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ช่ือวทิยานิพนธ์  การจ าแนกแบคทีเรียท่ีมียนีทรานส์กลูตามิเนส การโคลนและการ 
แสดงออกของยนีใน Escherichia coli 

ผู้เขียน  นางสาวสุวรรณี ขนุทองปาน 
สาขาวชิา   เทคโนโลยชีีวภาพ 
ปีการศึกษา   2561 

บทคัดย่อ 

  แบคทีเรียสายพนัธ์ุ C1112Tแยกได้จากน ้ าเสียในบ่อบ าบดัของโรงงานอาหาร
ทะเลในจงัหวดัสงขลา ประเทศไทย เป็นแบคทีเรียแกรมลบ รูปแท่ง ไม่สร้างสปอร์และผลิต
เอนไซมท์รานส์กลูตามิเนส ผลการวิเคราะห์ล าดบัวิวฒันาการของ 16S rRNA gene และ   ยีนทีมี
การแสดงออกอยา่งสม ่าเสมอ (housekeeping genes) จ  านวน 5 ยีน ไดแ้ก่  fusA, lepA,  leuS,  gyrB 
และ ileS ซ่ึงเก่ียวขอ้งกบัการสังเคราะห์  Elongation factor G, GTP binding elongation factor, 
Leucyl-tRNA synthase, DNA gyrase, B subunit และ Isoleucyl-tRNA synthase ตามล าดบั พบวา่
แบคทีเรียสายพันธ์ุ  C1112T มีความเหมือนกับแบคทีเรียในสกุล Providencia โดยมีความ
เหมือนกบั P. stuartii DSM 4539T 91.75% และเม่ือท าดีเอ็นเอ-ดีเอ็นเอไฮบริไดเซชัน่กบัเช้ือ        
P. stuartii KCTC 2568T พบวา่มีความสัมพนัธ์กนั 48.1% แต่คุณสมบติัทางชีวเคมีบางอยา่งมีความ
แตกต่างจากเช้ือแบคทีเรียทีท่ีมีสายวิวฒันาการใกลเ้คียงกนั นอกจากน้ีแบคทีเรียสายพนัธ์ุ C1112T  

มีกรดไขมนัท่ีส าคญัคือ C16:0, iso-C15:0, C14:0  และ C17:0 cyclo โดยมี G+C content เท่ากบั 41 mol% 
การศึกษาลกัษณะทางจีโนไทป์และฟีโนไทป์แสดงให้เห็นว่าแบคทีเรียสายพนัธ์ุ C1112T เป็น
แบคทีเรียสายพนัธ์ุใหม่ในสกุล Providencia โดยให้ช่ือวา่ Providencia thailandensis  และมี type 
strain คือ C1112T (= KCTC 23281T =NBRC 106720T) 

แบคทีเรียสายพนัธ์ุใหม่  C2361T เป็นแบคทีเรียแกรมลบ รูปแท่ง ไม่สร้างสปอร์ 
เจริญไดท้ั้งท่ีมีและไม่มีอากาศ และผลิตเอนไซมท์รานส์กลูตามิเนส ซ่ึงคดัแยกไดจ้ากน ้าเสียในบ่อ
บ าบดัของโรงงานอาหารทะเลในจงัหวดัสงขลา ประเทศไทย ผลการวเิคราะห์ล าดบัววิฒันาการ 
ลกัษณะทางฟีโนไทป์ รวมทั้งสมบติัทางเคมีแสดงใหเ้ห็นวา่เป็นแบคทีเรียในสกุล Enterobacter 
โดยล าดบัเบสบน 16S rRNA gene มีความคลา้ยกบั Enterobacter cloacae subsp. cloacae ATCC 
13047T และ Enterobacter cloacae subsp. dissolvens LMG 2683T ท่ี 97.5 และ  97.5% ตามล าดบั 
กรดไขมนัท่ีส าคญั ไดแ้ก่  C16:0, C17:0cyclo และ  C14:0 โดยมี G+C content เท่ากบั 53.0 mol% 
การศึกษาลกัษณะทางฟีโนไทป์ จีโนไทป์ และทางเคมีแสดงใหเ้ห็นวา่แบคทีเรียสายพนัธ์ุ  C2361T 
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เป็นแบคทีเรียสายพนัธ์ุใหม่ในสกุล Enterobacter โดยให้ช่ือวา่ Enterobacter siamensis และมี type 
strain คือ C2361T (= KCTC 23282T = NBRC 107138T) 

การแอมพลิไฟล์ยีนทรานส์กลูตามิเนสจากเช้ือ P.  thailandensis และ E. siamensis 
โดยใช้ไพรเมอร์ท่ีออกแบบแบบ specific และ degenerate ในการแอมพลิไฟล์ยีนโดยใช้ดีเอ็นเอ           
พอลิเมอเรส สองชนิด คือ 2 Taq Master Mix (Vivantis) และ Takara Ex Taq พบวา่การแอมพลิ
ไฟล์ยีนจากเช้ือ E. siamensis โดยใชไ้พรเมอร์ F1R1 และ F2R1 ดว้ยดีเอ็นเอพอลิเมอเรส  2 Taq 
Master Mix ได้แถบดีเอ็นเอขนาด 1,100 bp และ 1,200 bp ตามล าดบั นอกจากน้ีเช้ือ P.  
thailandensis ท่ีท าการแอมพลิไฟลย์นีโดยใชไ้พรเมอร์ tgFtgR2 ดว้ยดีเอ็นเอพอลิเมอเรส Takara Ex 
Taq พบว่ามีแถบดีเอ็นเอขนาด 1,100 bp จากนั้นไดท้  าการเช่ือมต่อดีเอ็นกบัพลาสมิด  pSSBm97
และศึกษาการแสดงออกของโปรตีนใน Bacillus megaterium YYBm1 อย่างไรก็ตามพบว่าไม่
สามารถตรวจวดักิจกรรมของเอนไซมท์รานส์กลูตามิเนสได ้เน่ืองจากเช้ือ P.  thailandensis และ E. 
siamensis เป็นเช้ือใหม่ซ่ึงยงัไม่มีขอ้มูลของยีนในฐานขอ้มูล จึงท าให้ค่อนขา้งยากท่ีจะออกแบบ
ไพรเมอร์เพื่อแอมพลิไฟลย์นีจากเช้ือทั้งสองชนิด 

เช้ือในสกุล Streptomyces ซ่ึงพบไดม้ากในดินสามารถผลิตเอนไซมท์รานส์กลูตา
มิเนสได ้จากการคดัแยกเช้ือจากดินพบเช้ือ AH6 มีลกัษณะเหมือนเช้ือกลุ่ม Streptomyces จึงท าการ
จ าแนกเช้ือโดยใช้ 16S rRNA gene พบว่าล าดบัเบสของ 16S rRNA มีความเหมือนกบัเช้ือ 
Streptomyces thermocarboxydus 99% โดยใหช่ื้อเช้ือ AH6 วา่ Streptomyces sp. AH6 จากนั้นท าการ
โคลนยีนทรานส์กลูตามิเนสจากเช้ือ Streptomyces sp. AH6โดยการเช่ือม TGase precursor กบั 
พลาสมิด  pET22b แลว้ถ่ายโอนดีเอ็นเอลูกผสมไปยงั Escherichia coli  BL21 (DE3) ผลการอ่าน
รหัสของดีเอ็นเอลูกผสมน้ีพบว่าสามารถแปลงรหัสเป็นกรดอะมิโนไดจ้  านวน 410 อะมิโน โดย
ล าดบักรดอะมิโนของเอนไซมท์รานส์กลูตามิเนสของเช้ือ Streptomyces sp. AH6 เหมือนกบัล าดบั
กรดอะมิโนของเช้ือ S. mobaraensis  NBRC 13476 100% แต่ผลของล าดบันิวคลีโอไทด์มีความ
ต่างกนั 6  นิวคลีโอไทด์ ซ่ึงไดแ้ก่ นิวคลีโอไทด์ท่ีต าแหน่ง 231, 234, 237, 240, 246 และ 249 โดยดี
เอ็นเอลูกผสมท่ีไดจ้ากการเช่ือมต่อยีนเรียกว่า pET22b-TG-His6 และมีการแสดงออกของเอนไซม์ 
ทรานส์กลูตามิเนสแบบสารละลาย อยู่ภายในเซลล์ของ E. coli  จากนั้นท าบริสุทธ์ิเอนไซมท่ี์ได ้
พบว่ามีกิจกรรมของเอนไซม์เท่ากบั 3.2 U/ml เอนไซมส์ามารถท างานไดดี้ท่ี pH และอุณหภูมิ
เท่ากบั 6.0 และ 40 องศาเซลเซียส ตามล าดบั และถูกยบัย ั้งการท างานดว้ย Cu2+ และ Fe2+  
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ABSTRACT 

   The bacterial strain C1112
T
 was isolated from seafood processing 

wastewater collected from a treatment pond of the seafood factory in Songkhla 

Province, Thailand. It was Gram-negative, rod shape, non-spore former and 

produced transglutaminase (TGase). Phylogenetic analysis based on concatenated 

sequences from the 16S rRNA gene and five housekeeping genes, fusA, lepA,  leuS,  

gyrB and ileS, respectively showed that the strain C1112
T 

belonged to the genus 

Providencia, and shared 91.75% similarity with P. stuartii DSM 4539
T
. DNA-DNA 

hybridization between the strain C1112
T
 and P. stuartii KCTC 2568

T
 was 48.1% 

relatedness. Moreover, some results from biochemical properties indicated that the 

strain C1112
T
 was distinguished from the phylogenetically closest relatives.   The 

major fatty acids of strain C1112
T
 were C16:0, iso-C15:0, C14:0  and C17:0 cyclo and the 

DNA G+C content was 41 mol%. Base on the genotypic and phenotypic 

considerations, it was classified as a novel species of the genus Providencia for 

which the name Providencia thailandensis sp. nov. was proposed. The type strain is 

C1112
T
 (= KCTC 23281

T
 =NBRC 106720

T
). 

A novel strain of Enterobacter, C2361
T
, a Gram-negative, non-spore-

forming rod-shaped and facultative anaerobic bacterium with capability to produce 

the TGase, was isolated from seafood processing wastewater collected from a 

treatment pond of the seafood factory in Songkhla Province, Thailand. Phylogenetic 

analysis and phenotypic characteristics, including chemotaxonomic characteristics, 

showed that the strain was a member of the genus Enterobacter. The 16S rRNA gene 

sequence similarities between the strain C2361
T
 and Enterobacter cloacae subsp. 

cloacae ATCC 13047
T
 and Enterobacter cloacae subsp. dissolvens LMG 2683

T
 were 

97.5 and 97.5%, respectively. The major fatty acids were C16:0, C17:0cyclo and C14:0.  

The DNA G+C content was 53.0 mol%.  On the basis of the polyphasic evidences 
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gathered in this study, it was classified as a novel species of the genus Enterobacter 

for which the name Enterobacter siamensis sp. nov. was proposed. The type strain is 

C2361
T
 (= KCTC 23282

T
 = NBRC 107138

T
). 

TGase genes of P. thailandensis  and E. siamensis were amplified by 

specific and degenerate primers using 2 Taq Master Mix (Vivantis) and Takara Ex 

Taq as DNA polymerase in PCR reactions. 1,100-bp  and 1,200-bp were amplified 

products from E. siamensis genomic DNA, using F1R1 and  F2R1  primer with 2 

Taq Master. In addition, 1100-bp amplified product from P. thailandensis genomic 

DNA was obtained by using tgFtgR2 primer with Takara Ex Taq DNA polymerase 

and ligated with pSSBm97 and expressed into B. megaterium YYBm1. However, 

TGase activity could not detect from the expressed proteins. Due to P.  thailandensis 

and E. siamensis are novel species, therefore no information regarding their TGase 

genes could be acquired from the database. This makes it quite difficult to design 

primers for TGase gene amplification from these two bacteria. 

Previously, TGase was produced by the genus Streptomyces isolated 

from soil. In this study, Streptomyces-like strains were isolated from soil and 

identified using 16S rRNA gene. The stain AH6  showed 99 % similarity with that of 

Streptomyces thermocarboxydus and named as Streptomyces sp. AH6. The TGase 

gene of Streptomyces sp. AH6 was constructed by fusion of TGase precursor and 

pET22b plasmid. The recombinant DNAs were transformed into Escherichia coli  

BL21 (DE3). The  TGase ORF of this gene encoding 410 amino acids. Although the 

amino acid sequence of theTGase precursor was 100% homologous to that of  S. 

mobaraensis  NBRC 13476,  the nucleotide sequence was different at  6 nucleotide 

proteins, including the  nucleotide 231, 234, 237, 240, 246 and 249. The pET22b-

TG-His6 was secreted as a soluble inclusion body in E. coli and the activity of 

partially purified enzyme was 3.2 U/ml. The optimal pH and temperature of this 

enzyme was 6.0 and 40˚C, respectively. The enzyme was inhibited by Cu
2+

 and Fe
2
.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Introduction 

Transglutaminases (TGases, R-glutaminyl peptide: amine -glutaminyl 

transferase, EC 2.3.2.13) are thiol enzymes that catalyze protein reticulation by 

introducing isopeptide bonds (ε-(-glutaminyl) lysine bonds) (Folk and Finnlayson, 

1977). TGases are widely distributed in various microorganisms (Ando et al., 1989; 

Klein et al., 1992; Suzuki et al., 2000), mollusks (Nazawa et al., 2005), fish (Ha and 

Iuchi, 1997), guinea pig   (Folk and Cole, 1966), birds (Suzuki et al., 1995)  and 

plants (Mea et al., 2004; Villalobos et al., 2004). TGases are used in many food 

production processes to improve the properties of food materials (Ichinose et al., 

1990) such as texture, stability, and water binding capacity (Yokoyama et al., 2004; 

Dube  et al., 2007). 

 Microbial TGases have been reported to produce mainly by the genus 

Streptomyces (Duran et al., 1998; Taguchi et al., 2002; Lin et al., 2006; Marx et al., 

2008; Ando et al., 1989; Wu et al., 1996; Yokoyama et al., 2004). However, Bacillus 

(Kobayashi et al., 1998), Enterobacter sp. C2361 and Providencia sp. C1112 (H-

Kittikun et al., 2012) also have been reported to produce the TGase enzyme. The food 

industries widely use microbial TGases due to the microbial TGases can be mass-

produced by conventional fermentation at low cost (Yurimoto et al., 2004). The 

search for microbial TGases from other bacteria could bring new activity profiles with 

desired properties. In addition, the genetic engineering has been applied to increase 

the level of TGase production. Moreover, the method of gene cloning could provide 

opportunity to study the structure and function of gene in detail. While, the expression 

of gene in Escherichia coli is a powerful tool for elucidating protein structure and 

function relationships and for modifying proteins to improve or alter their 

characteristics. Then microbial TGase gene from genus Streptomyces and Bacillus 

were cloned and expressed to know about their gene sequences and develop a more 

efficient system for industrial production (Liu et al., 2006). At present, 

Corynebacterium glutamicum (Itaya and Kikuchi, 2008), Candida boidinii (Yurimoto 
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et al., 2004) and Streptomyces spp. (Lin et al., 2006; Liu et al., 2006; Noda et al., 

2010) have been used as host for recombinant TGase expression.  

Thus, the main objectives of this research are to isolate TGase-

producing bacteria and to clone  and express  its TGases gene in E. coli. Then, the 

expressed TGase enzyme was partially purified and characterized. 

Literature Review 

1. Transglutaminases 

Transglutaminase catalyses an acyl-transfer reaction between the γ-

carboxyamide group of glutamine residue (acyl donors) and a variety of primary 

amines (acyl aceptors), including the ε-amino group of lysine residue in certain 

proteins. In the absence of amine substrates, TGases catalyses the deamidation of 

glutamine residues which water molecules are used as acyl acceptors. TGases can 

modify proteins by means of amine incorporation, crosslinking and deamidation 

(Figure 1.1) (Motoki and Seguro, 1998). 

TGases are widely distributed in various organisms such as human, 

bacteria, nematodes, yeasts, alagae, plants and lower vertebrates (Santos and Torné, 

2009; Li et al., 2013). TGases from animal tissue, plants and some invertebrates 

require Ca
2+

 ion for expression of their enzymatic activities (Fredrich and Aszodi, 

1992). The functional role of Ca
2+

 is to induce enzyme conformational changes which 

are responsible for substrate-binding and catalysis (Lorand and Graham, 2003; 

Tokunaga et al., 1993; Greenberg et al., 1991; Aeschlimann and Paulsson, 1994). 

