation systems for a 

variety of crop plants is another encouraging factor for 

the importance of genetic engineering approaches. Various 

genetic engineering approaches can be broadly classified 

into four categories 

1. Expression of  Heterologous Proteins 

2. Expression of Homologous Proteins 

3. Protein Engineering, and 

4. Manipulation of Amino Acid Biosynthesis 

Pathways 

Expression of Heterologous Proteins 

One way to increase the concentration of specific 

amino acids is the heterologous expression of proteins. 

Expression of methionine rich maize or any other plant 

protein in soybean or lysine rich soybeans or other legume 

proteins in maize may increase methionine and lysine in 

soybean and maize, respectively. Heterologous expression of 

lysine rich proteins in cereal crops has been attempted 

with notable success. When β-phaseolin from beans was 
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expressed in transgenic rice, a high level of expression, 

to an extent of 4% of total seed proteins, was achieved 

(Zheng et al., 1995). Since methionine and cysteine are 

limiting amino acids in the seed proteins of legumes, 

expression of heterologous methionine rich proteins has 

been the major object in crops like soybean. Brazil nut 2S 

albumin was one such methionine-rich protein which, when 

expressed in soybeans, resulted in an increase of 

methionine by 15 to 40% (Townsend and Thomas, 1994). 

However, this protein was later characterized as a major 

allergen (Nordlee et al., 1996) and hence no serious 

efforts were employed to develop transgenic cultivars. 

Expression of a methionine rich 2S albumin protein from 

sunflower in lupin seeds resulted in a two-fold improvement 

in methionine content (Tabe et al., 1993). However, it has 

not been tested thoroughly to see if it is similarly 

allergenic.  Different zein proteins of maize have been 

identified as rich sources of methionine. The 10 kD zein 

has 30% methionine (Kirihara et al., 2001), a novel 11 kD 

zein has 25% combined methionine and cysteine (Krishnan, 

2005) and the 15 kD zein has 15% methionine (Pedersen et 

al., 1986). Expression of the 15 kD delta zein protein in 

soybeans resulted in an increase of 12-20% of methionine 

and 15-35% of cysteine (Dinkins et al., 2001). In a similar 
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effort, a 50-70% increase in methionine content of alcohol-

soluble protein fractions was reported when an 11 kD delta 

zein protein was over expressed in soybean seeds (Kim and 

Krishnan, 2004). 

Expression of Homologous Proteins 

Another strategy to increase the concentration of 

specific amino acids is to up or down regulate levels of 

endogenous proteins. Whereas lysine is co-limiting with 

tryptophan in the seed proteins of maize, lysine and 

threonine are the limiting amino acids in all other cereal 

crops (Beauregard and Hefford, 2006). Prolamines and 

glutelins are the predominant proteins in all cereal 

plants. Prolamines account for approximately 50% of the 

total seed protein, but the lysine fraction of these 

proteins is very low. Even though glutelins have a high 

lysine fraction, the content of glutelin is small thus 

making cereal seed proteins in general limited in lysine. 

In maize, the zein proteins are major prolamines, but they 

have as little as 0.1g lysine/100 g of protein compared to 

3.2 g lysine/100g of glutelin protein (Nelson, 1969). This 

contributes to the poor nutritional quality of corn. The 

focus of researchers working on maize has been the down-

regulation of highly expressed zein genes so that the 

lysine rich glutelins proportion increases in seeds. Using 
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chimeric double stranded RNA constructs, Huang et al., 

(2006) achieved a higher content of lysine and tryptophan 

by repressing the expression of 19 and 22 kD zeins.  

In soybeans, methionine rich proteins (MRPs) have a 

high proportion of methionine but the concentration of 

protein as such is poor in seeds (de Lumen et al., 1999). 

Elevated expression of these proteins in seeds should 

theoretically increase the levels of sulfur amino acids. 

However, the structure and regulation of these proteins 

have not been characterized enough to be genetically 

engineered. 

Protein Engineering 

 Modification of already existing abundant proteins is 

another approach to improving the levels of specific amino 

acids. The hypervariable region (HVR) of glycinin, an 

abundant protein in soybeans, has a high variability for 

the amino acids it codes among its multi-gene family and 

hence was proposed to tolerate the insertion of methionine 

and cysteine residues (Nielsen et al., 1990). When one of 

the genes coding for this protein was engineered by 

inserting oligonucleotides coding for methionine and 

expressing it in tobacco and potatoes, the protein 

accumulated normally without any problem of folding 

(Gidamis et al., 1995; Takaiwa et al., 1995).  These 
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experiments showed that the insertion of coding regions for 

new amino acids is a possible way of genetic engineering 

for the improvement of target amino acid concentrations. A 

prerequisite for this approach is a thorough 

characterization of protein structures and identifying the 

right coding region that can tolerate new insertions. Rapp 

et al., (2003) also succeeded in introducing 

oligonucleotides coding for 10 to 20 residues of 

isoleucine, another second tier amino acid, in the coding 

region of β-conglycinin without compromising high level 

expression of the protein.  

Manipulation of Biosynthetic Pathways 

 The manipulation of biosynthetic pathways has been 

gaining attention as one method for improving the free 

amino acid pool in seeds. Free amino acids account for 5% 

of the total amino acids available in plant seeds and hence 

modification of composition of the amino acid pool should 

result, theoretically, in an improvement of the nutritional 

value of the crops (Ghislain et al., 1995). Since these 

free amino acids are a part of the total amino acids 

available for protein synthesis in cells, they can also 

determine, at least to some extent, the type and amount of 

proteins synthesized in plant cells. Hence, increasing the 

levels of limiting amino acids in the free amino acid pools 
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can potentially remove at least a few limitations to 

protein synthesis (Beauregard and Hefford, 2006). For 

example, according to Krishnan (2005), an inadequate 

availability of sulfur amino acids in developing seeds of 

the soybean is limiting the synthesis of sulfur-rich 

proteins.  Efforts to improve the availability of these 

amino acids in developing seeds can also result in a higher 

expression of such proteins.  