Guinea-pig liver has been the only source of a commercial TGases for decades. The 

scarce source and the complicated separation and purification process for obtaining 

tissue TGases have resulted in extremely high price of the enzyme, about USD 80 per 

activity unit (Meiying  et al., 2002).  
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                    o                                                          o  

a) Gln-C-NH2 + RNH2    Gln-C-NHR + NH3 

  

                    o                                                          o 

b) Gln-C-NH2 + NH2 -Lys   Gln-C-NH-Lys + NH3 

 

                    o                                                          o                              

c) Gln-C-NH2 + H2O   Gln-C-OH + NH3 

 

Figure 1.1 Reactions catalyzed by TGases: (a) acyl transfer reaction; (b) crosslinking             

reaction between glutamine and lysine residues; (c) deamidation reaction. 

Source: Motoki and Seguro (1998) 

TGases are commonly found inside and outside of a cell. Animal and 

plant TGases demonstrate catalytic activity and biochemical properties similar to 

those of microbial TGases, even though it has a lack of homology in the amino acid 

composition (Luciano and Arntfield, 2012). Animal TGases are involved in 

spermatogenesis and blood coagulation. While many plant TGases play a role in 

plants processes of growth and development (Samelak et al., 2010). The application 

of isolated TGases from microbial source has allowed for simplification of certain 

processes and provided energy and economical savings. Many researchers have been 

studied gene transfer and expression of genes, which gave rise to TGase production. 

The transfer of genes to expression systems such as E. coli, S. lividans and C. 

glutamicum have remarkably increased production efficiency (Kieliszek and 

Misiewicz, 2014). 

2. Bacterial TGases  

2.1 TGase-producing bacteria 

In 1989, Ando and co-worker reported that strains from the genus 

Streptomyces had the ability to produce TGases as determined by using the 

hydroxamate assay. These microorganisms which screened from several thousand 

microorganisms excreted the TGases enzyme, and one of them classified as a variant 
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of S.mobaraensis (Washizu et al., 1994) which produced the highest activity. The 

enzyme from microorganisms was named microbial TGases. Since then, efforts have 

been made to obtain microbial TGases not only from Streptomyces spp. but also from 

other genus such as Bacillus (Barros et al., 2003). Microbial TGases is calcium ion-

independent and many functional studies demonstrated its industrial application 

(Kuraishi et al., 1996; Motoki and Seguro, 1998; Sakamoto et al., 1993; Yokoyama et 

al., 2004). Examples of TGases found in various microorganisms are listed in Table 

1.1. 

2.1.1 Streptomycetaceae 

Streptomyces is the largest genus of Actinobacteria and the type genus 

of the family Streptomycetaceae (Hong et al., 2009). The Streptomycetes are Gram-

positive, and the genomes have  high GC content. They were most found in soil and 

decomposed vegetation. Streptomycetes are characterised by a complex secondary 

metabolism. The majority of Streptomycetes produce spores and dominant features of 

their spores is earthy odor which results from the production of a volatile metabolite, 

geosmin.  

The genus Streptomyces 

Streptomyces is the type genus of the family Streptomycetaceae and 

currently number of these species were 823 species (Yu et al., 2018). The 

genus Streptomyces are Gram-positive bacteria, filamentous and most found in soil. 

The spores and filaments are very small usually 1 µm or less in diameter (Willemse et 

al.,2011). The Streptomyces have high GC content as 69-78%. (Kavitha et al., 2010). 

The strain in genus Streptomyces that produce TGase are list in Table 1.1. 

Streptomyces thermocarboxydus 

Streptomyces thermocarboxydus is moderately thermophilic and 

carboxydotrophic. It is aerobic, Gram-positive, moderately thermophilic, facultatively 

chemolithotrophic actinomycete with extensively branched substrate and aerial 

mycelia (Kim et al, 1998). The type strain is S. thermocarboxydus AT37.  

Streptomyces platensis 

Streptomyces platensis strain YK-2 was first isolated from a forest soil 

sample in Korea and showed a G+C content of 72.7 mol%, contained meso-A2pm as 

the cell-wall amino acid, and possessed menaquinone MK-9 (H6) and menaquinone  

http://en.wikipedia.org/wiki/Streptomycetaceae
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Table 1.1 Transglutaminases producing microorganisms. 

Microorganisms References 

Bacteria 

 Gram positive 

 

  Bacillus circulans, B. subtilis Kobayashi et al. (1996 and 1998); 

Suzuki et al. (2000); Barros et al. 

(2003); Souza et al. (2006)  

  Streptomyces cinnamoneum, S. fradiae, S. 

hygroscopicus, S. mobaraensis, S. 

netropsis, S. platensis, S. baldaccii, S. 

cinnamoneum, S. ladakanum  and  

Streptomyces sp. 

Taguchi et al. (2002); Date et al. 

(2004); Yurimoto et al. (2004); Liu et 

al. (2006 and 2007); Lin et al. (2006 

and 2007); Cui et al. (2006, 2007and  

2008); Marx et al. (2008); Yu et al. 

(2008); Macedo et al. (2010, 2011); 

Yokoyama et al. (2010); Ando et al. 

(1989); Washizu et al. (1994); Zhu et 

al. (1996); Duran et al. (1998); Negus 

(2001); Meiying et al. (2002); 

Taguchi et al. (2002); Kikuchi et al. 

(2003); Lu et al. (2003); Lin et al. 

(2004); Luis et al. (2004); Yan et al. 

(2005); Noda et al. (2012) 

 

Gram negative 

 

  Enterobacter sp. C2361  H-Kittikun et al. (2012); Bourneow et 

al. (2012a) 

Providencia sp. C1112 H-Kittikun et al. (2012); Bourneow et 

al. (2012a) 

Pseudomonas putida Bech et al., 2000 

Corynebacterium glutamicum  Date et al. (2004) 
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MK-9 (H8) at a ratio of 6:4. The chemotaxonomic analysis, as well as phylogenetic 

analysis based on the 16S rDNA sequence, identified the isolate as a member of S. 

platensis (Yeo et al., 2009).  

Biological mechanism of TGase synthesis from Streptomyces 

Pasternack et al. (1998) revealed that Streptomyces was secreted TGase 

as a zymogen (pro-TGase) and could be activated by several exogenous proteases, 

such as bovine trypsin, intestinal chymotrypsin or dispase from B. polymyxa. A 

metalloprotease from S. mobaraensis is an endogenous TGase-activating protease 

(Zotzel et al., 2003). In 2008, Zhang et al. found that in  S. hygroscopicus, not only 

endogenous metalloprotease but also endogenous serine protease is involved in TGase 

activation. In additional, this research indicated that  pro-TGase of Streptomyces  

appear to have a conserved amino acid sequence preceding the N-terminal of TGase, 

which contains cleavage sites for both serine protease and metalloprotease, indicating 

activation of pro-TGase is not a specific process. Recently, 4 different wild strains of 

Streptomyces have been studies for TGase production. These strains were shown in 

Table 1.2. 

Table 1.2 Microbial TGase production by wild strains of Streptomyces sp. 

Year Strain Yield (U/ml) References 

 1989 S. mobaraensis 2 Ando et al., 1989 

2004 S. ladakanum 0.348 Tellez-Luis et al., 2004 

2007 Streptomyces sp. 1.4 Macedoa et al., 2007 

2007 S.  hygroscopicus 5.04 Cheng et al., 2007 

 

2.1.2 Enterobacteriaceae 

  The Enterobacteriaceae is a bacteria in phylum Proteobacteria, class 

Gammaproteobacteria, order Enterobacteriales and family Enterobacteriaceae which  

is large, heterogeneous group of Gram-negative, facultative anaerobic, rod-shaped 

bacteria that do not form endospores with catalase-positive and oxidase-negative 

(Brenner, 1984). Members of the family are distributed worldwide, with some being 

saprophytes and others being parasites of plants and animals. Many species of this 

family are of considerable economic importance due to their pathogenic effects on 

http://en.wikipedia.org/wiki/Enterobacteriaceae
http://ijs.sgmjournals.org/content/60/1/179.full#ref-3
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agriculture and livestock (Janda and Abbott, 2006). Currently, there are 52 genera 

described in this family, which include Arsenophonus, Biostraticola, Brenneria, 

Buchnera, Budvicia, Buttiauxella, Calymmatobacterium, Cedecea, Citrobacter, 

Cosenzaea, Cronobacter, Dickeya,  Edwardsiella, Enterobacter, Erwinia, 

Escherichia, Ewingella, Gibbsiella, Hafnia, Klebsiella, Kluyvera, Leclercia, 

Leminorella, Levinea, Lonsdalea, Mangrovibacter, Moellerella , Morganella, 

Obesumbacterium, Pantoea, Pectobacterium, Photorhabdus, Plesiomonas, Pragia, 

Proteus, Providencia, Rahnella, Raoultella, Saccharobacter, Salmonella, Samsonia, 

Serratia, Shigella, Shimwellia, Sodalis, Tatumella, Thorsellia, Trabulsiella, 

Wigglesworthia, Xenorhabdus, Yersinia and Yokenella (http://www.bacterio.cict.fr/e/ 

enterobacter.html). 

The genus Enterobacter 

The genus Enterobacter are gram-negative bacteria, rod-shaped, most 

of which are motile, peritrichous flagella, oxidase-negative and have relatively simple 

growth requirements (Barrow and Feltham, 1993; Stephan et al., 2008). Features such 

as motility, as well as certain biochemical properties, including the ability to 

synthesize an enzyme known as ornithine decarboxylase, are used to distinguish 

Enterobacter from the very similar and closely related Klebsiella bacteria. 

Enterobacter cloacae being the type species of this genus. E. cloacae is Gram-

negative, rod-shaped, facultative and peritrichous flagella. Biochemical reactions of 

this strain showed that it was positive of indole, methyl red test but negative for 

Voges-Proskauer test. The decarboxylase test pattern was quite characteristic: 

negative, positive, and positive for lysine, arginine, and ornithine, respectively. This 

strain fermented arabinose and rhamnose with the production of gas (Hormaeche and 

Edwards, 1960; Washington et al., 1969). In present, the genus Enterobacter has 25 

species and 2 subspecies with validly published names (http://www.bacterio.cict. 

fr/e/enterobacter. html). Optimum temperature for growth is 30˚C (Sanders et al., 

1997). Most clinical strains grow at 37˚C and environmental strains give erratic 

biochemical reactions at 37˚C.  The DNA G+C mol% of the other members of genus 

Enterobacter are fall within a range of 52-60 mol%  (Saitou et al., 1987; Duran et al., 

1998; Mea et al., 2004; Yokoyama et al., 2004).  

http://ijs.sgmjournals.org/content/60/1/179.full#ref-21
http://www.bacterio.cict.fr/a/arsenophonus.html
http://www.bacterio.cict.fr/b/biostraticola.html
http://www.bacterio.cict.fr/b/brenneria.html
http://www.bacterio.cict.fr/b/buchnera.html
http://www.bacterio.cict.fr/b/budvicia.html
http://www.bacterio.cict.fr/b/buttiauxella.html
http://www.bacterio.cict.fr/c/calymmatobacterium.html
http://www.bacterio.cict.fr/c/cedecea.html
http://www.bacterio.cict.fr/c/citrobacter.html
http://www.bacterio.cict.fr/c/cosenzaea.html
http://www.bacterio.cict.fr/c/cronobacter.html
http://www.bacterio.cict.fr/d/dickeya.html
http://www.bacterio.cict.fr/e/edwardsiella.html
http://www.bacterio.cict.fr/e/enterobacter.html
http://www.bacterio.cict.fr/e/erwinia.html
http://www.bacterio.cict.fr/e/escherichia.html
http://www.bacterio.cict.fr/e/ewingella.html
http://www.bacterio.cict.fr/g/gibbsiella.html
http://www.bacterio.cict.fr/h/hafnia.html
http://www.bacterio.cict.fr/ijk/klebsiella.html
http://www.bacterio.cict.fr/ijk/kluyvera.html
http://www.bacterio.cict.fr/l/leclercia.html
http://www.bacterio.cict.fr/l/leminorella.html
http://www.bacterio.cict.fr/l/levinea.html
http://www.bacterio.cict.fr/l/lonsdalea.html
http://www.bacterio.cict.fr/m/mangrovibacter.html
http://www.bacterio.cict.fr/m/moellerella.html
http://www.bacterio.cict.fr/m/morganella.html
http://www.bacterio.cict.fr/o/obesumbacterium.html
http://www.bacterio.cict.fr/p/pantoea.html
http://www.bacterio.cict.fr/p/pectobacterium.html
http://www.bacterio.cict.fr/p/photorhabdus.html
http://www.bacterio.cict.fr/p/plesiomonas.html
http://www.bacterio.cict.fr/p/pragia.html
http://www.bacterio.cict.fr/p/proteus.html
http://www.bacterio.cict.fr/p/providencia.html
http://www.bacterio.cict.fr/qr/rahnella.html
http://www.bacterio.cict.fr/qr/raoultella.html
http://www.bacterio.cict.fr/s/saccharobacter.html
http://www.bacterio.cict.fr/s/salmonella.html
http://www.bacterio.cict.fr/s/samsonia.html
http://www.bacterio.cict.fr/s/serratia.html
http://www.bacterio.cict.fr/s/shigella.html
http://www.bacterio.cict.fr/s/shimwellia.html
http://www.bacterio.cict.fr/s/sodalis.html
http://www.bacterio.cict.fr/t/tatumella.html
http://www.bacterio.cict.fr/t/thorsellia.html
http://www.bacterio.cict.fr/t/trabulsiella.html
http://www.bacterio.cict.fr/uw/wigglesworthia.html
http://www.bacterio.cict.fr/xz/xenorhabdus.html
http://www.bacterio.cict.fr/xz/yersinia.html
http://www.bacterio.cict.fr/xz/yokenella.html
http://www.britannica.com/EBchecked/topic/319927/Klebsiella
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In addition, Enterobacter sp. strain C2361 was isolated from 

wastewater ponds of a surimi processing factory in Songkhla Province, Thailand (H-

Kittikun et al., 2012) and it was rapidly produced TGase  in SPY medium (2% of 

starch, 2% of peptone, 0.5% of yeast extract, 0.2% of MgSO4, 0.2% of K2HPO4, 0.2% 

of KH2PO4 and pH 7.0), at 37˚C with shaking at 150 rpm, which could be reached to 

the highest activity of 0.87 U/ml at 36 h (Bourneow, 2011). 

The genus Providencia 

The members of the genus Providencia are all facultative anaerobes 

and motile by peritrichous flagella (Manos and Belasb, 2006). However, they do not 

exhibit cellular differentiation and swarming behavior. Urease production is not 

characteristic of all Providencia species, with only P. rettgeri strains producing urease 

(Brenner et al., 1978). The genus Providencia have been isolated from humans, 

insects, many other vertebrate and invertebrate animals (Penner and Hennessy, 1979; 

Muller et al., 1986; Yoh et al., 2005; Somvanshi et al., 2006).  The genus Providencia 

consists of  eight species as P. stuartii, P. sneebia, P. rettgeri, P. rustigianii, P. 

heimbachae, P. burhodogranariea, P. alcalifaciens,  P. vermicola (O’Hara et al., 

2000; Somvanshi et al., 2006). The optimal growth temperature of Providencia sp. is 

37˚C (Juneja and Lazzaro, 2009). The G+C content of the genus Providencia is 39.6-

43.0 mol% (Owen et al., 1987).  

In 2012, Providencia sp. strain C1112 was isolated from wastewater 

ponds of a surimi processing factory in Songkhla Province, Thailand (H-Kittikun et 

al., 2012). The TGase of this strain was rapidly produced in SPY medium at 37˚C 

with shaking at 150 rpm. The highest activity was 0.82 U/ml at 12 h cultivation 

(Bourneow, 2011). 

2.2 Factors affecting on microbial TGase production 

The media composition used to produce microbial TGase from 

microorganisms have been almost the same in every work published (the basal 

medium for cultures contained: 2% of starch, 2% of peptone, 0.5% of yeast extract, 

0.2% of MgSO4, 0.2% of K2HPO4, 0.2%  of KH2PO4 and pH 7.0; 0.2% of peptone; 

0.2% K2HPO4; 0.1% MgSO4.7H2O; 0.5% of glucose and pH 7.0) (Ando et al., 1989; 

Zheng et al., 2001, 2002; Yan et al., 2005; Bahrim et al., 2010). The results of the 

effects of the carbon and nitrogen sources on the microbial TGase activity produced 

http://en.wikipedia.org/wiki/Providencia_stuartii
http://en.wikipedia.org/w/index.php?title=Providencia_sneebia&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Providencia_rettgeri&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Providencia_rustigianii&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Providencia_heimbachae&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Providencia_heimbachae&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Providencia_burhodogranariea&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Providencia_alcalifaciens&action=edit&redlink=1


9 

by Streptomyces sp. P20 was reported by Macedo et al. (2007). The most promising 

nitrogen sources was peptone, whereas the carbon sources were obtained with a 

mixture of potato starch, glucose and with maltodextrin. 

2.2.1 Nitrogen source 

Zhu et al. (1996) investigated a batch fermentation for the production 

of the microbial TGase from S. mobaraense. It was found that amino acids play an 

important role in the synthesis of cell mass and microbial TGase. Peptone is a 

favorable nitrogen source for optimal growth and microbial TGase production. In a 

fed-batch system, glutamine is a major nitrogen sources, however, it was also 

responsible for the production of ammonium, toxic by-products. Therefore, the 

strategy should be not only to develop a medium that provides these main materials, 

but also to control the culture environment to eliminate the production of ammonium 

(Xie and Wang, 1994). During the stationary phase, the supply of nitrogen was 

provided by the remaining amino acids and by ammonium sulphate and yeast extract 

in the feed. Microbial TGase production from S. mobaraense was stopped at 34 h, 

with the activity of 1.8 U/ml  (Zhu et al., 1996). The strain Streptomyces MIUG 13P  

produced the highest yield of  TGase  after 10 days of submerged fermentation in the 

basal medium using peptone as nitrogen source (Bahrim et al., 2010). Aidaroos et al. 

(2011) reported the profile of S. hygroscopicus WSH03-01 grown with ammonium 

sulphate as nitrogen source  was reached stationary phase at 42 h and gradually 

microbial TGase yield was increasing till 3.2 U/ml at 60 h. 

2.2.2 Carbon source 

A high microbial TGase activity (0.73 U/ml) was obtained using 

glycerol as a carbon source and casein on production of TGase by S. ladakanum 

(Tellez-Luis et al., 2004). The consumption of carbon source in the cultivation of S. 

ladakanum was different for sugar and glycerol. The mixture of sugar cane molasses 

and glycerol is an adequate culture medium for the production of microbial TGase by 

S. ladakanum. Streptomyces MIUG 13P produced the highest yield of  TGase after 10 

days of submerged fermentation in the basal medium using potato starch, glucose and 

soybean powder as carbon source (Bahrim et al., 2010). 
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2.2.3 Cultivating conditions 

Temperature is one of the most important environmental factors for 

cell growth and product formation. The microbial TGase formation rate, activity and 

microbial TGase productivity in batch culture of S. mobaraense vary with medium 

compositions and environmental parameters, including pH (6.5-7.5), temperature 

(optimum at 27-35˚C) and dissolved oxygen (Zheng et al., 2001, 2002). It is very 

important to control cell growth and product formation process under appropriate 

conditions during the microbial TGase fermentation (Yan et al., 2005). 

2.4 Purification and characteristics of microbial TGase  

2.4.1 TGase purification 

Suzuki et al. (2000) purification and characterization of novel TGase 

from  B.  subtilis AJ 1307. The enzyme was purified in three steps (hydrophobic 

interaction chromatography, Sephacryl S200 column and anion-exchange 

chromatography). The specific activities of the purified TG1 and TG2 were estimated 

to be 0.047 and 0.051 U/mg, respectively. Microbial TGase stability of  S.  

hygroscopicus WSH03-13 was strongly affected by high concentration of ethanol. In 

addition, higher temperature is another important factor affecting the enzyme stability 

in the presence of ethanol.  The result was observed that microbial TGase was not 

stable at 50˚C (loss of over 50% after 30 min of incubation) and became more 

sensitive to heat in the presence of ethanol  (Cui et al., 2006). During the precipitation 

step, chilled ethanol was used to precipitate the enzyme proteins. The precipitate 

formed was immediately dissolved in 20 mM phosphate buffer, pH 6.0 and dialyzed 

against the same buffer overnight at 4˚C. Under these conditions, ethanol 

concentration in the enzyme solution was very low and a high yield of enzyme 

activity could be obtained. About 85% of the enzyme activity was precipitated with 

70% ethanol with a two fold increase in the specific activity. The initial effective and 

efficient purification step was chromatographed on CM-cellulose. Microbial TGase 

could be eluted between 0.3 and 0.4 M NaCl with a yield of 57.7%, a specific activity 

of 6.26 U/mg protein and 25-fold purification. Further purification was achieved by 

subjecting the pooled enzyme fraction from the CM-cellulose column to a Sephadex 
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G-75 column, which resulted in a 30-fold purification with a yield of 21.1% and a 

specific activity of 7.6 U/mg protein (Cui et al., 2007). 

 In 2011, the microbial TGases of Enterobacter sp. C2361 and 

Providencia sp. C1112 was studies. Microbial TGases from Enterobacter sp. C2361 

and Providencia sp. C1112 were precipitated by 70% ethanol, 70% acetone and 50-

80% ammonium sulfate ((NH4)2SO4) and the total TGases activity of 74 U/mg , 72 

U/mg  and 101 U/mg were obtained respectively. The microbial TGases of 

Enterobacter sp. C2361 was purified by using SP-sepharose and sephadex G-100, 

with 19-fold purification and 15% yield. The TGase of Providencia sp. C1112 was 

also purified by using SP-sepharose and sephadex G-100, with 26-fold purification 

and 14.8% yield (Bourneow, 2010).  

The crude enzyme preparation from Streptomyces sp. was purified on a 

Sephadex G-75 column, which resulted in a 2.3-fold purification, a yield of 48% and 

a specific activity of 1.92 U/mg. The pooled enzyme fraction from the first column 

was run through the same Sephadex G-75 column, which resulted in a 5.0-fold 

purification with a yield of 17.7% and a specific activity of 4.18 U/mg protein 

(Macedo et al., 2011). The TGase of Streptomyces ladakanum BCRC 12422 were 

purified on CM-Sepharose CL-6B and Blue Sepharose Fast flow column. The purified 

microbial TGase showed molecular mass approximately 39,000 Da on SDS-PAGE 

and 38,210 Da using mass spectrometer (Tzeng et al., 2005). 

2.4.2 Effect of pH on activity and stability 

The optimum pH for microbial TGase activity was around 5 to 8. 

However, even at pH 4 or 9, microbial TGases still express some enzymatic activity. 

Microbial TGases are thus considered to be stable over wide pH range (Motoki and 

Seguro, 1998). Optimal pH for TGase (TG1 and TG2) of  B.  subtilis AJ 1307 was 8.2 

(Suzuki et al., 2000). The TGase of  S. hygroscopicus exhibited optimum activity in a 

range of pH 6.0 to 7.0 and showed some activity at pH 4.5 or 9. The optimum pH of 

this enzyme was nearly the same as that from S. mobaraense (Ando et al., 1989). The 

activity was found to decrease gradually at alkaline pH, but it decreased rapidly at 

acidic pH (Cui et al., 2007). The optimum pH for TGase activity of Enterobacter sp. 

C2361 was in  a range of pH 5.0 to 6.5 and  Providencia sp. C1112 was in a range of 

pH 5.0 to 7.0 and showed the highest activity at pH 6.5 (Bourneow, 2011). While  the 
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enzyme of  Streptomyces sp.  exhibited optimum activity in a pH range of 6.0 to 6.5 

and was stable from pH 5.0 to 8.0 (Macedo et al., 2011). 

2.4.3 Effect of temperature on activity and stability 

Temperature has an influence on TGase activity and stability. Different 

microorganisms have different optimal temperature for growth and TGase production. 

The optimal temperature  for TGase activity of S. mobaraense is 55˚C and for S. 

griseocarneum and S. cinnamoneum were 45˚C (Ando et al., 1989; Jiang and Lee, 

1992). Wherease the optimal temperature for TGase (TG1 and TG2) activities of  B.  

subtilis AJ 1307 was around 60˚C (Suzuki et al., 2000). Cui et al. (2007) reported the 

TGaes from S.  hygroscopicus exhibited optimum activity at 37 to 45˚C (in a range of 

pH 6.0 to 7.0). While the optimal for TGase activity temperature of Enterobacter sp. 

C2361 was at 37 to 50˚C and of  Providencia sp. C1112 was at 37 to 45˚C 

(Bourneow, 2011). 

The stability of the enzyme decreases with increased temperature. The 

TGase of S. mobaraense remained 100% activity at 40˚C and 74% activity at 50˚C 

(Ando et al., 1989). Moreover, the activity of S. hygroscopicus TGases was not stable 

above 50˚C (Cui et al., 2007). 

2.4.4 Substrate specificity 

Most food proteins, such as legume globulin, whete gluten, egg yolk 

and egg white proteins, actins, myosins, fibrins, milk caseins, α-lactalbumin and β-

lactoglobulin, as well as many other albumin, could be crosslinked by microbial 

TGase. (Motoki and Seguro, 1998). 

The substrate specificity of TGases for primary amines was 

investigated to incorporate various functional groups into proteins and peptides. For 

the primary amines to be incorporated into benzyloxycarbonyl-L-Gln-Gly (Z-Gln-

Gly), they were required to have more than four carbon chains without side chains 

between the functional groups. These suggested that appropriate primary amines as 

spacers, various functional groups, carboxyl groups, phosphate groups, saccharides, 

and so on, can be incorporated into proteins by using TGases (Ohtsuka et al., 2000). 

2.4.5 Metal ions 

Metal ions play essential roles in about one third of enzymes. These 

ions can modify electron flow in a substrate or enzyme, thus effectively controlling an 
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enzyme-catalyzed reaction. They can serve to bind and orient substrate with respect to 

functional groups in the active site, and they can provide a site for redox activity if the 

metal has several valence states. The enzyme provides an arrangement of side chain 

functional groups having an appropriate sized hole with the preferred groups on 

enzyme side chains needed to bind the required metal ion (Glusker et al., 1999). The 

residues that most often bind metal ions are CYS, HIS, GLU and ASP (Auld, 2001) 

because the atoms of their polar or charged side chains can coordinate metal ions.  

TGase from guinea pig liver enzyme requires Ca
2+

 for expression of 

enzymatic activity. The sensitivity of microbial TGase toward other cations in the 

absence of reducing agents was investigated (Seguro et al., 1996). Cu
2+

, Zn
2+

, Pb
2+

 

and Li
+
 significantly inhibited microbial TGases. Heavy metals such as Cu

2+
, Zn

2+
 

and Pb
2+

 bind the thiol group of the single cystein residue, this strongly supports the 

idea that the cystein residue could be part of the active site of microbial TGases (Tsai 

et al., 1996).      

Cui et al. (2007) reported the TGase  from S.  hygroscopicus was not 

inhibited by Ca
2+

 and ethylenediaminetetraacetic acid (EDTA). The purified TGase 

was strongly inactivated by 5,5′-dithiobis (2-nitrobenzoic acid) ( DTNB), Cu
2+

, Zn
2+

, 

Pb
2+

 and Hg
2+

. The result suggested that this enzyme could possess a thiol group at 

the active site.  

The purified TGase from Enterobacter sp. C2361 and Providencia sp. 

C1112 were moderately inhibited by Mn
2+

, Hg
2+

, Ba
2+

, Cu
2+

 and Zn
2+

 at 10 mM. Co
2+

 

and Na
+
 possessed less effect on lowering of TGases activity (Bourneow, 2011). 

2.4.6 Enzymatic inhibitors 

The binding of an inhibitor can stop a substrate from entering the 

enzyme's active site or hinder the enzyme from catalyzing its reaction. Inhibitor 

binding is either reversible or irreversible. Irreversible inhibitors usually react with the 

enzyme by covalent bond formation with key amino acid residues needed for 

enzymatic activity. In contrast, reversible inhibitors bind non-covalently to the 

enzyme, the enzyme-substrate complex, or both. 

TGases are sensitive to the chelating agents such as ethylene glycol-bis 

(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) and EDTA. However, those 

chelating agents could not inhibit the catalytic activity of microbial TGases. In 

http://en.wikipedia.org/wiki/Substrate_(biochemistry)
http://en.wikipedia.org/wiki/Active_site
http://en.wikipedia.org/wiki/Catalysis
http://en.wikipedia.org/wiki/Reversible_reaction
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Ligand_(biochemistry)
http://en.wikipedia.org/wiki/Enzyme
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addition, many synthetic inhibitors including, iodoacetamide (IAA), dithiothreitol 

(DTT), N-ethylmaleimide (NEM), phenylmethanesulfonylfluoride (PM) or 

phenylmethylsulfonyl fluoride (PMSF), p-chloromercuribenzoate (pCMB) could 

inhibit TGases (Nielsen, 1995). Ando et al. (1989) reported that the addition of 

pCMB, NEM and mono-iodoacetate (MIA) destroyed the sulphydryl group of 

microbial TGases, resulting in inhibition of microbial TGase activity.  

3. Structure of TGase gene 

3.1 Comparison of the active site of TGase 

The mammalian TGase had a highly conserved active site region 

(YGQCWVF) which includes an essencial Cys residue. Aeschilman and Paulsson 

(1994) used the active site sequence of mammalian TGase as probes for a computer 

search in protein databases. They reported that the catalytic region of various thiol 

proteases were identified as the most closely homogous domains. In addition to the 

highly conserved active site region, mammalian TGase require calcium for activation. 

The amino acid sequence of the putative calcium-binding domain of factor XIIIa is 

thought to be highly conserved in other mammalian TGase. The similarities of 

conserved sequence suggest that these regions are closely related to the function of 

mammalian TGases.  

For Streptomyces TGase, there is little similarity in the amino acid 

sequence of the active site region except for the single Cys residue and there is no 

sequence homology with the calcium binding domain as microbial TGase catalyses a 

Ca
2+

-independent acyl transfer reaction (Kanaji et al., 1993). The amino acid 

sequence of microbial TGase from S. mobaraense bears no significant similarity to 

any other proteins. 

The amino acid sequences of mammalian TGase and microbial TGase 

from Streptomyces shows no overall structureal relationship except in the regions 

around the Cys residue (YGCVG) (Kanaji et al., 1993). Bacillus TGase has little 

overall sequence similarity with microbial TGase or mammalian TGase except for the 

Cys residue in the active site (Kobayashi et al., 1998). Amino acid sequence in 

putative active site of TGase from various species are shown in Table 1.3. 
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3.2 Sequence and structure conservation of the TGase 

Makarova et al. (1999) identified a superfamily of proteins 

homologous to eukaryotic TGase. Sequence and structure conservation of the TGase 

were analyzed and profiles were generated by the PSI-BLAST Program. During 

comparative analysis of the archaeal genomes. They identified a family of large 

multidomain archaeal proteins that encompassed predicted signal peptides and a 

globular domain (as predicted using the SEG program (Makarova et al., 1999; 

Wootton, 1994; Wootton and Federhen, 1996). The latter domain contains conserved  

Table 1.3  Amino acid sequence in putative active site of TGase from various species.  

Organism Amino acid sequence in putative active site of TGase 

 
                

S. mobaraense WLSYGCVGVTWVNSGQYPTRN 

 
                   

S. ladakanum EWLSYGCVGVTWVNS 

 
               

S. platensis QLSYGCVGVTWVNTGP 

 
               

B. subtilis FYAFECATAIVIIYYLALID 

 
                

Factor XIIIa VRYGQCWVFAGVFNTFLRCLG 

TGk-human, TGk-rat, 

TGk-rabbit 

                

VPYGQCWVFAGVTTTVLRCLG 

TGC-guinea pig,  TGC-

human, TGC-mouse, 

TGC-bovine 

                

VKYGQCWVFAAVACTVLRCLG 

The active site of TGase is underlined. 

*: Active site Cys residue, TGk: Keratinocyte TGase, TGC: Tissue TGase. 

Source: Negus (2001); Kanaji et al. (1993); Kobayashi et al. (1998); Lin et al. (2004, 

2006). 
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cysteine, histidine, and aspartate residues, which is reminiscent of the catalytic triad  

of a variety of thiol hydrolases. Further iterative searches of the nonredundant  

database (NR) using the PSI-BLAST program (Altschul et al., 1997) with a number 

of different query sequences not only detected homologous protein sequences in 

bacterial genomes but also demonstrated a statistically significant similarity to animal 

TGases. All sequences of TGase homologs detectable in the current nonredundant 

database were identified via transitive PSI-BLAST searches, and a representative set 

of them was used to generate a multiple alignment with the ALITRE program 

(Seledtsov et al., 1995). The alignment was then manually adjusted on the basis of 

alignments generated by PSI-BLAST and the structural elements from the crystal 

structure of factor XIII. Figure 1.2 shows the multiple alignment of the TGase-like 

superfamily with the secondary structure elements assigned using the factor XIII 

structure. The sequence conservation in the superfamily of TGase-like enzymes 

clearly centers around the three (predicted) active residues of the catalytic triad. Motif 

I contains the catalytic cysteine and encompasses the two strands and an α-helix 

whereas motifs II and III include the two strands associated with the active histidine 

and aspartate, respectively. Some of the characteristic features of the animal TGase, 

namely the tiny residue located two positions upstream of the catalytic cysteine, the 

aromatic residues two positions downstream from the catalytic histidine and the 

aromatic residue flanking the catalytic aspartate from the N-terminal side, are well 

conserved in the microbial proteins.  