  An E.coli serine acetyl transferase (SAT) gene was 

fused to the sequence coding chloroplast transit peptide of 

Ribulose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCo) 

and expressed in the potato in order to obtain up to a 

threefold increase of free cysteine and glutathione (Den 

and Bock, 1987). Similarly, the introduction of bacterial 

cysteine γ-synthase into the potato resulted in a threefold 

increase in cysteine levels (Hesse et al., 2003). When 

Arabidopsis cystathionine γ-synthase(CGS) gene, under the 

control of RuBisCo small unit promoter, was expressed in 

alfalfa, a significant increase in methionine content and a 

two - five fold increase in free cysteine levels were 

achieved (Avraham et al., 2005). However, similar results 

were not obtained when the native potato gene was over- 

expressed in the potatoes (Kreft et al., 2003).   
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Aspartate Pathway 

In bacteria and plants, threonine as well as lysine, 

methionine, and isoleucine are derived from the aspartate 

pathway (Fig. 2).  This pathway consists of three branches: 

the first of which leads to lysine, the second to threonine 

and isoleucine and the third, to methionine (Azevedo et 

al., 1997).  While various mechanisms have been reported 

for the regulation of enzymes involved in the bacterial 

pathway, plants appear to utilize feedback inhibition of 

branch point enzymes (Galili, 1995; Azevedo et al., 1997).  

The first committed step in the aspartate pathway is ATP- 

mediated conversion of aspartate to β-aspartyl phosphate 

catalyzed by aspartate kinase (AK; EC 2.7.2.4).  Homoserine 

dehydrogenase (HSDH) is the first branch point enzyme in 

threonine/isoleucine/methionine specific pathway competing 

with dihydrodipicolinate synthase (DHPS), the first 

committed enzyme in lysine specific pathway, for the common 

substrate dihydrodipicolinate.  The second branch point 

enzyme in this pathway is threonine synthase (TS), which 

competes with CGS of the methionine biosynthetic pathway 

for homoserine phosphate.  Since the partitioning of carbon 

into biosynthesis of threonine is regulated by HSDH and TS, 

over-expression of these two enzymes may result in an 

improved content of free threonine in seeds of soybeans. In 
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order to over-express enzymes, it is necessary to clone and 

characterize genes coding these enzymes in soybeans. The 

focus of this research project is to clone and characterize 

genes coding HSDH and TS enzymes in the soybean. 
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Fig. 1. Consumption of Various Protein Sources in Animal 
Feed in the year 2004. 

Source: Market and Trade Economics Division 2006
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Fig. 2. Key regulatory enzymes in aspartate pathway 
Source: Rognes et al., 2002 
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CHAPTER 2 

ISOLATION AND CHARACTERIZATION OF  
HOMOSERINE DEHYDROGENASE 

 
 
 

Abstract 

Threonine, one of the second-tier amino acids, can 

limit the nutritional value of soybean/corn based animal 

feeds. Over-expression of a feedback resistant homoserine 

dehydrogenase (HSDH), one of the regulatory enzymes in 

threonine biosynthesis, is a possible method for enhancing 

free threonine in soybean seeds.  HSDH operates as a bi-

functional enzyme (AK-HSDH) in association with aspartate 

kinase (AK) in gram-negative bacteria.  It functions as a 

mono-functional enzyme in gram-positive bacteria and yeast.  

To date, cloning efforts in plants have revealed only bi-

functional and feedback-sensitive HSDH.  In this study, the 

cloning and characterization of mono-functional soybean 

HSDH is reported.  Screening of a soybean seedling cDNA 

library with an EST [Accession # BM308805] as probe 

revealed a full-length cDNA clone which was found to encode 

a protein that shows sequence homology with other mono-

functional HSDHs. Soybean HSDH consists of 376 amino acids 

and has a molecular mass of 40.6 kD. The soybean HSDH lacks 
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coding sequence for a transit peptide causing speculation 

that this enzyme is cytosolic, unlike most of the enzymes 

in the aspartate pathway. Sequence analysis also shows that 

this enzyme lacks the C-terminal extension, which is 

implicated in feedback inhibition of HSDH by threonine. 

Heterologous expression of the cDNA in E.coli resulted in 

the accumulation of a 41 kD protein which was purified and 

used to raise antibodies. Southern analysis of soybean 

genomic DNA indicated that HSDH exists as a single copy in 

the genome.  A genomic clone that has the entire coding 

sequence of HSDH was also isolated.  The soybean HSDH 

coding gene was named as gmhsdh1, and this gene is 

interrupted by 11 introns. 

Introduction 

Homoserine dehydrogenase (EC 1.1.1.3) catalyzes the 

third step of threonine biosynthesis, a NADH- or NADPH-

mediated reduction of aspartate semialdehyde to homoserine.  

HSDH is well characterized in both bacteria and yeast.  It 

operates as a bi-functional enzyme (AK-HSDH) in association 

with AK in gram-negative bacteria such as E.coli, and as a 

mono-functional enzyme in gram-positive bacteria and yeast 

(Cohen and Saint-Giron, 1987).  In E.coli, two bi-

functional isoforms (AKI-HSDHI and AKII-HSDHII) and one 

mono-functional isoform of AK (AKIII) were reported.   AKI-
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HSDHI is encoded by the thrA gene and its activity is 

inhibited by threonine (Truffa-Bachi et al., 1974).  AKII-

HSDHII is encoded by metL gene but not inhibited by the end 

product (Patte et al., 1967).  In Corynebacterium 

glutamicum and Bacillus subtilis, gram-positive bacteria, a 

single HSDH was reported. In both cases, the HSDH activity 

was inhibited by threonine (Archer et al., 1991, Reinscheid 

et al., 1991; Parsot and Cohen, 1988).  HSDH in yeast is 

encoded by the hom6 gene and its activity is not inhibited 

by the end products of the pathway (Thomas et al., 1993). 

The first HSDH cloned in plants was that of the carrot and 

was shown to be a bi-functional AK-HSDH (Weisemann and 

Matthews, 1993), even though its sensitivity to feedback 

inhibition was not studied.  To date, cloning efforts in 

plants reveal only bi-functional HSDH.  Three different 

cDNAs of AK-HSDH from maize (Muehlbauer et al., 1994) and 

two from soybeans (Gebhardt et al., 1993) were also cloned.  