The alignment was constructed using the ALITRE program and 

adjusted manually on the basis of the PSI-BLAST search results. The TGase-like 

domains were clustered by sequence similarity on the basis of a detailed 

examination of the PSI-BLAST search results obtained, for which portions of the 

respective proteins that include the core domain together with flanking region were 

used as queries. Family 1 includes seven distinct functional types of mammalian 

TGases represented here by the respective human proteins; the other seven families 

include previously undetected TGase homologs. The numbers between aligned 

blocks indicate the lengths of variable inserts that are not shown; the numbers at the 

end of each sequence indicate the distances from the protein termini to the proximal 

and distal aligned blocks. The shading of conserved residues is according to the 
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consensus and includes residues conserved in at least 80% of the aligned sequences. 

The three residues of the catalytic triad are shown in inverse shading (yellow against 

a dark blue background); the putative alternative catalytic cysteine in Family 2 is 

shown in white against a light blue background; the putative catalytic serine in an 

Aquifex protein is shown in red (Family 4). The fragments of the papain sequence 

surrounding the catalytic residues were incorporated in the alignment manually, on 

the basis of the published structural comparisons (Pedersen et al., 1994). In the 

consensus line, h indicates hydrophobic residues (A, C, F, L, I, M, V, W, Y; yellow 

background); s indicates small residues (A, C, S, T, D, N, V, G, P; blue 

background); c indicates charged residues (R, K, E, D, H; brown coloring); 

separately conserved residues are colored in magenta. PDB record 1fie. The 

GeneBank gene identifier and name (following an underline) or an abbreviated 

species names where a gene name is not available are shown at the beginning of 

each sequence. Gene names that start with AF are from A. fulgidus; MJ, 

Methanococcus jannaschii; MTH, M. thermoautotrophicum; PH, Pyrococcus 

horikoshii; Rv, Mycobacterium tuberculosis; YDL117w and YPL096w are from the 

yeast S. cerevisiae and YEB8 is from the yeast S. pombe. Other species 

abbreviations: Aquifex, Aquifex aeolicus; Bacillus, B. subtilis; Caenorh, C. elegans; 

Hum, Homo sapiens; Rat, Rattus norvegicus; Synech, Synechocystis sp. 112798_4.2 

is human band 4.2 protein (an inactivated transglutaminase); TGLC-P are various 

human TGase isoenzymes; 1942386_XIII is human blood-clotting factor XIII; and 

3249613_MTH_PHAG is the pseudomurein endoisopeptidase from the 

Methanobacterium bacteriophage psiM2. The secondary structure elements 

extracted from the crystal structure of the human blood-clotting factor XIII (Yee et 

al., 1994) and papain (Schroder et al., 1993) are shown underneath the alignment; = 

= indicates β-strands and @@ indicates α-helix. 
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Figure 1.2 Multiple alignment of the conserved core of the TGase-like protein 

superfamily.  

Source: Makarova et al. (1999) 

3.3 Microbial TGase gene 

TGase gene of Streptomyces sp. was analyzed. The results showed that 

an open reading frame (ORF) of S. cinnamoneum CBS 683.68 was 1,239 bp which 

started from an ATG codon at position 195 and terminated at a TGA codon at position 

1,239 bp (Duran et al., 1998). Taguchi et al. (2002) reported the microbial pro-TGase 

gene from S. cinnamoneum. The result showed that an ORF of 1,251 bp, which started 

from an codon at position 151 and terminated at a TGA codon at position 1,401 and  

microbial pro-TGase gene was assumed to synthesis as a protein precursor of 416 

amino acid residues, which included a 32 amino acid signal-peptide and a 54 amino 

acid pro-peptide, yielding a mature TGase of 330 amino acid residues in the secretion 
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process. The amino acid sequence of TGase gene from S. cinnamoneum IFO 12852 

was slightly different from that of TGase gene from S. cinnamoneum CBS683.68. 

TGase gene from S. ladakanum revealed 1,230 bp and it encoded a protein of 410 

amino acids. The gene starts from an ATG codon at position 683 and terminates in a 

TGA codon at position 1,913 (Lin et al., 2004). Next, the nucleotide sequence of 

TGase from S. platensis M5218 revealed ORF of 1,254 bp, it encodes a protein of 418 

amino acids. The gene starts from an ATG codon at position 1119 and terminates in a 

TAA codon at position 2,373 (Lin et al., 2006). Liu et al. (2006) analyzed the 

sequences of  S. platensis, the ORF of the TGase gene was 1,242 bp, encoding 413 

amino acids. TGase gene consists of 331 amino acids with the previous 82 amino 

acids corresponding to the prepro-region. 

Previous study, reported that the initiation codon of TGase gene was 

preceded by the nucleotide sequence, which may serve as the Shine-Dalgarno 

sequence. Ribosome-binding sequence of TGase genes were analyzed from 

Streptomyces sp. Duran et al. (1998) reported that ribosome-binding sequence of S. 

cinnamoneum CBS 683.68 was AAGGA. Lin et al., 2006 and Bae et al., 2012 

determined ribosome-binding sequence of S. platensis M5218 and  S. platensis YK-

2. The results were found that ribosome-binding sequence as AGGGAG. Liu et al. 

(2006) reported ribosome-binding sequence of S. fradiae was AAGGGAG and Yu et 

al. (2008) analyzed  ribosome-binding sequence of S. netropsis. The result showed 

sequence was AGGGA. Additional, the N-terminal amino acid sequence of  S. 

cinnamoneum CBS 683.68 were determined by protein sequencing was found within 

the deduced amino acid sequence from position 82 to 112 (Duran et al., 1998) and 

Liu et al. (2006) analyzed N-terminal amino acid sequence of S. fradiae determined 

by protein sequencing was found within the deduced amino acid sequence from 

position 83 to 90. In 2008, Yu et al. purified S. netropsis TGase was then subjected 

to N-terminal amino acid sequence analysis. The first nine amino acids determined 

by the Edman degradation method have the sequence as follows: LVDDRETPP.  
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4. Gene cloning and expression of microbial TGase 

In order to improve the TGase production, researchers have tried to 

increase TGase yields using genetically modified strains with molecular techniques. 

There are five strategies used for increase the expression and solubility of over 

expression protein (1) changing the vector, (2) changing the host, (3) changing the 

 

 

 

 

Figure 1.3 Map of  pET-22b(+) Vector. 

Source: Novagen (2003) 
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culture parameters of the recombinant host strain, (4) co-expression of other genes 

and (5) changing the gene sequences (Gopal and Kumar, 2013). 

The pET22b+ vector (Figure 1.3) is always the first choice to improve 

the production of TGase by genetically modified strains (Liu et al., 2011a; 2011b) due 

to this vector has 6-Histidine tag or poly-His-tag (His-tag). His-tag was fused to N- or 

C-terminus of the vectors for production of recombinant proteins. Expressed His-

tagged proteins were easy to purified and detected. 

   Escherichia coli is the most commonly used as a host strain, which 

expressed high yield of recombinant protein (Robichon, et al., 2011). Accordingly, E. 

coli B strain is popular for recombinant protein expression. The DE3 strain contained 

the λDE3 lysogen that carried the gene for T7 RNA polymerase under control of the 

lacUV5 promoter. IPTG is used to induce expression of the T7 RNA polymerase in 

order to express recombinant genes cloned downstream of a T7 promoter. BL21(DE3) 

is suitable for expression from a T7  promoter. 

The promoter is an important target for increasing recombinant protein production 

because of its role in controlling the transcription initiation of associated genes. The 

promoter consists of DNA sequences crucial for recognition by the RNA polymerase. 

In E. coli these sequences are compromised by the core sequences, usually centered 

around positions -10 and -35, an extended -10 element and occasionally a up element 

(Browning and Busby, 2004). Consensus sequences for the σ70 -recognized -35 and -

10 sequences in E. coli are shown in Table 1.4. Transcription initiation requires  the 

core RNA polymerase (consisting of the subunits ββ’α2ω) and a specific σ initiation 

factors to form the holoenzyme. The holoenzyme will bind promoters differentially as 

specified by its σ factor. E. coli has seven different σ factors. The predominant σ70 is 

responsible for controlling transcription of the housekeeping genes whereas the six 

alternative factors are required for transcription of smaller subsets of promoters 

(Gruber and Gross 2003). The association between the holoenzyme and the promoter 

is stabilized by the differentiating contacts between the σ factor and the core 

sequences of the target promoter and the extended -10 element, and contacts between 

the α subunit and the UP element. Subsequent unwinding of the duplex DNA from 

approximately the -10 to the +2 position facilitates contact between the template  
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Table 1.4 DNA sequences of some promoters used in Escherichia coli expression 

vectors recognized by the housekeeping sigma factor σ70. 

 

strand and the active site of the RNA polymerase essential for the following mRNA 

synthesis (de Haseth et al., 1998; Tomsic et al., 2001; Tsujikawa et al., 2002). The 

initiation step is characterized 

by many rounds of abortive synthesis, but once the RNA polymerase has synthesized 

a polynucleotide of 13-15 base pairs length, the transcription complex undergoes 

promoter clearance and the elongation step begins (Carpousis and Gralla 1980; 

Krummel and Chamberlin 1989; Hsu et al., 2003). 

Cloning of TGase gene in order to appreciate on structural and 

functional relationships of TGase gene and the expression level of the recombinant 

TGase may have potential for industrial-scale production. In general, microbial TGase 

gene was studied using genomic library construction or amplification using PCR 

technique. 
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4.1 Characteristics of expressed TGase  

4.1.1 TGase activity 

TGase activities from S. cimmmonemn CBS 683.68 was 120-fold with 

a yield of 33% from the culture supernatant (Duran et al., 1998). The activity of stgA 

in S. lividans TK24 was 1.2 U/ml after culture for 7 day and was 4.6-fold higher than 

that of the control strain.  TGase activities of stgA in S. platensis YK-2 and S. 

cinnamoneus ATCC 11874 were reached at 2.9 and 2.3 U/ml, after 5 and 3 days 

cultivation, respectively These results indicated that the activities of TGases were 

increased by 32 and 22% as compared to those of control strains, and were 2.4 and 

1.9-fold higher compared to those of S. lividans exconjugants, respectively (Bae et al., 

2012). TGase activity (2.2 U/ml) of the recombinant appeared after 48 h cultivation. 

The activity was about 3.3-fold of that produced by S. platensis M5218 (maximal 

activity 0.66 U/ml after 52 h cultivation) (Lin et al., 2006). The purified pelB-pro-

MTG-His6 from S. mobaraensis in E. coli was activated by trypsin. The final product 

was not absolutely pure, showing some degradation of the microbial TGase. However 

the specific activity of the activated recombinant microbial TGase was determined to 

be 14 U/mg which is in the range of specific activities published for wild type 

microbial TGase purified from S. mobaraensis (22.6 U/mg (Ando et al., 1989)) or the 

recombinant one from Corynebacterium glutamicum (30 U/mg (Date et al., 2004)) 

(Marx et al., 2007). The specific activity of the purified TGase from Streptomyces S-

8112 (15 U/mg protein), the activity level was only 20% of purified enzyme (Kawai 

et al., 1997). TGase activity of S. netropsis  in culture broth was obtained after 20 to 

24 h of cultivation and amounted to approximately 1.32 U/ml of culture broth. The 

TGase activity was found to decline rapidly in the culture broth and only 15–20% of 

the maximum activity was detected after 50 h incubation (Yu et al., 2008). 

Enhancement of the TGase activity from S. fradiae (3.2 U/ml, 1.3 times that of the 

original strain) was observed in the recombinant strain, especially during the late 

stationary phase. Significantly, the specific activity of the TGase in the recombinant 

strain (3.8 U/mg) is twice that of the original strain (1.9 U/mg) (Liu et al., 2006). 
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4.1.2 Effect of pH and temperature on activity and stability 

The optimal pH and temperature of purified TGase from S. netropsis 

for hydroxamate formation were pH 6.0 and 45˚C, respectively. The purified TGase 

was stable at pH 6.0-9.0 and the activity of the enzyme rapidly declined under acidic 

condition (pH 3.0-4.0). The activity decreased dramatically when the enzyme was 

incubated at temperatures higher than 50˚C. The stability of the purified enzyme was 

enhanced by adding equal volume of glycerol to the enzyme solution. An approximate 

10% loss in activity was observed during storage at -20˚C for 8 months (Yu et al., 

2008). 

5. Housekeeping genes 

Housekeeping genes are typically constitutive genes that required for 

the maintenance of basal cellular functions. They are important for the survival of a 

cell, regardless of its specific role in the tissue or organism. Thus, housekeeping genes 

are expressed in all cells of an organism under normal and pathophysiological 

conditions, irrespective of tissue type, developmental stage, cell cycle state, or 

external signal. The candidate reference genes were chosen from various functional 

classes represent in many bacteria (Galisa et al., 2012). The category of housekeeping 

genes are classified using functions of genes. The summary of some housekeeping 

gene in bacteria and their function (Gil et al., 2004) is shown in the Table 1.5. In 

addition, 16S ribosomal RNA (rRNA) gene that has been widely used for study of the  

identify bacterial species and taxonomy (Choi et al., 1996;  Munson et al., 2004; Petti 

et al., 2005; Schmalenberger et al., 2001). In general, 16S rRNA genes of bacteria 

contain nine hypervariable regions, which can be used to consider the sequence 

diversity among different bacterial species and use for bacterial identification (Peer et 

al. ,1996). Hypervariable regions are flanked by conserved stretches of most bacteria. 

They can be amplified by PCR approach using universal primers (Baker et al., 2003; 

Lu et al., 2000; McCabe et al., 1999; Munson et al., 2004). 

 

 

https://dict.longdo.com/search/survival
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Table 1.5  Summary of some housekeeping genes in bacteria and their function. 

Category Subcategory Gene Protein function 

DNA metabolism Basic replication machinery gyrB DNA gyrase, B subunit 

RNA metabolism Basic transcription machinery deaD ATP-dependent RNA helicase 

rpoA RNA polymerase, α subunit 

rpoB RNA polymerase, β subunit 

rpoC RNA polymerase, β' subunit 

Translation: aminoacyl-tRNA 

synthesis 
ileS Isoleucyl-tRNA synthase 

leuS Leucyl-tRNA synthase 

Translation factors  fusA Elongation factor G 

infA Initiation factor IF-1 

infB Initiation factor IF-2 

infC Initiation factor IF-3 

lepA GTP binding elongation factor 

Protein processing, folding, and 

secretion 
Protein posttranslational modification map Methionine aminopeptidase 

Protein folding grpE Hsp70 cochaperone 

Protein translocation and secretion ftsY Signal recognition particle receptor 

 

secA Preprotein translocase subunit (ATPase) 

 

secE Membrane-embedded preprotein translocase 

subunit 

 

secY Membrane-embedded preprotein translocase 

subunit 

Energetic and intermediary 

metabolism 

Proton motive force generation atpD ATP synthase β chain 
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6. Export of protein 

Many proteins have a signal sequence (leader sequence or leader 

peptide), which are a short amino acid sequence (usually 16-30 amino acids). Its 

function is a postal code for the target organelle. The translation of mRNA to protein 

using a ribosome occurs within the cytosol (Blobel and Sabatini, 1970). The proteins 

are synthesized in a different organelle and are transported as two ways depend on the 

type of protein: 1) co-translational translocation (translocation during the process of 

translation) and 2) post-translational translocation (translocation after the process of 

translation is complete). The proteins are synthesized from endoplasmic reticulum 

(ER), golgi, endosomes or membrane-bound used the co-translational translocation 

pathway for export to cytosol. Most secretory proteins use this pathway for 

translocation. The co-translational pathway begins with the N-terminal signal peptide 

of the protein bind a signal recognition particle (SRP) while the protein is still 

synthesized on the ribosome. The synthesis stops while the ribosome-protein complex 

is transferred to an SRP receptor on the ER in eukaryotes and the plasma membrane 

in prokaryotes. The nascent protein is inserted into the translocon, a membrane-bound 

protein is conduced to channel that comprise the Sec61 translocation complex in 

eukaryotes, and the homologous SecYEG complex in prokaryotes. Some proteins are 

translated in the cytosol and after that they are transported into the ER or plasma 

membrane using a post-translational system. The post-translational translocation of 

prokaryotes needs the cofactors such as SecA and SecB while Sec63 and Sec63 are 

used in eukaryotes. In addition, proteins targeted to other destinations, for example 

chloroplasts, mitochondria, peroxisomes or nucleus also use this pathway. 

Secretion in bacteria refers to the transport or translocation of 

molecules, for example proteins or toxin from across the interior (cytosol or 

cytoplasm) of a bacterial cell to its exterior. Secretion is a very important mechanism 

in bacterial because it involves in function and operation in their natural surrounding 

environment for adaptation and survival. There are two major bacterial protein export 

pathways as follow: the general secretion (Sec) protein export pathway. In bacteria, 

the Sec pathway is the most important transport way for export the proteins from 

organelle to the cytosol (Tsirigotaki et al., 2017). The mechanism of the Sec pathway 
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(Figure 1.4a), it is a co-translational mode (1), Sec substrates possessing highly 

hydrophobic signal peptides (SP) are bound at the ribosome by the signal recognition 

particle (SRP). Afterward, the ribosome-nascent chain (RNC)-SRP complex bind to 

the SRP-receptor FtsY and then the RNC is further transferred to the SecYEG 

translocation pore such that ribosomal exit site is in close proximity to SecYEG. The 

energy for translocation in the co-translational export mode is provided by further 

elongation of the substrate at the ribosome. For the posttranslational mode (2), Sec-

dependent precursor proteins are kept in an export-competent state by post-

translationally interacting proteins (PIP’s) such as SecB, the general chaperones 

GroELS/DnaK–DnaJ–GrpE or the soluble form of SecA. The signal peptide (SP) is 

bound with the SecA protein which pushes the protein through the SecYEG protein 

conducting channel in a stepwise and ATP-dependent manner. In addition, SecDF 

applies a proton motive force (pmf )-dependent pulling force on the substrate from the 

trans-side of the cytoplasmic membrane (CM). During or shortly after translocation, 

the signal peptide is removed by signal peptidase (SPase) and the mature protein is 

released on the trans-side of the CM. Another, the twin-arginine translocation (Tat) 

protein export pathway.  The mechanism of the Tat pathway (Fig. 1.4b), after folding 

required cofactor insertion, the preproteins contained a signal peptide with a twin-

arginine motif (RR) are bound to a receptor complex, it comprises a TatC and TatB. 

After that homooligomeric complexes of TatA are recruited to the substrate-loaded 

receptor complex in a proton motive force (pmf)-dependent manner, next, the 

translocation of the substrate across the CM. After that substrate translocation, the 

signal peptide is removed using signal peptidase (SPase) and the mature protein is 

released on the trans-side of the membrane. 
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Figure 1.4 Two major bacterial export pathways. (a), the general secretion (Sec) 

protein export pathway. (b), the twin-arginine translocation (Tat) protein export 

pathway. 

Source: Freudl (2018) 

7.  Application of microbial TGase 

7.1 Meat products 

The microbial TGases can be used to produce restructured meat by 

binding together small pieces of meat. Kuraishi et al. (1996) developed a novel meat 

binding system using microbial TGases and caseinate. Caseinate, when reacted with 

microbial TGase, becomes viscous, and functions as a glue to bind different 

foodstuffs together. Using this system, large pieces of restructured meat such as 

beefsteaks or fish fillets can be produced from fragments. Pieces of meat, including 

minced meat, can be bound together without any need for sodium chloride or 

phosphates, yielding healthy meat products. The TGase treatment shows a synergistic 

effect, when combined with salt and phosphates. The TGase was used to improve 

functional, textural and gel properties of chicken (Trespalacios and Pla, 2007; 

Ahhmed et al., 2009), beef (Dondero et al., 2006; Ahhmed et al. 2009), pork and ham 

(Ávila et al., 2010).  

 

 

http://www.sciencedirect.com/science/article/pii/S0309174009003726
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7.2 Fishery products 

Seki et al. (1990) found that endogenous fish TGases caused `suwari' 

setting and hardening fish protein paste at low temperature through crosslinking. Both 

endogenous fish TGases and exogenous microbial TGases enable an improvement in 

the functionality of fish raw materials by increased crosslinking. A combination of 

microbial TGases injection and tumbling results in reduced loss during thawing and 

cooking in frozen fish products. Kumazawa et al. (1996) determined the ε-(γ-

glutamyl)-lysine bonds (G-L bonds) in several fish eggs, and suggested that 

endogenous TGases may correlate with the texture of raw and processed egg 

products. It seems that TGase treatment improves and maintains the texture-quality of 

fish products, which strictly depends on freshness of raw materials. After that, 

Gonçalves and Passos (2010) studied the influence of three concentrations of 

commercial TGases  in restructured fillet of minced fish from white croacker 

(Micropogonias furnieri). Three concentrations (1.5, 1.0 and 0.5%) of microbial 

TGases (Active TG-B %v/v and Active TG-BP %w/w) were compared, in order to 

produce fish restructured product (boneless fillet). Concentration of 1.5% (both 

enzymes), produced better results. The restructured products were compared by 

sensory analysis and showed better sensory parameters (appearance, odour, flavor and 

texture) for samples treated with Active TG-B (solution form). 

7.3 Wheat products 

Sakamoto (1996) found that treatment of noodles and pasta with 

microbial TGases prevented the deterioration of texture upon cooking, and improved 

the strength of the products, even when low-grade flours were used. They also 

suggested that the loaf volume of several breads might be increased or maintained by 

the addition of microbial TGases when certain ingredients were substituted or reduced 

during mixing of the dough. TGgase has the ability to modify wheat protein 

effectively as a result of the modification of some important physical properties of 

wheat flour dough, including stickiness, extensibility, and maximum resistance to 

extention. TGases has proved to be a potential enhancer of baking properties because 

a very small dosage can cause obvious modification on dough properties (Tseng and 

Lai, 2002) In 2011, TGases was used to improve dough strength and bread volume 

(Seravalli et al., 2011). 
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7.4 Antibody 

Josten et al. (2000) investigated an enzymatic approach to biotinylation 

using TGases from S. mobaraense. This method was exploited for biotinylation using 

two amino-modified biotin derivatives, biotinamido-5-pentylamin (BIAPA) and 

biotinoyl-1,8-diamino-3-6-dioxaoctane (BIDADOO) as acyl acceptors and a 

monoclonal IgG against the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) as the 

acyl donor. Kinetic studies revealed that the TGase-mediated reaction proceeds with 

low velocity and is almost complete after 34 h. Conjugation ratios ranging from 1.1 to 

1.9 biotins per IgG were found by mass spectrometry. To investigate the influence of 

antibody conjugation on antigen binding a competitive ELISA for the determination 

of 2,4-D employing microbial TGase-biotinoylated IgGs was developed. In this assay 

lower limits of detection of 0.3 and 1.0 μg/l of 2,4-D were achieved with BIDADOO- 

and BIAPA-modified antibodies, respectively. 

7.5 Surimi 

Surimi is the minced fish flesh, washed to remove most of lipids, 

blood, enzymes and sarcoplasmic protein and stabilized for frozen storage by 

cryoprotectants. The myofibrillar protein in the resulting product is high which 

process gel forming ability (Benjakul et al., 2003). Gelation of fish  during setting has 

close relationship to the formation of cross-link between myosin heavy chain induced 

by endogenous TGases (Kumazawa et al., 1995; Seki et al., 1990). To improve the 

gel properties, some additives have been used in surimi and surimi products to 

alleviate protein degradation caused by the endogenous proteinase. Bovine plasma 

protein, porcine plasma protein, egg white and potato powders can be used as food 

grade inhibitors in surimi (Lee et al., 2000; Benjakul et al., 2001) Additionally, TGase  

is able to catalyze the formation of ε-(γ-glutamyl) lysine crosslinks and strengthen the 

gel (Seki et al., 1990; Sakamoto et al., 1995). TGases from microorganism such as S. 

mobaraense has been used to increase the gel strength by inducing the polymerization 

of protein (Washizu et al., 1994). 

7.6 Dairy products 

Milk casein is a very good substrate for TGases, which can be 

converted it into a heat-resistant, firm gel. Yogurt, a milk gel formed by acidic 

fermentation with lactic starter, has the disadvantage of serum separation upon change 

http://www.sciencedirect.com/science/article/pii/S0022175900001721
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of temperature, or physical impact. The addition of microbial TGases can overcome 

this problem by improving the water-holding capacity of the gel. The microbial 

TGase was used to improve properties of yoghurt (Gauche et al., 2009) and modify 

the functionality of whey proteins (Truong et al, 2004; Gauche et al., 2008). 

Microbial TGases also make it possible to produce dairy products, such as ice cream 

(Rossa et al., 2011) and cheese, with low fat content or reduced content of non-fat 

solids. 
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Objectives 

1.  To identify new TGases-producing bacteria  

2.  To clone and express the TGase gene from the selected bacteria into 

Escherichia coli 

3.  To purify and characterize the expressed TGase 
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CHAPTER 2 

PROVIDENCIA THAILANDENSIS SP. NOV., ISOLATED FROM 

SEAFOOD PROCESSING WASTEWATER 

2.1 Abstract 

  The bacterial strain C1112
T
 was isolated from seafood processing 

wastewater collected from a treatment pond of the seafood factory in Songkhla 

Province, Thailand. Phylogenetic analysis based on concatenated sequences from the 

16S rRNA gene and five housekeeping genes, fusA, lepA,  leuS,  gyrB and ileS 

respectively showed that the strain C1112
T 

belonged to the genus Providencia, and 

share 91.75% similarity with P. stuartii DSM 4539
T
. DNA-DNA hybridization 

between the strain C1112
T
 and P. stuartii KCTC 2568

T
 was 48.1% relatedness. 

Moreover, some results from biochemical properties indicated that the strain C1112
T
 

was distinguished from the phylogenetically closest relatives.   The major fatty acids 

of strain C1112
T
 were C16:0, iso-C15:0, C14:0  and C17:0 cyclo and the DNA G+C 

content was 41 mol%. Base on the genotypic and phenotypic considerations, it 

should be classified as a novel species of the genus Providencia for which the name 

Providencia thailandensis sp. nov. is proposed. The type strain is C1112
T
 (= KCTC 

23281
T
 =NBRC 106720

T
). 

2.2 Introduction 

The genus Providencia, of the class –Proteobacteria, order 

Enterobacterials, and family Enterobacteriaceae, currently has eight recognized 

species (P. burhodogranariea, P. heimbachae, P. alcalifaciens, P. rustigianii, P. 

sneebia, P. rettgeri, P. vermicola and P. stuartii) (Euzéby, 2018; Juneja and Lazzaro, 

2009; Muller et al., 1986; Somvanshi et al., 2006). Member of the genus have 

repeatedly been found in association with humans, insects and many other vertebrate 

and invertebrate animals in both pathogenic and non-pathogenic contexts (Juneja and 

Lazzaro, 2009; Muller et al., 1986; Somvanshi et al., 2006; Yoh et al., 2005).  The 

description of several of these species was initially based upon on DNA-DNA 

reassociation experiments, which indicated their previous misclassification in other 
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genera or affiliation to other species (Brenner et al., 1978; Hickman-Brenner et al., 

1983; Muller et al., 1986). The eight species can be separated based on metabolic 

characteristics, such as acid production from some carbohydrates and several other 

standard tests (Juneja and Lazzaro, 2009; Owen et al., 1987). Providencia sp. C1112 

was the Gram-negative and rod-shaped bacterium isolated from seafood processing 

wastewater, which produced TGase enzyme (H-Kittikun et al., 2012). This enzyme 

has been found to induce cross-linking and gelation of food proteins. TGases obtained 

from microorganisms does not require calcium for activation, which is of great 

advantage for the food industry. Because several food-proteins are easily precipitated 

in the presence of Ca
2+

, then rendering them less sensitive to the enzymatic reaction 

(Negus 2001). In order to gain more information on the taxonomic position, the 

sequences based on concatenated sequences from the 16S rRNA gene and five 

housekeeping genes and the biochemical properties of the strain C1112
T
 was 

analyzed. Comparative analysis revealed that the isolate was distinct from the closest 

phylogenetic relative, Providencia stuartii. A strain was further characterized based 

on the results of a polyphasic taxonomic study, it can be concluded that the strain 

represent a novel specie of the genus Providencia. 

2.3 Materials and Methods 

2.3.1 Isolation 

The strain C1112
T
 was isolated from seafood processing wastewater and 

this strain could produce a transglutaminase (Bourneow et al., 2012). Briefly, the 

strain C1112
T
 was isolated by means of the usual dilution plating technique from 

seafood processing wastewater, collected from a treatment pond of the seafood 

factory in Songkhla Province, Thailand. The sample was plated on nutrient agar (NA) 

plates and incubated at 37˚C for 24 h. A pure culture was obtained by repeated 

transfers of separate colonies on NA plates. After that, the TGase-producing strains 

were selected using a colorimetric hydroxamate assay (Folk and Cole, 1966) of their 

supernatant from the culture medium. 

 

 

 



35 

2.3.2 Morphology, physiology and biochemical characteristics 

The colony morphology of the strain C1112
T
 was determined by 

examining cells grown on NA for 2 days at 37˚C. The cell size and morphology were 

determined using scanning electron microscopy of cells grown in NB for 2 days at 37 

˚C with shaking at 150 rpm. The gram reaction was determined by the method of 

Hucker and Conn (1923). Flagella were examined of cells grown in NB for 1 day at 

30˚C without shaking by using the staining method described by Forbes (1981). 

Growth on MacConkey agar and on bile salt medium was tested. Tests for catalase, 

oxidase, the hydrolysis of casein, gelatin, starch, Tween 80 and tyrosine, the methyl 

red/Voges-Proskauer (MR-VP) reaction, tryptophan deaminase activity and utilization 

of citrate were performed. Hydrogen sulphide production, indole production and cell 

motility were examined using sulphide-indole-motility (SIM) medium (Barrow and 

Feltham, 1993). Growth in various salt concentrations (0-15% NaCl), at different pH 

values (3-13) and at various temperatures (4-50˚C) was tested in NB. All tests were 

carried out by incubating the cultures at 37˚C, except for the investigation into the 

effect of temperature upon growth. Additional tests were performed by using the API 

20E and 50CH strips (bioMérieux) according to the manufacturer’s instructions. 

2.3.3 Preparation of DNA, 16S rRNA gene sequencing, partial sequences 

of five housekeeping genes and phylogenetic analysis 

DNA was extracted and purified from their whole cells by the phenol 

method (Saito and Miura, 1963). 16S rRNA gene sequencing was carried out (Shida 

et al., 1996) by using the 27F and 1488R rRNA primers (Ruiz-Garcia, 2005). The five 

housekeeping genes were amplified using a set of primer as decribed by Juneja and 

Lazzaro (2009). The PCR products of 16S rRNA gene and five housekeeping genes 

were purified and sequenced with ABI 3730XLs by using BigDye v3.1 (Applied 

Biosystems, Foster, California, U.S.A.) according to the manufacturer’s instruction. 

The 16S rRNA gene sequence (978 nt) and five housekeeping genes (fusA, 616 nt; 

lepA, 735 nt; leuS 412 nt; gyrB, 814 nt; ileS 917 nt) were deposited in the GenBank 

databases under the accession numbers KC447298, KC447299, KC447300, 

KC447301, KC447302 and KC447303, respectively. The six genes were concatenated 

and aligned along with the selected sequences obtained from the 

GenBank/EMBL/DDBJ databases by using the program CLUSTAL_X (version 1.81) 
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(Thompson et al., 1997). Gaps and ambiguous bases were eliminated from the 

calculations and the distance matrices for the aligned sequences were calculated by 

the two-parameter method (Kimura, 1980). A phylogenetic tree was constructed by 

the neighbor-joining method (Saitou and Nei, 1987) with program MEGA (version 

5.1) (Tamura et al., 2011). The confidence values of individual branches in the 

phylogenetic tree were determined by using the bootstrap analysis (Felsenstien, 1985) 

based on 1000 samplings. 

2.3.4 DNA-DNA hybridization and DNA base composition 

 Levels of DNA-DNA relatedness were determined by the method of 

Ezaki et al. (1989) using photobiotin and microdilution plates. The DNA G+C content 

was determined by the method of Tamaoka and Komagata (1984) with the 

modification that DNA was hydrolysed and the resultant nucleotides were analysed 

by reversed-phase HPLC. 

2.3.5 Chemotaxonomy  

The analysis of cellular fatty acids from cells grown in NB for 24 h at 

37˚C was determined by fatty acid methyl ester analysis according to the standard 

protocol of the Microbial Identification System (MIDI) (Sasser, 1990) at Faculty of 

Science, King Mongkut’s Institute of Technology Ladkrabang (KMITL, Bangkok, 

Thailand).  