While all three AK-HSDH of maize were sensitive to feedback 

inhibition by threonine, the sensitivity of soybean AK-

HSDHs was not characterized.  In A. thaliana, two bi-

functional AK-HSDH coding genes sensitive to threonine 

(Ghislain et al., 1994; Rognes et al., 2002) were reported 

in addition to three different mono-functional AKs 

(Frankard et al., 1997; Tang et al., 1997; Yoshioka et al., 
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2001).  Sainis et al., (1981) reported a threonine 

resistant cytosolic form of HSDH in addition to a sensitive 

isoform localized in chloroplast from both barley and peas 

though the gene was not cloned.  Moreover, all bi-

functional AK-HSDHs and mono-functional AKs reported to 

date are localized in the chloroplast and are either 

threonine or lysine sensitive.  These observations point to 

the existence of an HSDH that is resistant to feedback 

inhibition from threonine.  Since over-expression of 

threonine resistant HSDH would be more advantageous 

compared to a threonine sensitive form, the cloning of 

genes coded for a threonine resistant form would be a 

reliable approach to improving the amount of free threonine 

in soybean seeds through genetic engineering. 

Materials and Methods 

Plant Material 

 Five days after sowing (DAS) seedlings of soybean cv. 

Williams 82. were used to isolate RNA. Plants of Williams 

82. were also grown at the Bradford Research and Extension 

Center on a Mexico silt loam soil in order to collect 

developing seeds for expression analysis. Developing seeds 

collected from the pods of these plants were frozen in 
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liquid nitrogen and stored at -800 C. They were later used 

for RNA isolation. 

Probe Preparation  

 The total RNA from hypocotyls of 5 DAS seedlings was 

isolated through a lithium chloride precipitation procedure 

(Lizzardi, 1983). In order to isolate sequences that would 

later be used as a probe for library screenings, primers 

(Forward: 5’ GCT GGT CTT CCT GTG ATA GCA TCA and Reverse: 

5’ CCA TTT GAA GCT GCC TTC TCA ACT C) were synthesized on 

the basis of sequence information obtained from an EST 

clone (Genbank accession # BM308805). A 394 bp fragment was 

amplified using these primers through the use of RT-PCR 

following the protocol given by the manufacturer 

(Stratagene, La Jolla, CA). This fragment was cloned into a 

sequencing vector pGEMT-EASY and sequenced with a Taq Dye 

Terminator Cycle Sequencing Kit (Applied Biosystems, Foster 

City, CA) at the DNA core. After confirming the sequence, 

the fragment was purified by agarose gel electrophoresis 

and radiolabeled with [32P] dCTP (PerkinElmer Life Sciences 

Inc., Boston, MA) using a random labeling kit (Takara Bio 

Inc., Shiga, Japan). This probe was used to screen the 

soybean seedling cDNA and genomic libraries. 
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cDNA Isolation and Sequence Analysis 

The above-mentioned probe was used to screen a 

seedling cDNA library that was constructed in λ Zap II by 

Dr. Joseph Polacco, Department of Biochemistry. Two 

positive clones were isolated after colony hybridization 

with a radiolabeled probe following the standard method for 

three times (Sambrook et al., 1989). One of the two clones 

was used to recover plasmid, using the Rapid Excision Kit 

(Stratagene, La Jolla, CA). The plasmid was sequenced with 

a Taq Dye Terminator Cycle Sequencing Kit (Applied 

Biosystems, Foster City, CA) at the DNA core.  Analysis of 

the cDNA sequence was done using different publicly 

available software tools. BLASTX at National Center for 

Biotechnology Information (NCBI) site was used for the 

homology search, CLUSTALW (Thompson et al., 1994) and 

BOXSHADE (http://workbench.sdsc.edu/) were used for 

multiple sequence analysis. The CLUSTALW tool was also used 

for phylogenetic analysis. 

Heterologous Expression 

 The cDNA was used to amplify the coding region of HSDH 

through PCR using specific primers (Forward: 5’ CATATG ATG 

AAG AAT ATT CCT CTG ATT CTA ATG G; Reverse: 5’ CTCGAG TCA 

AGG AAA TAA GTC TTG AAT ATC TAC G).  These primers were 

incorporated with terminal restriction sites Nde I and Xho 
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I in N- and C- terminals, respectively, to facilitate 

cloning into expression vector. The purified PCR product 

was digested with Nde I and Xho I followed by ligation into 

the corresponding restriction sites of the E. coli 

expression vector pET 28(a)+ (Calbiochem– Novabiochem, San 

Diego, CA, USA) using the ExTaq ligase kit (Takara Mirus 

Bio). The recombinant vector pHSDH was mobilized into the 

ER2566 E. coli strain (New England Biolabs, Beverly, MA, 

USA) by heat shock treatment at 42 °C for 45 sec. Overnight 

cultures inoculated with a single colony of the ER2566 E. 

coli strain with the pSHSDH plasmid were used to inoculate 

100 ml of Luria Broth medium with 100 µg/ml kanamycin. The 

culture was allowed to grow overnight at 37 °C, with 1 mM 

isopropyl-beta-D-thiogalactopyranoside (IPTG) added when 

the optical density of the culture reached 0.85 (A600). To 

purify the protein, the cells were harvested by 

centrifugation at 6,000 rpm for 10 minutes at 4 °C.  After 

removing the supernatant completely, 5ml of buffer B (100 

mM NaH2Po4, 10 mM Tris-Cl, 8 M Urea, pH 8.3) was added to 

re-suspend the pellet followed by 10 minutes of incubation 

at room temperature. After spinning at 12000 rpm for 10 

minutes at 4 °C, the supernatant was run through a nickel-

nitrilotriacetic acid (Ni-NTA) agarose column. The column 

was washed with the buffer C (100 mM NaH2Po4, 10 mM Tris-Cl, 
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8 M Urea, pH 6.3) twice with full volume of the column. 

Initial elution was done with 1 ml buffer E (100 mM NaH2Po4, 

10 mM Tris-Cl, 8 M Urea, pH 4.5) and the final elution was 

done with 1 ml 2% SDS. Antibodies of the purified protein 

were raised in rabbits following the procedure described 

previously (Krishnan and Okita, 1986). 

Expression Analysis 

Total RNA was extracted from six stages of developing 

seeds of soybean cv. Williams 82, following the standard 

lithium chloride precipitation procedure (Lizzardi, 1983). 