2.4 Results and Discussion 

2.4.1 Morphology, physiology and biochemical characteristics 

The strain C1112
T
 was Gram-negative, non-spore-forming and rod 

shaped which motile with peritrichous flagella (Figure 2.1). It was positive for 

catalase and oxidase, fermented esculin and utilized citrate. The strain C1112
T
 could 

be differentiated from the closest phylogenetic relative, Providencia stuartii KCTC 

2568
T
 by means of some phenotypic characteristics (Table 2.1). Consistent with the 

description of other Providencia species, the strain C1112
T
 developed a characteristic 

smell on agar containing amino acids (Polster and Svobodova, 1964; Somvanshi et 

al., 2006). 

 



37 

.   

 

 

 

 

 

 

 

Figure. 2.1 Phase-contrast micrograph of cell of the strain C1112
T
 grown in NB at   

30˚C for 1 day without shaking. Bar: 30 µm. 

2.4.2 16S rRNA gene sequencing, partial sequences of five housekeeping 

genes sequencing and phylogenetic analysis.  

The percentage divergence among type strains of described Providencia 

species across the concatenated 16S rRNA gene and five housekeeping genes showed 

the sequence similarities, strain C1112
T
 and Providencia stuartii DSM 4539

T
, P. 

rustigianii DSM 4541
T
, P. rettgeri DSM 4542

T
, P. alcalifaciens CIP 8290

T
, P. sneebia 

DSM 19967
T
, P. vermicola DSM 17385

T
, P. burhodogranariea DSM 19968

T
 and P. 

heimbachae DSM 3591
T
 were 91.75, 89.63, 88.54, 88.53, 88.51, 88.45, 88.25 and 

87.59%, respectively. The phylogenetic tree base on concatenated 16S rRNA gene and 

five housekeeping genes (Figure 2.2) was similar to phylogenetic tree given by Juneja 

and Lazzaro (2009). 
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Table 2. 1 Differentiation of Providencia strains based on biochemical properties. 

Characteristic 1 2 3 4 5 6 7 8 9 

Citrate utilization
 

+ + - - - - - - + 

Urea
 

- - - - - + - +
 

- 

Indole production
 

- + + + + + + + - 

Gelatinase
 

- + - + + + + + + 

Acid from: 
  

 
      

D-Lyxose
 

- + - - - - - - - 

D-Mannitol
 

+ - + - + - - + - 

D-Raffinose
 

+ - - - - + - - - 

D-Xylose
 

+ - - - - - - + - 

L-Arabinose
 

+ - + 
 

- + - - - 

L-Rhamnose
 

+ - - - - -
 

- - -
 

2-Ketogluconate
 

+ - + - - - - - - 

Arbutin
 

+ - - - + - - + + 

Cellobiose
 

+ - - - - - - - - 

Esculin
 

+ - - + + + + + + 

Glycerol
 

+ + - - - + - - - 

Mannitol
 

+ + - - - - - - - 

Salicin
 

+ - - - + - - + - 

Sorbitol
 

+ - - - + + - + - 

Sucrose
 

+ + - - - - - - - 

Mol% DNA G+C 41 40.7
a 

ND 43
a 

ND 40.5
a 

41.8
a 

ND 39.6
a 

1. C1112
T
; 2. Providencia stuartii KCTC 2568

T
; 3. Providencia vermicola DSM 

17385
T
; 4. Providencia alcalifaciens JCM 1673

T
; 5. Providencia burhodogranariea 

JCM 16940
T
; 6. Providencia rettgeri JCM 1675

T
; 7. Providencia rustigianii JCM 

3953
T
; 8. Providencia sneebia JCM 16941

T
 and 9. Providencia heimbache DSM 

3591
T
; +, positive; -, negative; ND, not determined. 

a
Data from Owen et al. (1987) 
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0.1 

Photorhabdus luminescens subsp. laumondii TTO1 (BX470251)         

Proteus mirabilis HI4320 (AM942759) 

Providencia heimbachae DSM 3591T (EU587018-EU587023) 

Providencia stuartii DSM 4539T (EU587024-EU587029) 

Providencia thailandensisT (KC447298-KC447303) 

100 

Providencia sneebia DSM 19967T (EU587095-EU587100) 

Providencia burhodogranariea DSM 19968T (EU587101-EU587106) 

79 

99.6 

Providencia rustigianii DSM 4541T (EU587030-EU587034) 

Providencia alcalifaciens CIP 8290T (EU587047-EU587052) 
97 

Providencia rettgeri DSM 4542T (EU587035-EU587040) 

Providencia vermicola DSM 17385T (EU587041-EU587046) 

100 

72 

100 

100 

Yersinia pestis CO92 (AL590842) 

Erwinia carotovora subsp. atroseptica SCRI1043 (BX950851) 

Escherichia coli str. K-12 substr. MG1655 (U00096) 

100 

100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2.2 Neighbour-joining phylogenetic tree based on concatenated sequences 

from the 16S rRNA gene, fusA, lepA, leuS, gyrB and ileS (4472 nt) of Providencia 

thailandensis sp. nov., recognized Providencia species and related taxa. Bootstrap 

values (expressed as percentages of 1000 replications) greater than 60% are shown at 

the branch points. Bar, 0.01 substitution per nucleotide position. 

2.4.3 DNA-DNA hybridization and DNA base composition 

The DNA-DNA hybridization study revealed that strain C1112
T
 

showed DNA-DNA similarities of 100, 48.1, 42.3, 22.6, 38.7, 39.1, 36.6, 19.1, and 

39.7% respectively to the strain C1112
T
, P. stuartii KCTC 2568

T
, P. vermicola DSM 

17385
T
, P. heimbachae DSM 3591

T
, P. burhodogranariea JCM 16940

T
, P. rettgeri 

JCM 1675
T
, P. rustigianii JCM 3953

T
, P. sneebia JCM 16941

T
, and P. alcaifaciens 

JCM 1673
T
. A labeled DNA of P. stuartii KCTC 2568

T
 gave DNA-DNA similarities 

of 46.9 and 100% respectively to strain C1112
T
 and P. stuartii KCTC 2568

T
 (Table 

2.2). This result indicates that the strain C1112
T
 is significantly distinct from the  

nearest described relative in Providencia. Previous studies have reported reassociation  
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values that range from 22 to 49% between strains of separate species in this genus 

(Brenner et al., 1978; Hickman-Brenner et al., 1983; Juneja and Lazzaro, 2009; 

Muller et al., 1986; Somvanshi et al., 2006). In addition, the results from the DNA-

DNA hybridizations fall well below the 70% reassociation threshold recommendation 

of Wayne et al. (1987) for designation of a novel species. The G+C content of the 

stain C1112
T
 was 41 mol%, a value within the range of (39.6-43.0 mol%) for the 

genus Providencia (Owen et al., 1987). 

Table 2.2 DNA-DNA relatedness of strain C1112
T
 and related Providencia species. 

ND, Not determined.  

2.4.4 Chemotaxonomy 

The strain C1112
T
 exhibited a fatty acid pattern characterized by high 

level of C16:0 (27.26%), iso-C15 (14.62%), C14:0 (13.14%), and C17:0 cyclo (11.97%), 

respectively. Additional fatty acids included C12:0 (0.89%), iso-C13:0 (2.81%), iso-C14:0 

(1.62%), iso-C16:0 (2.78%), iso-C17:0 (3.05%), anteiso-C15:0 (1.88%), anteiso-C17:0 

(0.88%),  iso- C17:15c (0.53%) and C19:0cyclo8c (2.99%) were also detected.  On 

the basis of the above phylogenetic results, physiological and biochemical data, 

cellular fatty acid composition and G+C content, the strain C1112
T
 should be placed 

in the genus Providencia as a novel species, for which the name Providencia 

thailandensis sp. nov. is proposed. 

Strain 

DNA-DNA relatedness (%) with labeled 

strains 

C1112
T
 KCTC 2568

T
  

C1112
T
 100 46.9 

P. stuartii KCTC 2568
T
 48.1 100 

P. vermicola DSM 17385
T
 42.3 ND 

P. heimbachae DSM 3591
T
 22.6 ND 

P. burhodogranariea JCM 16940
T
 38.7 ND 

P. rettgeri JCM 1675
T
 39.1 ND 

P. rustigianii JCM 3953
T
 36.6 ND 

P. sneebia JCM 16941
T
 19.1 ND 

P. alcaifaciens JCM 1673
T
 39.7 ND 
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2.4.5 Description of Providencia thailandensis sp. nov. 

Providencia thailandensis (thai.lan.den’sis. N.L. masc. adj. 

thailandensis pertaining to Thailand, where the type strain was isolated). Colonies are 

creamy white, moist, opaque, flatted and undulate margin with 12-19 mm in diameter 

after 48 h incubation at 37˚C on nutrient agar. Cells are Gram-negative, non-spore-

forming, rod-shaped and motile with peritrichous flagella as showed in Figure 2.1. 

Cells are 0.58-0.60 by 1.40-1.42 m and occurring single or in pairs. The bacterium 

does not grow on MacConkey and bile salt agar. The strain is oxidase and catalase 

positive. The strain gives positive in methyl-red reaction, Voges-Proskauer, 

hydrolysis of starch, gelatin and casein, ONPG, citrate utilization, arginine 

dehydrolase and ornithine decarboxylation. The strain is negative for   hydrolysis of 

tyrosine and Tween 80, indole, the production of H2S, urease and lysine 

decarboxylation. Growth occurs at 15˚C and 45˚C; optimal growth temperature is 30-

37˚C. Growth occurs between pH 4.0-12.5 and optimal pH is 6.0-7.0. Growth occurs 

in the presence of 0-5% (w/v) NaCl and optimally with 0% NaCl. Tryptophan 

deaminase is produced. Acid is produced from glycerol, L-arabinose, D-ribose, D-

xylose, D-galactose, D-glucose, D-fructose, D-mannose, L-rhamnose, inositol, D-

mannitol, D-sorbitol, Methy- D-glucopyranoside, N-acetylglucosamine, arbutin, 

esculin, salicin, sucrose, D-cellobiose, D-maltose, D-lactose, D-melibiose, D-

saccharose, D-trehalose, D-raffinose, amidon (starch), glycogen, gentiobiose and 

potassium-2-ketogluconate. Acid is not produced from amygdalin, dulcitol, erythritol, 

L-xylose, D-adonitol, D-arabinose, methyl-D-xylopyranoside, methyl-D-

mannopyranoside, L-sorbose, inulin, D-melezitose, xylitol, D-tagatose, D-fucose, L-

fucose, D-arabitol, L-arabitol, potassium gluconate, D-turanose, potassium-5-

ketogluconate and D-lyxose. The G+C content of DNA of strain C1112
T
 is 41 mol%. 

The predominant fatty acids are C16:0, iso-C15, C14:0 and C17:0 cyclo. The type strain is 

C1112
T
 (KCTC 23281

T
, NBRC 106720

T
).  

2.5 Conclusion 

Providencia thailandensis sp. nov. is proposed. The type strain is 

C1112
T
 (= KCTC 23281

T
 =NBRC 106720

T
). They are creamy white, moist, opaque, 

flatted and undulate margin with 12-19 mm in diameter after 48 h incubation at      
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37˚C on nutrient agar. Cells are Gram-negative, non-spore-forming, rod-shaped and 

motile with peritrichous flagell. Growth occurs at 15˚C and 45˚C; optimal growth 

temperature is 30-37˚C. Growth occurs between pH 4.0-12.5 and optimal pH is 6.0-

7.0. Growth occurs in the presence of 0-5% (w/v) NaCl and optimally with 0% NaCl. 
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CHAPTER 3 

ENTEROBACTER SIAMENSIS SP. NOV., A TRANSGLUTAMINASE-

PRODUCING BACTERIUM ISOLATED FROM SEAFOOD 

PROCESSING WASTEWATER IN THAILAND 

3.1 Abstract 

A novel strain of Enterobacter, C2361
T
, a Gram-negative, non-spore-

forming rod-shaped and facultative anaerobic bacterium with capability to produce 

the transglutaminase (TGase), was isolated from seafood processing wastewater 

collected from a treatment pond of seafood factory in Songkhla Province, Thailand. 

Phylogenetic analyses and phenotypic characteristics, including chemotaxonomic 

characteristics, showed that the strain was a member of the genus Enterobacter. The 

16S rRNA gene sequence similarities between the strain C2361
T
 and Enterobacter 

cloacae subsp. cloacae ATCC 13047
T
 and Enterobacter cloacae subsp. dissolvens 

LMG 2683
T
 were 97.5 and 97.5%, respectively. The strain C2361

T
 showed a low 

DNA-DNA relatedness with the above-mentioned species. The major fatty acids were 

C16:0, C17:0cyclo and C14:0.  The DNA G+C content was 53.0 mol%.  On the basis of 

the polyphasic evidences gathered in this study, it should be classified as a novel 

species of the genus Enterobacter for which the name Enterobacter siamensis sp. nov. 

is proposed. The type strain is C2361
T
 (= KCTC 23282

T
 = NBRC 107138

T
). 

3.2 Introduction 

The genus Enterobacter was established by Hormaeche and Edwards 

(1960). It belongs to the family Enterobacteriaceae of the class γ–Proteobacteria and 

accommodates a number of species of heterotrophic, Gram-negative, non-spore 

forming, rod-shaped and facultative-anaerobic bacteria. Member of the genus 

Enterobacter are free-living as well as that are capable of causing diseases in plant 

and animals (Brenner et al., 1980; Brenner et al., 1986; Ewing and Fife, 1968; 

Hoffman et al., 2005; Madhaiyan et al., 2010; Manter et al., 2011; Stephan et al., 

2008).  
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In our efforts to screen for efficient TGase-producing bacteria from 

seafood processing wastewater collected from a treatment pond of seafood factory in 

Songkhla Province, Thailand, one isolate designated as C2361
T
 was obtained. 

Biochemical analyses revealed this strain to be affiliated with the genus Enterobacter. 

The strain was examined using phenotypic, physiological, and chemotaxonomic test 

and by phylogenetic analysis. We report that stain C2361
T
 should be classified in the 

genus Enterobacter as a novel species, Enterobacter siamensis sp. nov. 

3.3 Materials and Methods 

3.3.1 Isolation of bacterial strain and culture conditions  

Strain C2361
T
, a TGase-producing bacterium was isolated from 

seafood processing wastewater collected from a treatment pond of seafood factory in 

Songkhla Province, Thailand using a standard dilution plating method on nutrient agar 

(NA) and incubated at 37˚C for 24 h. The capability to produce the TGase of C2361
T
 

was tested by the hydroxamate assay as described by Folk and Cole (1965). The strain 

was routinely cultured on NA plate at 37˚C and maintained in nutrient broth 

supplemented with 20% glycerol (v/v) at -70˚C. This isolate was deposited in the 

Korean Collection for Type Cultures and Biological Resource Center (KCTC 23282
T
 

= NBRC 107138
T
).  

3.3.2 Morphological, physiological and biochemical characteristics 

Cell morphology was observed using scanning electron microscopy. 

The gram reaction was determined by the method of Hucker and Conn (1923). 

Flagella were examined by using the staining method described by Forbes (1981). 

The morphology of C2361
T
 colonies was determined by examining cells grown on 

NA for 2 days at 37˚C. Growth on MacConkey agar and bile salt medium was tested. 

Anaerobic growth was tested by incubating cultures on NA plates in an anaerobic jar 

with Anaerocult (Merck). Tests for catalase, oxidase, the hydrolysis of casein, gelatin, 

starch, Tween 80 and tyrosine, the methyl red/Voges-Proskauer (MR-VP) reaction, 

tryptophan deaminase activity and utilization of citrate were performed as described 

by Barrow and Feltham (1993). Hydrogen sulphide production, indole production and 

cell motility were examined using sulphide-indole-motility (SIM) medium (Barrow 

and Feltham, 1993). Growth in various salt concentrations (0-15% NaCl), at different 
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pH values (4-11) and at various temperatures (4-50˚C) was tested in NB. All tests 

were carried out by incubating the cultures at 37˚C, except for investigations into the 

effect of temperature upon growth. Moreover, API 20E and 50CH strips (bioMérieux) 

were used to determine the biochemical characteristics according to the 

manufacturer’s instructions. 

3.3.3 Chemotaxonomic characteristics 

Cellular fatty acid composition of cells grown in NB for 24 h at 30 ˚C 

was determined by fatty acid methyl ester analysis according to the standard protocol 

of the Microbial Identification System, MIDI version 6.1, Method RTSBA6. (Sasser, 

1990) at Faculty of Science, King Mongkut’s Institute of Technology Ladkrabang 

(KMITL, Bangkok, Thailand). Fatty acid content was compared to the fatty acid 

database in the Microbial Identification System, Sherlock version 6.1 (MIDI).  