Quantification of RNA was done by measuring the optical 

density (A260/A280). Equal amounts of RNA were fractionated 

in a 1.2% agarose-formaldehyde gel, transferred to a 

Hybond-N+ membrane and immobilized by UV cross-linking. The 

cDNA of soybean HSDH isolated from intermediate vector pBS 

was purified from an agarose gel using Ultrafree-DA columns 

(Millipore Corporation, Bedford, MA, USA).  The purified 

insert was labeled with [32P] dCTP using the Ladderman 

labeling kit (PanVera Corporation, Madison, WI, USA). Six 

hours of prehybridization was performed at 65 °C in 7% SDS, 

191 mM Na2HPO4, 58 mM NaH2PO4, 1% bovine serum albumin (BSA) 

and 100 μg/mL denatured salmon sperm DNA. Hybridization was 

performed overnight using the same buffer at 65 °C. After 

hybridization, the membrane was washed with 0.5 × SSC (1 × 
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SSC is 150 mM NaCl, 15 mM sodium citrate) and 0.1% SDS at 

65 °C and exposed to an X-ray film at −800 C. RNA molecular 

weight markers were used to estimate the sizes of 

hybridizing transcripts. 

Southern Analysis 

 Soybean genomic DNA was isolated from the leaves of 

the Williams 82 cultivar using the cetyltrimethyl ammonium 

bromide (CTAB) method (Saghai-Maroof, 1984). After 

quantification, 8 μg of DNA was digested along with 

different restriction enzymes overnight at 37 °C. The 

digested DNA was electrophoresed on a 0.8% agarose gel and 

transferred to nylon membranes by a capillary transfer 

using 0.4 M of NaOH. The same DNA fragment used to screen 

the cDNA library was labeled with 32P-dCTP using the 

Ladderman kit (Takara Bio Inc. Otsu, Shiga, Japan) and used 

as the probe for Southern analysis. After allowing six 

hours of prehybridization, overnight hybridization was done 

at 65 °C using 6X SSPE buffer, (1X SSPE is 0.1 M NaCl, 0.01 

M Na2PO4, and 0.001 M EDTA), 5X Denhardt’s solution, 0.5% 

SDS, and 50 μg/mL of salmon sperm DNA. Following 

hybridization, the membranes were washed three times in 

wash solution I ( 2X SSPE and 0.5% SDS) for 10 min at room 

temperature before two washes in wash solution II ( 0.1X 

SSPE and 0.1% SDS) at 65 °C  for 30 min. After washing, the 
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nylon membrane was exposed to X-ray film overnight at -80 

°C.  

Isolation of Genomic Clone 

The same probe used to screen the cDNA library was 

used for screening a commercially available soybean genomic 

library (Stratagene La Jolla, CA). Seven positive clones 

were isolated through colony hybridization with a 

radiolabeled probe. Hybridization was done three 

consecutive times following the standard method (Sambrook 

et al., 1989). DNA restriction, followed by southern 

analysis of one of the seven clones, revealed hybridization 

with two Hind III inserts of 3.2 and 4.2 kb and one 0.6 kb 

Eco RI insert.  These inserts were gel isolated, purified 

and subcloned into an intermediate vector pBS before 

sequencing with a Taq Dye Terminator Cycle Sequencing Kit 

(Applied Biosystems, Foster City, CA) at the DNA core. The 

genomic sequence and amino acid sequence deduced from the 

cDNA were used to determine the number and positions of 

introns and exons in the soybean HSDH gene using the Wise2 

tool publicly available at 

http://www.ebi.ac.uk/Wise2/index.html.  
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Results 

Screening the soybean seedling cDNA library with an 

EST sequence as the probe revealed a full-length cDNA clone 

(pHSDH).  The putative cDNA clone was sequenced at the DNA 

core facility and analysis of the sequence revealed a 1472 

bp DNA insert containing a single open reading frame (ORF) 

of 1128 bp.  The cDNA has a 90 bp long, 5’ un-translated 

region (UTR).  It also has a 251 bp long UTR on the 3’ end. 

The physical map of this cDNA clone is shown in Fig. 1. The 

sequence of soybean HSDH cDNA was submitted to the NCBI 

database [Genbank # DQ172918]. The predicted ORF encodes a 

protein of 376 amino acids (Fig. 2) with a molecular weight 

of 40.6 kD and an isoelectric point of 6.19. 

BLAST analysis showed that this sequence has 

significant identity with mono-functional HSDH from 

different bacteria and yeast. A pairwise amino acid 

comparison of the soybean HSDH using the BLASTX tool 

revealed an 82% identity with that of Medicago truncatulata 

[Genbank # AC146743], 66% identity with that of Arabidopsis 

thaliana [Genbank # BT004002], 62% with the HSDH of Oryza 

sativa [Genbank # DP000011]. Multiple sequence alignment 

(Fig. 3) showed that the mono-functional soybean HSDH lacks 

any transit peptide, which is not a common feature of the 

enzymes in the aspartate pathway. The multiple sequence 
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alignment also revealed that the 376 aa long soybean HSDH, 

like that of yeast (359 aa), lacks a C-terminal extension 

that is present in Corynebacterium glutamicum and Bacillus 

subtilis, both of which are gram-positive bacteria in which 

mono-functional HSDH is well characterized. Phylogenetic 

analysis (Fig. 4) revealed that soybean HSDH is more 

closely related to that of yeast rather than the HSDH of 

various gram-positive bacteria. 

HSDH Genomic Clone 

  Sequencing of two Hind III (3.2 kb and 4.2 kb) 

fragments and one EcoRI (0.6 kb) fragment of one of the 

seven clones obtained from genomic library screening 

revealed the entire coding region of soybean HSDH. Out of 

the 7997 bp sequenced, the cDNA of HSDH begins at position 

1461 and ends at position 7763.  The start codon of the 

cDNA maps to position 1537 and the stop codon is located at 

7760 of the genomic sequence. The nucleotide sequence of 

the genomic clone, along with the deduced amino acid 

sequence from the full length DNA, was used to determine 

the position and span of introns and exons. The Soybean 

HSDH protein coding sequence is interrupted by 11 introns 

of varying length (Fig. 5).  While the length of the 

shortest intron is 107 bp, that of the longest is 1637 bp.  

The entire 7997 bp of the genomic sequence with deduced 
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amino acids of 11 exons is presented here (Fig. 6). The 

genomic sequence was also submitted to the NCBI database 

[Genbank # DQ788566]. 

Heterologous Expression 

To characterize soybean HSDH and to isolate the 

purified protein in adequate quantity, the coding region 

was subcloned into the pET28a vector and expressed in the 

ER2566 strain of E.coli under the T7 promoter.  Six 

histidine residues are introduced to the N-terminus region 

of soybean HSDH during this process and expression of 6X 

His-tagged recombinant HSDH was induced by adding 1 mM IPTG 

to the medium when the optical density of the culture 

reached 0.85.  SDS-PAGE analysis of denatured total soluble 

and insoluble protein preparation from IPTG induced 

cultures revealed an abundant 41 kD protein (Fig.7). Owing 

to the 6X His-tag, the molecular weight of the recombinant 

protein is slightly higher than the deduced mass from 

sequence analysis. The recombinant protein was purified by 

Ni-affinity column chromatography and used to raise 

antibodies. 

Expression Analysis 

In order to determine the HSDH gene expression during 

seed development, northern analysis was performed using RNA 

isolated from six stages of developing seeds.  5 μg of 
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total RNA was resolved on formaldehyde/agarose gel and 

mobilized to a nylon membrane.  Hybridization was carried 

out with a 32P labeled cDNA insert. The soybean HSDH showed 

temporal expression during seed development (Fig. 8). HSDH 

transcript was abundant during the mid-stages of seed 

development and declined during the terminal stages. In 

contrast to such an expression pattern showed by the HSDH, 

expression of the 18S RNA was similar at all stages of seed 

development. 

Genomic Southern Analysis 

Southern analysis with six different restriction 

enzymes was carried out to determine the copy number of 

HSDH in the soybean genome.  Autoradiography resulted in 

more than one band for all the restriction enzymes (Fig. 

9).  However, except for Eco RI (lane 3), strong 

hybridization was seen for one band, while the other bands 

showed weak hybridization. The obtained results indicate 

that soybean HSDH is encoded by a low copy gene.  

 
Discussion  
 

The focus of researchers aiming the quality of 

soybeans has been on the improvement for sulfur amino 

acids, methionine and cysteine. While these efforts are 

ongoing, the deficiency of methionine in the soy/corn based 



 37

ration is being compensated by synthetic methionine in the 

animal feed industry. This practice is not only expensive, 

but also causes other amino acids, such as threonine, 

isoleucine, tryptophan, valine, and arginine, which are 

collectively called second-tier amino acids, to be limited 

in animal feed (Rapp et al., 2003). One way of improving 

the amount of threonine in soybean seeds is through the 

over-expression of key enzymes in the threonine 

biosynthesis pathway. HSDH is the first committed reaction 

in the branch of the aspartate pathway that leads to the 

biosynthesis of methionine, threonine, and isoleucine. 

Hence, the isolation and characterization of the gene 

coding this enzyme can be helpful in improving the 

proportion of free threonine found in soybean seeds. 

HSDH exists as a bi-functional enzyme (AK-HSDH) in 

gram-negative bacteria and as a mono-functional form in 

gram-positive bacteria. The HSDH isolated and characterized 

from various plants to date are only bi-functional. The 

coding sequence of the soybean HSDH cDNA showed significant 

homology with mono-functional HSDH of yeast and gram- 

positive bacteria.  Hence, this study is the first to 

report cloning of mono-functional HSDH not only in soybeans 

but also in other plants.  Apart from the full-length cDNA, 

a genomic clone was also isolated that has the entire 
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coding region of soybean HSDH and this gene is named 

gmhsdh.  Multiple sequence analysis of HSDH from soybeans, 

yeast and gram-positive bacteria (Fig. 3) shows that 

soybean HSDH cDNA does not have sequences that code for a 

transit peptide.  Though not characterized, sequence 

information of HSDH in Arabidopsis, Medicago, and Oryza 

species is available in Genbank. From the multiple sequence 

analysis including those sequences (Fig. 3), it can be 

observed that the sequence coding for transit peptides is 

not available in HSDH of these three species also. So, it 

is speculated that soybean mono-functional HSDH is 

cytosolic. Sainis et al., (1981) also reported a threonine 

resistant cytosolic form of HSDH in addition to a threonine 

sensitive isoform localized in chloroplast from both barley 

and pea. However, there have been no reports elucidating 

the function of such a cytosolic HSDH in amino acid 

biosynthesis. In plants, all the enzymes of aspartate 

pathway have a chloroplast transit peptide and the function 

of these enzymes in biosynthesis of amino acids is 

associated with their localization to chloroplast. Though 

this study resulted in the cloning of a mono-functional and 

possibly cytosolic HSDH, the function of cytosolic HSDH 

still remains to be seen.  
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One major difference between mono-functional HSDH of 

yeast and those of gram-positive bacteria is that the yeast 

HSDH is resistant to feedback inhibition. HSDH of 

Corynebacterium (445 aa) and Bacillus (433 aa) contain the 

C-terminal extension, which is implicated in feedback 

inhibition by threonine.  A single amino acid (Gly 378) in 

HSDH of Corynebacterium has been identified as the 

principal residue involved in interaction with threonine 

(Reinscheid et al., 1991).  This residue is conserved 

across all gram-positive bacterial HSDHs, but is absent in 

yeast (Thomas et al., 1993). The soybean HSDH also lacks 

this C-terminal extension along with the glycine residue, 

causing speculation that it is also a threonine resistant 

form.  However, enzyme analysis needs to be done in order 

to determine exactly whether the soybean HSDH is feedback 

resistant or sensitive. 

Expression analysis of soybean HSDH in six stages of 

developing seeds showed temporal expression. Expression of 

this RNA was lower in early and terminal stages but was 

abundant in the middle stages. Since mono-functional HSDH 

has not been studied in plants before, this expression 

pattern cannot be compared with any other study. Though 

more than one band resulted from southern analysis of the 

soybean genomic DNA with the HSDH probe, development of the 
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weak bands may be caused by the hybridization of the probe 

with related genes in the genome. There are at least two 

genes coding for bi-functional AK-HSDH genes in the soybean 

genome (Gebhardt et al., 1993), so there is a good 

possibility that such hybridization can occur. Hence, it 

can be proposed that HSDH exists as a single copy gene in 

soybeans. Together with the two different genes coding for 

bi-functional AK-HSDH from soybeans isolated previously 

(Gebhardt et al., 1993); there are at least three genes in 

the HSDH family in the genome of the soybean.  