3.3.4 Preparation of DNA and DNA base composition 

DNA of strain C2361
T
 was extracted from 12-16 h cells grown in NB 

and purified by the phenol method (Saito and Miura, 1963). The base composition of 

DNA was determined by the method of Tamaoka and Komagata (1984), with the 

modification that DNA was hydrolyzed and the resulting nucleotides were analyzed 

by reversed-phase HPLC.  

3.3.5 16S rRNA gene sequencing and phylogenetic analysis 

The phylogenetic position of the isolated was studied by the standard 

analysis based on the 16S rRNA  gene sequence. 16S rRNA gene sequencing was 

carried out by using the 27F and 1488R rRNA primers (Ruiz-Garcia et al., 2005).  

The PCR product was purified and sequenced with ABI 3730XL by using BigDye 

v3.1 (Applied Biosystems, Foster, California, U.S.A.) according to the manufacturer’s 

instruction, by the following primers: 27 F, 421F and 1488R rRNA primers (Ruiz-

Garcia et al., 2005). The 16S rRNA gene sequence (1429 bases) was deposited in the 

DDBJ databases under the accession numbers HQ888848. The sequences obtained 

were aligned to reference 16S rRNA gene sequences available in the 

GenBank/EMBL/DDBJ databases by using the program CLUSTAL_X (version 1.81) 

(Thompson et al., 1997). Gaps and ambiguous bases were eliminated from the 

calculations and a neighbour-joining phylogenetic tree was constructed by the method 

(Saitou and Nei, 1987) using the program MEGA 4 (Tamura et al., 2007). The 
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confidence values of individual branches in the phylogenetic tree were determined by 

using the bootstrap analysis (Felsenstien, 1985) based on 1000 samplings. The DNA-

DNA similarity was calculated by EzTaxon (Server 2.1) (Chun et al., 2007). 

3.3.6 DNA-DNA hybridization 

DNA hybridization was carried out by photobiotin-labelling method 

with microdilution plates (Ezaki et al., 1989). 

3.4 Results and Discussion 

3.4.1 Morphological, physiological and biochemical characteristics 

 A TGase-producing bacterium, strain C2361
T
 was Gram-negative rod 

and facultative anaerobic. Cell size is 0.5-0.6 by 1.2-1.6 m and occurring single or 

in pairs (Figure 3.1A). The cell was motile with peritrichous flagella (Figure 3.1B). 

They fermented esculin, utilized citrate and grew well on MacConkey agar. The 

strain C2361
T
 could be differentiated from other phylogenetically related species of 

the genus Enterobacter by means of some phenotypic characteristics as shown in 

Table 3.1. 

3.4.2 Chemotaxonomic characteristics 

The strain C2361
T
 exhibited a fatty acid pattern characterized by high 

levels of C16:0 (31.02%), C17:0cyclo (19.55%) and C14:0 (12.08%). Additional fatty acid 

included C19:0cyclo8c (2.01%), C12:0 (1.75%), C17:0 (0.93%), C18:0 (0.46%), C13:0 

(0.45%), C18:19c (0.38%), C16:15c (0.18%), C17:18c (0.15%), C15:18c (0.11%), 

C19:0 (0.07%), iso-C19:0 (0.06%), iso-C15:0 (0.05%), iso-C16:0 (0.05%), iso-C17:0 

(0.05%) and C20:17c (0.03%) were also detected. This is a typical fatty acid pattern 

of a member of the genus Enterobacter and related genera. Comparison of cellular 

fatty acid composition between strain C2361
T
 and related Enterobacter species (E. 

cloacae subsp. dissolvens and E. cloacae subsp. cloacae) are shown in Table 3.2. 
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Figure 3.1 Morphology of E. siamensis C2361
T
. (A) Scanning electron micrograph of 

cells grown in NB for 1 day at 30˚C with shaking at 150 rpm and (B) phase-contrast 

micrograph of cells grown in NB for 1 day at 30˚C without shaking. 

 3.4.3 DNA base composition 

  The DNA G+C mol% of the strain C2361
T
 was 53%, which was 

similar to the range reported for E. cloacae subsp. cloacae (53%) and E. cloacae 

subsp. dissolvens (55%) (Hoffmann et al., 2005). These values were also consistent 

with the DNA G+C mol% of the other members of genus Enterobacter that fall 

within a range of 52-60 mol% (Hoffmann et al., 2005; Kampfer et al., 2005; Stephan 

et al., 2007; Stephan et al., 2008 ). Generally, bacteria of the same genus will have 

G+C mol% that are within 10% of each other, while bacteria that are within the same 

species may have G+C mol% values that differ by up to 5% points (Tamaoka and 

Komagata, 1984).  
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Table 3.1 Differential characteristics of strain C2361
T
 and related Enterobacter 

species. 

 Characteristics 1 2 3 

Esculin hydrolysis + - + 

ONPG + - + 

Carbon source utilization 

      L-Arabinose + + - 

   Arbutin + - + 

   D-Fructose - + - 

   Gentiobiose + - - 

   D-Glucose + + - 

   D-Lyxose + - - 

   D-Mannitol + + - 

   D-Mannose + + - 

   L-Rhamnose + + - 

   D-Ribose + + - 

   D-Turanose + - - 

DNA G+C content (mol%) 53 55 53
 

Strains: 1, Enterobacter siamensis C2361
T
; 2, E. cloacae subsp. dissolvens JCM 

6049
T
; 3, E. cloacae subsp. cloacae KCTC 2361

T
. +, Positive reaction; -, negative 

reaction. 
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Table 3.2 Cellular fatty acid composition of strain C2361
T
 and related Enterobacter 

species. 

Fatty acids 1 2 3 

Saturated straight-chain 

       C12:0 1.75 4.1 3.02 

    C14:0  12.08 6.8 9.97 

    C16:0  31.02 - 31.61 

Unsaturated straight-chain 

       C19:0 cyclo ω8c 2.01 - 2.56 

Saturated branched-chain 

       C17:0 cyclo 19.55 5.2 22.33 

Hydroxylated fatty acids 

       C14:0 2-OH 1.2 - - 

Summed feature 3
a
 8.09 24.6 5.37 

Summed feature 8
b
 10.09 - 15.29 

Strains: 1, Enterobacter siamensis C2361
T
; 2, E. cloacae subsp. dissolvens JCM 

6049
T
 (Madhaiyan et al., 2010); 3, E. cloacae subsp. cloacae KCTC 2361

T
. Value are 

percentages of total fatty acids; -, not detected; fatty acids amounting to < 0.01% in all 

strains tested are not listed. 

a
Summed feature 3 contains C16:1ω7c/C16:1; 

b
Summed featured 8 contains C18:1ω7c. 

 3.4.4 Phylogenetic analysis 

The 16S rRNA gene sequences of the strain C2361
T
 was grouped most 

closely with a cluster containing E. cloacae subsp. cloacae ATCC 13047
T
 and E. 

cloacae subsp. dissolvens LMG 2683
T
 with 97.5 and 97.5% similarity, respectively 

(Figure 3.2). 16S rRNA gene sequence analysis indicates that the strain belongs to the 

genus Enterobacter.  Based on this result alone, it cannot unequivocally be allocated 

to a finer taxonomic level. To confirm finally that this strain represented an 

independent genospecies within the genus Enterobacter, DNA-DNA hybridization 

with two representative strains was performed.  
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0.01 

Yersinia enterocolitica ATCC 9610
T
 (AF366378) 

Serratia marcescens DSM 30121
T
 (AJ233431) 

Pantoea agglomerans ATCC 27155
T
 (AJ233423) 

Enterobacter turicensis 508/05
T
 (DQ273681) 

71  

Enterobacter ludwigii DSM 16688
T
 (AJ853891) 

Enterobacter hormaechei ATCC 49162
T
 (AFHR01000079) 

Enterobacter mori R 18-2
T
 (EU721605) 

63  

82 

Enterobacter cancerogenus LMG 2693
T
 (Z96078) 

Enterobacter asburiae JCM 6051
T
 (AB004744) 

81 

Enterobacter pyrinus KCTC 2520
T
 (AJ010486) 

Enterobacter gergoviae JCM 1234
T
 (AB004748) 

Enterobacter nimipressuralis LMG 10245
T
 (Z96077) 

Enterobacter soli LF7a
T
 (CP003026) 

Klebsiella mobilis ATCC 13048
T
 (AB004750) 

Enterobacter amnigenus JCM 1237
T
 (AB004749) 

Kluyvera intermedia ATCC 33110
T
 (AF310217) 

72 

Enterobacter kobei CIP 105566
T
 (AJ508301) 

Citrobacter farmeri ATCC 51112
T
 (AF025371) 

Klebsiella pneumonia JCM 1662
T
 (AB004753) 

Enterobacter cowanii CIP 107300
T
 (AJ508303) 

Enterobacter arachidis Ah-143
T
 (EU672801) 

Enterobacter oryzae Ola51
T
 (EF488759) 

Enterobacter radicincitans D5/23
T
 (AY563134) 

96 

99 

Enterobacter siamensis C2361
T
 (HQ888848) 

Enterobacter cloacae subsp. dissolvens LMG 2683
T
 (Z96079) 

Enterobacter cloacae subsp. cloacae ATCC 13047
T
 (CP001918) 

81 

Cronobacter sakazakii ATCC 29544
T
 (EF088379) 

Enterobacter helveticus 513/05
T
 (DQ273688) 

Enterobacter pulveris 601/05
T
 (DQ273684) 

99 

73 

63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 A Neighbour-joining tree showing the phylogenetic relationships of 

Enterobacter siamensis sp. nov., recognized Enterobacter species and related taxa. 

Bootstap values (expressed as percentages of 1000 replications) greater than 60% are 

shown at the branch points. Yersinia enterocolitica ATCC 9610
T
 (AF366378) was 

used as an outgroup. Bar, 0.01 substitutions per nucleotide position. 
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3.4.5 DNA-DNA hybridization 

The DNA-DNA hybridization results revealed that the strain C2361
T
 

and Enterobacter cloacae subsp. cloacae showed a DNA-DNA relatedness of 46.6 ± 

0.00 % while strain C2361
T
 and Enterobacter cloacae subsp. dissolvens show 48.8 ± 

0.02 % DNA-DNA relatedness (Table 3.3). The DNA-DNA relatedness between the 

strains of the different genospecies falls within a range of 46.6 - 48.8 % which is 

clearly below 70%, the generally accepted limit for species delineation (Wayne et al., 

1987).  

Based on the results of polyphasic analysis, strain C2361
T
 should be 

placed in the genus Enterobacter as a novel species, for which the name Enterobacter 

siamensis sp. nov has been proposed.  

Table 3.3 DNA-DNA relatedness of strain C2361
T
 and related Enterobacter species. 

Strain 

DNA-DNA relatedness (%) with 

labeled strains
a 

C2361
T
 KCTC 2361

T
 

C2361
T
 100 ± 0.02 47.5 ± 0.15 

E. cloacae subsp. cloacae KCTC 2361
T
 46.6 ± 0.00 100 ± 0.04 

E. cloacae subsp. dissolvens  JCM 6049
T
 48.8 ± 0.02 68.8  ± 0.22 

a
Values are expressed as the means of three determinations. 

3.4.6 Description of Enterobacter siamensis sp. nov. 

Enterobacter siamensis (si.am.en’sis. N.L. masc. adj. siamensis 

pertaining to Siam, the old name of Thailand, where the type strain was isolated). 

Cells are Gram-negative, facultative anaerobic, rod-shaped and motile with 

peritrichous flagella. Colonies on nutrient agar are creamy white, mucoid, translucent, 

raised, entire margin, and 5-9 mm in diameter after 48 h incubation at 37˚C. 

Anaerobic growth is occurred. The bacterium grows on MacConkey agar but not on 

bile salt medium. The strain tested produced catalase and oxidase. Tests for hydrolysis 

of esculin, Voges-Proskauer, ONPG, citrate utilization, arginine dihydrolase and 

ornithine decarboxylation are positive while negative for   hydrolysis of tyrosine, 

gelatin, casein, starch and Tween 80, methyl-red reaction, indole, the production of 
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H2S, urease and decarboxylation of lysine. Growth occurs at 10-45˚C; optimal growth 

temperature is 37˚C. Growth occurs between pH 4.0-10.5 and optimal pH is 6.0-7.0. 

Growth occurs in the presence of 0-7.5% (w/v) NaCl and optimally with 0% NaCl. 

Tryptophan deaminase is produced. Acid is produced from amygdalin, arbutin, D-

cellobiose, D-galactose, D-glucose, D-lactose, D-lyxose, D-maltose, D-mannitol, D-

mannose, D-melibiose, D-raffinose, D-ribose, D-saccharose, D-sorbitol, D-trehalose, 

D-turanose, D-xylose, esculin, gentiobiose, glycerol, inositol, L-arabinose, L-

rhamnose, Methy- D-glucopyranoside and salicin. Acid is not produced from 

amidon (starch), D-adonitol, D-arabinose, D-arabitol, D-fructose, D-fucose, D-

melezitose, D-tagatose, dulcitol, erythritol, glycogen, inulin, L-arabitol, L-fucose, L-

sorbose, L-xylose, methyl-D-mannopyranoside, methyl-D-xylopyranoside, N-

acetylglucosamine, potassium-2-ketogluconate, potassium-5-ketogluconate, 

potassium gluconate and xylitol. The DNA G+C content is 53.0 mol%. Major cellular 

fatty acids are C16:0, C17:0cyclo and C14:0. The type strain is C2361
T
 (KCTC 23282

T
, 

NBRC 107138
T
).  

3.5 Conclusion 

Enterobacter siamensis are Gram-negative, facultative anaerobic, rod-

shaped and motile with peritrichous flagella. Colonies on nutrient agar are creamy 

white, mucoid, translucent, raised, entire margin, and 5-9 mm in diameter after 48 h 

incubation at 37˚C. The DNA G+C content is 53.0 mol%. Major cellular fatty acids 

are C16:0, C17:0cyclo and C14:0. The type strain is C2361
T
 (KCTC 23282

T
, NBRC 

107138
T
).  
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CHAPTER 4 

GENE CLONING AND EXPRESSION OF TRANSGLUTAMINASE 

GENE FROM PROVIDENCIA THAILANDENSIS AND                       

ENTEROBACTER SIAMENSIS 

4.1 Abstract 

Transglutaminase (TGase, EC 2.3.2.13) is a robust enzyme applied in 

foods, pharmaceuticals, textiles, and biomedicine. It catalyzes the formation of an 

isopeptide bond between glutamine and lysine residues. It is used In this study, TGase 

genes of Providencia thailandensis  and Enterobacter siamensis were amplified by 

specific and degenerate primers using 2Taq Master Mix (Vivantis) and Takara Ex 

Taq as DNA polymerase in PCR reactions. 1,100-bp  and 1,200-bp amplified products 

from E. siamensis genomic DNA, using F1R1 and  F2R1  primer with 2Taq Master 

Mix, showed 96 and 71% sequence similarity to ABC transporter permease of E. 

cloacae and hypothetical protein of Enterobacteriaceae, respectively. In addition, 

1100-bp amplified product from P. thailandensis genomic DNA, using tgFtgR2 

primer with Takara Ex Taq DNA polymerase, was ligated with pSSBm97 and 

expressed into B. megaterium YYBm1. However, TGase activity could not detect 

from the expressed protein. Due to P.  thailandensis and E. siamensis are novel 

species, therefore  no information regarding their TGase genes could be acquired from 

the database. This makes it quite difficult to design primers for TGase gene 

amplification from these two bacteria. 

4.2 Introduction 

TGases are a family of enzymes (EC 2.3.2.13) that catalyze an acyl-

transfer reaction between the γ-carboxamide group of a protein- or peptide-bound 

glutamine and the ε-amino group of a lysine residue (Rachel and Pelletier, 2013). 

TGases have been identified in different sources, including microorganisms, plants, 

invertebrates, and mammals (Shleikin and Danilov, 2011). Nowaday, TGases is found 

as two forms of the enzyme: first is a calcium-dependant TGase found in tissues of 

animals and humans. The later is a calcium-independent, microbial TGase, which was 
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first isolated from Streptomyces mobaraense (Ando et al., 1989) and has since been 

isolated from other strains, including  S. hygroscopicus  (Cui et al., 2007)  and 

Bacillus subtilis (Zhang et al., 2009). Both types of TGase have been studied 

extensively in industry. Streptomyces sp. TGase has been widely used in the food 

industry for improving of the functional properties of food products (Yokoyama et al., 

2004), and it was used in textiles and leather processing (Zhu and Tramper, 2008). 