Over-expression of regulatory enzymes is achieved by 

either deactivating the portion of the enzyme that mediates 

feedback inhibition, or by isolating feedback resistant 

forms and expressing them in the target tissues without 

going through the tedious process of identifying and 

deactivating the feedback inhibition mediating region of 

the enzyme. Thus, feedback resistant forms have an 

advantage over feedback sensitive forms. Since the mono-

functional HSDH reported here seems to be feedback 

resistant, it can be advantageous in manipulating the 

aspartate pathway for an increase in both threonine and 

methionine.  In addition, biosynthesis of isoleucine, 

another second-tier amino acid can also be manipulated.   
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 The findings of this research are significant in that 

a full-length soybean cDNA that encodes mono-functional 

HSDH has been isolated for the first time in the plant 

kingdom. The structure of the gene coding mono-functional 

HSDH has also been elucidated. Though it needs to be 

experimentally confirmed, the sequence analysis of soybean 

HSDH indicates that this can be a cytosolic and feedback 

resistant form. 
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Fig. 1. A partial restriction map of soybean cDNA encoding 
the  mono-functional HSDH. The black box indicates the 

location of the open-reading frame (ORF). 
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Fig. 2. Nucleotide sequence and deduced amino acid sequence 

of soybean HSDH cDNA. The sequenced region covers 1472 
nucleotides. The ORF for HSDH begins at position 91 and 

ends at position 1222 encoding a 40.6 kD protein. 
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Fig. 3. Multiple sequence analysis of mono-functional HSDH 
from Soybean, Medicago, Arabidopsis, Rice, Yeast, 
Corynebacterium glutamicum and Bacillus subtilis.  

Completely conserved residues are in green background 
color, identical residues are in yellow color, and similar 

residues are in cyan color. 
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Fig. 4. Phylogenetic analysis of mono-functional HSDH from 
plants, yeast and gram-positive bacterial species. CLUSTALW 
software was used to draw the unrooted phylogenetic tree. 
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Fig. 5. A partial restriction map of soybean HSDH genomic 
clone and gene structure. The boxed portions indicate exons 
and the connecting lines show introns. 5’ end and 3’ end 

are labeled. 
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Fig. 6. Sequence of soybean HSDH genomic clone with deduced 

amino acid residues of exons. 
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Fig. 7. Heterologous expression of soybean HSDH in E.coli. 
1. uninduced protein  2. Induced  3. Induced and purified 

4. Protein Marker 
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Fig 8. Expression analysis of soybean HSDH in developing 
seeds. Lanes1-6 represent developmental stages 1-6. 
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Fig. 9. Southern analysis of soybean HSDH. 1.Bam HI  2. Dra 

I  3. Eco RI  4. Eco RV 5. Hind III  6. Xba I 
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CHAPTER 3 
 

ISOLATION AND CHARACTERIZATION OF  
THREONINE SYNTHASE 

 
 
 

Abstract 
 

Threonine synthase (TS) catalyzes the last step of 

threonine biosynthesis. TS competes with cystathionine γ-

synthase (CGS), the first committed enzyme specific to 

methionine biosynthesis, for the branch point substrate L-

homoserine phosphate (HSerP).  To date, the only known way 

of regulating TS in plants is an allosteric activation by 

S- adenosylmethionine (SAM), a product of methionine. Thus, 

accumulation of methionine leads to an activation of TS, 

which in turn results in a flow of HSerP into the threonine 

specific pathway. The cDNA coding this enzyme was isolated 

in Arabidopsis and the mechanism of activation was well 

studied.  Isolation of the TS coding region, along with the 

promoter sequence in the soybean may not only help in 

exploring other possible regulatory mechanisms but also in 

over-expression of the enzyme in seeds. In this study, a 

complete genomic clone was isolated and sequenced. The 

clone was shown to contain the entire coding sequence of 

TS. The coding region showed significant identity with 
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other plant and bacterial counterparts of soybean TS. 

Northern analysis revealed a temporal expression of TS in 

developing seeds and Southern analysis indicated the 

existence of TS as a low copy gene in the soybean genome.  

Along with the coding region, 1096 bp upstream to the 

translation start codon was also sequenced and deposited to 

the GenBank. The coding sequence of TS can be helpful in 

determining the possibility of increasing threonine 

proportions in soybean seeds without a reduction in 

methionine. The promoter region could be useful to study 

the possible regulation of TS through methods other than 

activation by SAM.   

Introduction 

In plants, threonine is synthesized from homoserine 

phosphate, not from homoserine as in bacteria (Umbarger, 

1978).  Thus the last step in the biosynthesis of threonine 

is different between bacteria and plants.  Threonine 

synthase (TS; EC 4.2.3.1) catalyzes the last step of a 

pyridoxyl phosphate dependent conversion of L-homoserine 

phosphate (HSerP) and homoserine to threonine. Because of 

the difference in the substrate catalyzed by this enzyme, 

plant TS is unique in many ways compared to the bacterial 

counterparts. Laber et al., (1999) proposed major 

differences in their studies with recombinant Arabidopsis 
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TS. First, in plants, TS exists as a dimer.  It exists as a 

monomer in E.coli and yeast. Second, TS activity is 

increased by S- adenosylmethionine (SAM) in plants but not 

in bacteria. Third, HSerP, which is a substrate for plant 

TS, inhibits bacterial TS.  

HSerP is also a substrate for cystathionine γ-synthase 

(CGS), the first committed enzyme in the pathway of 

methionine biosynthesis (Fig.1).  Unlike HSDH and DHPS, the 

branch point enzymes of Thr/Ile or Met and Lys pathways, TS 

and CGS are not regulated by a feed back inhibition of the 

end products (Kreft et al., 1994; Curien et al., 1996), but 

by an activation of TS by SAM, a downstream product of 

methionine (Madison and Thompson, 1976).  Curien et al., 

(1998) proposed that the accumulation of methionine and 

thereby SAM results in the activation of TS, which directs 

homoserine phosphate into the threonine pathway. Allosteric 

activation of TS by SAM is of interest for two reasons. 

First, SAM has been reported to activate only one other 

enzyme, the mammalian cystathionine β-synthase (Roper and 

Kraus, 1992). Second, while stimulation of an enzyme by the 

product of another pathway is specific to plants, only a 

few such enzymes exist in the plant kingdom.  One example 

is the activation of chorismate mutase by tryptophan 

(Schmidheini et al., 1990). 
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Recent analyses using mutants and antisense constructs 

of TS and CGS clearly indicated competition between these 

two enzymes for the same substrate (Gakiere et al., 2000; 

Kim and Leustek, 2000; Bartlem et al., 2000; Zeh et al., 

2001).  With this background knowledge, over expression of 

TS in the soybean would not be beneficial, given that 

methionine is already a limiting amino acid in the soybean 

and that efforts are currently underway to improving 

methionine in soybean seed proteins.  However, Muhitch 

(1997) expressed bacterial TS in tobacco and found a 5-fold 

increase in threonine levels with no reduction of 

methionine.  Also, the regulation of metabolic flux through 

the methionine pathway is more complex than previously 

thought, as post-transcriptional and post-translational 

mechanisms are involved (Amir et al., 2002). So it would be 

advantageous to isolate TS coding gene in soybeans and 

over-express in developing seeds. Though TS has been well 

characterized in other plants, its promoter region has not 

been isolated and characterized. So the objective of this 

study is the isolation of the gene coding TS in soybeans 

and also a characterization of the promoter region. 
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Materials and Methods 

Plant Material 

 In order to isolate the RNA used for probe 

preparation, soybean cv. Williams 82. seedlings were grown 

in a greenhouse and used five days after sowing.  To 

isolate the RNA from soybean developing seeds, soybean 

plants were grown at the Bradford Research and Extension 

Center.  Developing seeds collected from the pods were 

frozen in liquid nitrogen and stored at -800 C . 

Probe Preparation  

 The total RNA from hypocotyls of 5 days after sowing 

(DAS) seedlings was isolated through the lithium chloride 

precipitation procedure (Lizzardi, 1983). Primers (Forward: 

5’ TCC AAG GCT AGT GTG TGC TCA GGC and Reverse: 5’ GAT AAC 

CCC ACG ATT CCT CAG CT) were synthesized on the basis of 

sequence information obtained from that of an EST clone 

(Genbank #  BE822813). These primers were used to amplify a 

328 bp fragment by RT-PCR following the protocol given by 

the manufacturer (Stratagene, La Jolla, CA). This fragment 

was sequenced with a Taq Dye Terminator Cycle Sequencing 

Kit (Applied Biosystems, Foster City, CA) after being 

cloned into a sequencing vector pGEMT-EASY. The sequence 

obtained was confirmed with that of the published sequence. 
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The 328 bp RT-PCR product was purified and radiolabeled 

with [32P] dCTP (PerkinElmer Life Sciences Inc., Boston, MA) 

using a random labeling kit (Takara Bio Inc., Shiga, 

Japan). This probe was used to screen the soybean genomic 

library and also for expression analysis. 

Isolation of Genomic Clone 

A commercially available soybean genomic library 

(Stratagene La Jolla, CA) was screened to isolate a TS 

genomic clone. Colony hybridization was carried out with a 

radiolabeled probe for three consecutive times following 

the standard method (Sambrook et al., 1989) resulted in 

three positive clones. DNA restriction followed by a 

southern analysis of one of the three clones revealed 

hybridization with two Bam HI inserts of 3 and 4.5 kb.  

These inserts were gel isolated, purified and sub cloned 

into an intermediate vector pBS before sequencing. Analysis 

of the genomic sequence employed different publicly 

available software. BLASTX (NCBI) was used for the homology 

search; CLUSTLAW and BOXSHADE were used for multiple 

sequence analysis and phylogenetic analysis. 

Expression Analysis 

Total RNA was extracted from six stages of the 

developing seeds of soybean cv. Williams 82, following the 

standard LiCl3 precipitation procedure (Lizzardi, 1983) and 
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was quantified by measuring the optical density (A260/A280) 

using a spectrophotometer. 5 μg of RNA was fractionated in 

a 1.2% agarose-formaldehyde gel, transferred to a Hybond-N+ 

membrane and immobilized by UV cross-linking. The 328 bp 

RT-PCR product was purified from an agarose gel using 

Ultrafree-DA columns (Millipore Corporation, Bedford, MA, 

USA) and labeled with [32P] dCTP using the Ladderman 

labeling kit (PanVera Corporation, Madison, WI, USA). 

Prehybridization was done at 65 °C in 7% SDS, 191 mM 

Na2HPO4, 58 mM NaH2PO4, 1% bovine serum albumin (BSA) and 100 

μg/mL denatured salmon sperm DNA for six hours. 

Hybridization was performed overnight using the same buffer 

at 65 °C. Following hybridization, the membrane was washed 

with 0.5 × SSC (1 × SSC is 150 mM NaCl, 15 mM sodium 

citrate) and 0.1% SDS at 65 °C. and exposed to an X-ray 

film an intensifying screen at −80 °C. An RNA molecular 

weight marker was used to estimate the sizes of hybridizing 

transcripts. 

Southern Analysis 

 The cetyltrimethyl ammonium bromide (CTAB) method of  

Saghai-Maroof (1984) was followed in order to isolate the 

genomic DNA from leaves of the Williams 82 cultivar. Eight 

μg of DNA was fractionated with different restriction 

enzymes overnight at 37 °C. After electrophoresis on a 0.8% 
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agarose gel, the DNA was transferred to a nylon membrane by 

capillary transfer using 0.4 M NaOH. The same DNA fragment 

used to screen the genomic library was labeled with [32P] 

dCTP using the Ladderman kit (Takara Bio Inc. Otsu, Shiga, 

Japan) and used as the probe for southern analysis. After 

six hours of prehybridization, overnight hybridization was 

done at 65 °C using 6X SSPE buffer, (1X SSPE is 0.1 M NaCl, 

0.01 M Na2PO4, and 0.001 M EDTA), 5X Denhardt’s solution, 

0.5% SDS, and 50 ug/mL of salmon sperm DNA. After 

hybridization, the membrane was washed three times in wash 

solution I ( 2X SSPE and 0.5% SDS) for 10 min at room 

temperature before two washes in wash solution II ( 0.1X 

SSPE and 0.1% SDS) at 65 °C for 30 min. Following the 

washes, the nylon membrane was exposed to X-ray film 

overnight at -80 °C.  

Results  
 

Screening the soybean genomic library with an EST 

sequence as the probe resulted in three positive clones. 

Two Bam HI inserts of 3 and 4.5 kb were sequenced and 

obtained sequence information of a total of 3635 

nucleotides. BLAST analysis of this sequence revealed a 

single open reading frame (ORF) of 1545 bp, encoding a 

predicted protein of 515 amino acids. The putative protein 
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has a predicted molecular mass of 56.3 kD and an 

isoelectric point of 6.68. The physical map of this cDNA 

clone is shown in Figure 2. Out of the 3635 bp sequenced, 

the ORF of TS begins at position 1097 and ends at position 

2641.  The soybean TS protein coding sequence does not 

contain any introns. The entire 3635 bp of the genomic 

sequence with deduced amino acids is given here (Fig 3). 

The sequence of the soybean TS genomic clone was submitted 

to the NCBI database [Genbank # DQ275353].  

 BLAST analysis showed that this sequence has 

significant identity with TS from other plant species. An 

amino acid comparison of the soybean TS revealed an 73% 

identity with that of Medicago truncatulata [Genbank # 

AC146308], 79% identity with that of Arabidopsis thaliana 

[Genbank # AB027151], 76% identity with Solanum tuberosum 

[Genbank # AF082894], and 69% with the TS of Oryza sativa 

[Genbank # AC135925]. Multiple sequence alignment (Fig. 4) 

showed that the soybean TS has a transit peptide of at 

least 34 amino acids. Phylogenetic analysis (Fig 5) 

revealed that soybean TS is more closely related to those 

of other plant species than its bacterial counterparts. 
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Expression Analysis 

To determine the expression of TS transcript during 

seed development, northern analysis was performed using RNA 

isolated from six stages of the developing seeds.  Five μg 

of RNA was resolved on a formaldehyde/agarose gel and 

mobilized to a nylon membrane.  Hybridization was carried 

out with a 32p labeled EST insert. The soybean TS showed 

temporal expression during seed development (Fig. 6). 

Expression of TS is less abundant in stages 1 and 5 and 

very poor in stage 6. However, the transcript of TS showed 

abundance during stages 2, 3, and 4. The expression of the 

18S RNA, which was used as control, was similar in all 

stages of seed development. 

Genomic Southern Analysis 

Southern analysis with six different restriction 

enzymes was carried out to determine the copy number of TS 

in the genome of the soybean.  Autoradiography resulted in 

more than two bands for all the restriction enzymes.  

However, for all the enzymes studied, while one band was 

very strong, other bands showed weak hybridization. The 

obtained results indicate that soybean HSDH is encoded by a 

low copy gene (Fig. 7).  
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Discussion  
 

Threonine is one of the limiting second tier amino 

acids in soybean seeds (Rapp et al., 2003). Over-expression 

of key regulatory enzymes in the threonine biosynthesis 

pathway can improve the level of threonine in seeds of this 

crop. TS is one of the key enzymes in the regulation of 

biosynthesis for this amino acid as it competes for CGS 

from the methionine specific pathway for the common 

substrate HSerP. Though initial experiments suggested that 

over-expression of TS can reduce methionine, which is very 

important for the nutritional value of soybeans, subsequent 

studies (Muhitch, 1997) raised questions about this idea. 

Hence, the primary objective of this project was to isolate 

the TS coding gene from soybean. Since a characterization 

of the promoter region can give novel information on the 

transcriptional regulation of this gene, isolation of the 

promoter region was also an objective.  

Efforts to screen the soybean genomic library resulted 

in the isolation of a gene encoding TS. The coding sequence 

of this gene showed significant identity with TS of other 

plants and microorganisms. Though the TS-coding gene has 

been isolated and thoroughly characterized in Arabidopsis 

(Curien et al., 1996), this study is the first to report 

the soybean ortholog, named gmts. From the multiple amino 
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acid sequence sequence comparisons of TS from plants and 

bacteria, I propose that soybean TS has a transit peptide. 

All enzymes in the aspartate pathway have such a transit 

peptide since they are localized to chloroplast. In 

addition, studies with other plant TS  also reported the 

existence of such a transit peptide (Curien et al., 1996). 

The gmts has no introns. The genes coding this enzyme in 

Arabidopsis [Genbank # AY099629] and Oryza [Genbank # 

XM_475849] also do not have introns. Hence, I propose that, 

in plants, TS is coded by intron-less genes. 

Expression analysis of soybean TS in six stages of 

developing seeds showed temporal expression (Fig 6). 

Expression of this protein was lower in stages 1 and 5 and 

lowest in stage 6.  It was abundant in stages 2, 3, and 4. 

Though TS has been well- characterized biochemically in 

Arabidopsis, its expression in various tissues has not been 

reported in comparison with the expression of soybean TS.  

Southern analysis revealed more than one band, indicating 

the existence of a multiple number of TS genes in the 

genome. Curien et al., (1996) reported that two copies of 

TS genes in the Arabidopsis genome.  

 The significance of this study lies in the isolation 

of the TS coding gene in the soybean. This gene can be used 

to determine whether its over-expression can increase the 
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level of threonine in soybean seeds without causing a 

reduction of methionine. The promoter sequences isolated 

can be used to study the possible regulation of TS in ways 

other than SAM mediated allosteric activation.   
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Fig. 1. A pathway from O-phosphohomoserine to threonine, 
methionine, and SAM. Enzyme names are written in italics, 

and compounds are written in bold. The thick arrow 
indicates the activation of TS by SAM. 

Source: Thomazeau et al., 2001 
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Fig. 2. A partial restriction map of soybean genomic 
sequence encoding the TS. The red box indicates the 

location of the open-reading frame (ORF). 
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Fig. 3. Nucleotide sequence and deduced amino acid sequence 
of soybean TS genomic DNA. The sequenced region covers 3635 

nucleotides. The ORF for TS begins at position 1097 and 
ends at position 2641 encoding a 56.3 kD protein. 
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Fig. 4. Multiple sequence analysis of TS from Soybean, 
Medicago, Arabidopsis, Potato, Yeast, Corynebacterium and 

Pseudomonas.  CLUSTALW software was used for multiple 
alignment. * indicates single, fully conserved residue, : 
indicates conservation of strong groups, and . indicates 

conservation of week groups . 
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Fig. 5. Phylogenetic analysis of TS from plants, yeast and 
gram-positive bacterial species. CLUSTALW software was used 

to draw the unrooted phylogenetic tree. 
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Fig. 6. Expression analysis of soybean TS in developing 
seeds. Lanes1-6 represent developmental stages 1-6. 
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Fig. 9. Southern analysis of soybean TS. 1.Bam HI  2. Dra I  

3. Eco RI 4. EcoRV  5. Hind III  6. Xba I 
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