The microbiological media used to culture Streptomyces strains are not attractive from 

an economical point of view because the large amount of costly nutrients that are 

required, such as peptone and yeast extract. The cost of a culture medium may 

comprise almost 30 % of the total costs of the whole biosynthesis process (Téllez-

Luis et al., 2004). Therefore, it is pleasing to develop an efficient and easy to use 

expression system for the TGase production. Processes of the expression and 

purification of genes encoding TGase biosynthesis have been carried out with S. 

lividans (Washizu et al,. 1994; Lin et al. 2004), E. coli (Liu et al., 2011a; Yokoyama 

et al., 2000) and Corynebacterium glutamicum (Date et al., 2004). Recently, this 

enzyme is produced from S. mobaraense. It would be useful and practical to develop a 

more effective system of TGase production. TGase is naturally synthesized as a pro-

TGase that is processed by removal of the N-terminal pro-peptide (Marx et al., 2007). 

Several studies have shown that the pro-peptide is essential for overexpression of 

TGase in E. coli (Yu et al., 2008; Marx et al., 2007; Yokoyama et al., 2000). This is a 

new technique of co-expression involving the direct production of active TGase.  In 

this study, TGase gene from P. thailandensis and E. siamensis were cloned and 

expressed. 

4.3 Materials and Methods 

4.3.1 Enzyme assay 

The pro-TGase was activated  according to slightly modified method 

of Marx et al. (2008). The pro-TGase was activated using the trypsin at a final 

concentration of 0.5 µg/µl and incubated at 37˚C for 30 min. TGase activity was 

assayed by hydroxamate method (Folk and Cole, 1966). Briefly, 50 μl of TGase was 

mixed with 12 μl of the mixture (174 mM Tris buffer (pH 6.0), 87 mM 

hydroxylamine, 8.7 mM glutathione, 31 mM CBZ-Gln-Gly and 4 mM calcium 
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chloride). Then reaction mixture was incubated at 37˚C for 10 min. Thereafter, 94 μl 

of 12% TCA solution and 94 μl of FeCl3  in 100 mM HCl was added to the reaction 

mixture, respectively. After 5 min, the mixture was centrifuged at 10,000×g for 5 min 

and measured the absorbance at 525 nm. One unit of TGase activity was defined as 

the amount of the enzyme used to produce 1 μmol of hydroxamic acid per min at the 

assay conditions. 

4.3.2 Cloning of TGase gene using PCR amplification 

4.3.2.1 Primer designing  

4.3.2.1.1 Specific primers 

The TGase gene of  Streptomyces sp.,  Saccharomonospora sp. and 

Bacillus sp. were searched from GenBank. The primers were then designed using 

CLUSTAL_X (version 1.81) program and PerlPrimer v1.1.10. 

4.3.2.1.2 Degenerate primers 

The TGase gene of  Streptomyces sp., obtained from GenBank, was 

converted to protein sequence using ExPazy program and aligned by T-coffee 

program. The primers were designed using degenerate primer as conserve region of 

TGase gene.  

4.3.2.2 DNA extraction 

Genomic DNA was prepared by the phenol method of Saito and Miura 

(1963) with some modifications. Cells were harvested after 12 h of cultivation and 

suspension in 2 ml of saline-EDTA buffer pH 8.0. Then 100 µl of 10% SDS was 

added and incubated at 80˚C for 5 min. The phenol extraction was carried out by 

adding an equal volume of phenol: chloroform (1:1) to the sample. The upper layer of 

the mixture was collected after centrifugation at 12,000 rpm for 5 min.  Genomic 

DNA was precipitated with two volume of ice cold absolute ethanol and dried at room 

temperature.  Genomic DNA was dissolved in 0.1 saline-sodium citrate (SSC) 

buffer. After dissolution, the genomic DNA solution was treated with RNase A and 

protease K solution and incubated at 37˚C for 1 h. The phenol extraction and ethanol 

precipitation was performed and genomic DNA was stored in 1TE buffer at -20˚C. 

4.3.2.3 Amplification of TGase gene by PCR technique 

The genomic DNA of P. thailandensis  and E. siamensis, used as DNA 

template, were amplified by using design primers shown in Table 4.1 and 4.2. In this 
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study, two DNA polymerase were used, namely 2Taq Master Mix (Vivantis 

Technologies Sdn. Bhd. Malaysia) and Takara Ex Taq DNA polymerase, with the 

buffer system (Takara Mirus Bio Corporation, Madison, WI). Amplification reaction 

was carried out in 25 l volume, the final PCR mixture comprised of 1 Taq buffer 

(with 1.5 mM MgCl2), 200 M concentration of each deoxynucleoside triphosphate,  

0.2 M concentration of each primer, 1 unit of Taq DNA polymerase and 50 ng of 

DNA template. Amplification was carried out in a thermocycler with different 

condition, depend on the primers. Then PCR products were analyzed by agarose gel 

electrophoresis using 2% agarose gel. 

4.3.2.4 Competent cells preparation 

The E. coli strain 10G was grown in Super Optimal Broth (SOB) with 

shaking at 250 rpm, at 37˚C, for 16 h. Then the suspension was transferred to SOB at 

a ratio of 1:250 of suspension:SOB and shaked at 250 rpm, at 37˚C until the OD600 of 

the culture was reached to 0.2-0.4. The culture was incubated on ice for 15 min and 

centrifuged at 3,500 rpm, 4˚C for 10 min. The medium was removed from the cell 

pellets. The pellets was resuspended in 100 ml of RF1 and incubated on ice for 15 

min. The suspension was also centrifuged at 3,500 rpm, 4˚C for 10 min. The 

supernatant was removed from the pellets. The pellets were dissolved in 4 ml of RF2. 

The suspension was aliquot to eppendorf and stored at -80˚C (Robertson et al., 1997). 

4.3.2.5 Plasmid digestion with restriction enzymes 

The plasmids were cut with restriction enzymes. The plasmid digestion 

reaction consisted of 1 buffer, 1 unit of restriction enzymes and 5 µg of plasmid 

DNA  in the total volume of 15 µl. The reaction was incubated at 37˚C overnight. The 

restriction enzyme was heat to inactivate at 80˚C for 20 min. Then sizes of digested 

plasmids were compared with DNA markers on agarose gel (Robertson et al., 1997). 

4.3.2.6 Ligation of DNA 

The ligation reaction consisted of 1 ligation buffer, digested DNA 

fragment and plasmid vector at 3:1 ratio and 1 unit of T4 DNA ligase in the total 

volume of 10 µl. The reaction was incubated at 4˚C overnight (Robertson et al., 

1997). 
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4.3.2.7 Transformation 

The competent cells were taken from -80˚C and kept on ice. The 

plasmid DNA was added to the competent cells and incubated on ice for 30 min. Then 

the mixtures were incubated at 42˚C for 90 sec and further incubated on ice for 5 min. 

After that 800 µl of Super Optimal broth with Catabolite repression (SOC) medium 

was added to the mixture and incubated at 37˚C with shaking at 250 rpm for 1 h. The 

cell was harvested by centrifugation at 4,000 rpm for 5 min. The broth was removed 

from the cell pellets. The cell pellets were resuspened in 200 µl of fresh broth. The 

100 µl of the suspension was spreaded on LB (Luria-Bertani) plates with appropriate 

antibiotic added. The plates were then incubated at 37˚C for 12-16 h. (Robertson et 

al., 1997). 

4.3.2.8 Plasmid extraction 

The plasmids were extracted by Plasmid Miniprep Plus Purification Kit 

(GMbiolab, Co., Ltd., Taiwan) according to the manufacturer’s instruction. Plasmids 

size was analysis by agarose gel electrophoresis. 

4.3.3 Expression of pro-TGase  

 In order to expressed TGase, the recombinant DNAs were transformed  

into  B. megaterium YYBm1. The expression strain was culture in a 5 ml LB medium 

containing 12 µg/ml ampicillin at 37˚C, 225 rpm. After 12 h of incubation, the culture 

was transfer into a 250 ml flask containing 50 ml LB medium and 12 µg/ml 

tetracycline at 37˚C, 225 rpm. When the OD600 reached 0.4, 0.5% xylose (w/v)  was 

added and the culture was incubated at 37˚C, 225 rpm for 8 h. Cell and supernatant 

were separated by centrifugation at 12,000 rpm, 4
º
C for 20 min. The TGase activity 

was determined using hydroxamate method. 

4.4 Results and discussion 

4.4.1 Primer designing 

 The primers obtained from specific primer designing were shown in 

Table 4.1 and from degenerate primer designing were shown in Table 4.2. 
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Table 4.1 Primers from specific primer designing. 

Primer Nucleotide sequence 

Fw1 5'-CTCGTCTTCGCCACTATGAG-3' 

Fw2 5'-CTATGAGTGCGGTGTTATGC-3' 

Fw3 5'-AAATTCCTGTGAATTAGCTGATTTAG-3' 

Fw4 5'-CAATTGGCTGAAGAAACCGT-3' 

Fw5 5'-TACAAGCGTCGGAGTTTACTC-3' 

Fw6 5'-TTCACGAAATTCCACAACAAGG -3' 

Fw7 5'-CGTTTCACGAAATTCCACAACAAGG -3' 

Fw8 5'-TTTCATGTACAAGCGTCGGA-3' 

Rw1 5'-GGGATGAAGGTGATCACATAGG-3' 

Rw2 5'-GATGGAGAGGGTGATACCAC-3' 

Rw3 5'-CGCTCACATCACGGCCAGCCCTGCTTTACC-3' 

Rw4 5'-AAATTGTTTCGTCAGATCGC-3' 

Rw5 5'-CCAGCTCTTGGGTATGAACG-3' 

Rw6 5'-CCAGCTCTTGGGTATGAACG-3' 

Rw7 5'-GTGTTCCAGCTCTTGGGTATGAACG-3' 

Rw8 5'-CTTCATACAGGTCCGGATGG-3' 

 

Table 4.2 Primers from degenerate primer designing. 

Primer Nucleotide sequence 

tgFw1 5'-ATCTACTAGTGAYGASMGGGWVACYCCTCC-3' 

tgFw2 5'-ATCTGGATCCGAYMGGGWVACYCCTCC-3' 

tgRw1 5'-TCACGGCCAGCCYTGCTYYAC-3' 

tgRw2 5'-AGATCTGCAGCGGCCAGCCYTGCTYYA C-3' 

4.4.2 Cloning of TGase gene 

The genomic DNA of P. thailandensis and E. siamensis were amplified 

by the primers in Table 4.1 and 4.2 at various PCR conditions of both DNA 

polymerases. It was found that the PCR product from the genomic DNA of E. 

siamensis, which was amplified using  F1R1 and  F2R1  primer with 2 Taq Master 

Mix,  showed the band as 1100-bp (Figure 4.1a) and 1200-bp (Figure 4.1b), 

respectively. In addition, the PCR product of  P. thailandensis, which was amplified 

by F3R3 with 2Taq Master Mix, showed the band size of 500-bp (Figure 4.2). 

However, no band was appeared on agarose gel when gonomic DNA were amplified 

using F2F2, for both strains. Moreover, the PCR product showed multiple bands when 

genomic DNA was amplified by tgFtgR2 primer with Takara Ex Taq DNA 
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polymerase (Figure 4.3). For other primers, the amplicons did not appear due to the 

primers may be not specific with the target gene and PCR conditions were not 

suitable. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Agarose gel electrophoresis of PCR products of TGase gene amplification 

from   E. siamensis. 1a and 1b were amplified using F1R1 and F2R1 primers, 

respectively. Lanes: M, 100 bp Plus DNA Ladder; 1, E. siamensis; 2, negative 

control. 
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Figure 4.2 Agarose gel electrophoresis of PCR products of TGase gene amplification 

using F2R2 primers. (lane 1-3) and F3R3 primer (lane 4-6).  Lanes: M, 100-bp Plus 

DNA Ladder r; 1, 4: P. thailandensis ; 2, 5: E. siamensis ; 3, 6: negative control. 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Agarose gel electrophoresis of PCR products of  TGase gene amplification 

using  tgFtgR2 primer with Takara Ex Taq DNA polymerase. Lanes: M, 100-bp Plus 

DNA Ladder; 1, P. thailandensis. Arrow, indicating PCR product was cut to purify 

and use in gene cloning.  
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Then PCR products of E. siamensis, 1100-bp and 1200-bp PCR 

products, were sequenced. The sequencing showed 958 and 510 nucleotides, 

respectively (Figure 4.4 and 4.5). Both nucleotide sequences were translated to amino 

acids and blasted on GenBank. The results showed 96% similarity to ABC transporter 

permease (E. cloacae) and 71% similarity to hypothetical protein 

(Enterobacteriaceae), respectively. 

                           

  1 ACATGCATCG CGGGGAGTGT ATGACGTTCT GGAGCATTGT GCGCCAGCGC 50                             

 50 TGCTGGGGGT TAATCCTGGT AGTAGCCGGT GTCTGTATCA TCACCTTTAT 100                         

101 CATTTCACAC CTGATCCCCG GCGATCCGGC CCGCCTGCTG GCCGGTGACC 150                                          

151 GTGCCAGCGA CGAGATTGTG CAAAAACATT CGCCAGCAAC TGGGACTGGA 200                                           

201 TCAGCCGCTC TATATCCAGT TTGGCCGCTA TGTGGACGCC CTGGCGCACG 250  

251 GCGATTTAGG GACCTCTATC CGTACCGGGC GGCCGGTGGC GGAAGATTTA 300                              

301 AAAGCCTTCT TCCCTGCCAC GCTGGAGCTG GCGTTCTGTT CCCTGCTGCT 350  

351 GGCGCTGGTG ATCGGCGTTC CGCTGGGGAT TTTATCGGCG GTCTACCGTA 400  

401 ACCGCTGGCT GGATCATCTG GTACGGCTGA TGGCGATGAC CGGGATCTCC 450                              

451 ACACCGGCCT TCTGGCTGGG TCTGGGCGTC ATCGTCTTGT TCTACGGCCA 500  

501 TCTTCAGCTT CTGCCCGGCG GCGGCAGGCT GGACGACTGG CTCGACCCGC 550  

551 CGGCCCACGT GACGGGCTTT TATCTGCTGG ATGCCCTGCT GGAGGGTAAC 600  

601 GGCGAGGTCT TTTTCAACGC CCTGCAACAC CTGATTTTAC CGTCACTGAC 650  

651 GCTGGCGTTT GTTCATCTTT GGCATCGTGG CGCGTCAGGT ACGTTTCCGC 700  

701 CATGCTGGAG CAGCTCAGCG AAGATTACAT TCGCACCGCC CGCGCCAGCG 750  

751 GCTTGCCGGG CTGGTATATC GTCCTGCGGT ATGCCCTGCC GAATGCGATG 800  

801 ATCCCGTCCA TTACCGTACT CGGGCTGGCG CTGGGCGATC TGCTTTTAGG 850  

851 TGCGGTACTG ACCGAAACCG TCTTTGCCTG GCCAGGCATG GGCGCCTGGG 900  

901 TGGTGACCTC CATTCAGGCA CTGGATTTCC CTGCCGTCAT GGGCTCGCCG 950  

951 TGGTACG                                                958 

Figure 4.4 Nucleotide of E. siamensis sequences TGase gene amplified using F1R1 

primer.                     

 

  1 AAGAAATCTA AAGTAATGTC ATCCAGAATT GTGTTATTCC CATAATGCCC 50  

 51 TGTCACAATG CAACGGTGAA ATAACCATCG CCATAACCCT GAAACAGGCA 100  

101 TGATACCTTT CGATGATAAT AATGTCAGTT CACCAGAACG AACACCATAA 150  

151 GAGGGCAAAA TAATAATTTC CGCATCCTGT CATCCACCTT TTTAAGTCTT 200  

201 CTCAGCAGAA ACAAAAGTGG TCTTATATAG ACATCTATAA TAACATCGCT 250  

251 TTTCCTGAAA TTAAATTTAA CATGGGTCAT TTCTTCCTTT TCAGAGAGTG 300 

300 AGTAAGGAAG TATTTTAATA CAACCAAGGT AATTCCCCCC AATATTAACA 350  

351 CCCGGATATA CGGAGCCATG CAAGTATATT CTCAAGGCAT TTTGAATGTA 400  

400 GTCATCCACT ACCTGTGACA AAAAATACTT ATTCAGAAGA CGATCGCGCT 450  

451 TGTTCTCATC CAGAACATTC AAACTGCTGA CAAAGAACCA GATAGAAAGG 500 

501 AAAATATTA             510 

Figure 4.5 Nucleotide of E. siamensis sequences TGase gene amplified using F2R1 

primer.                   
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The PCR product of  P. thailandensis, 1100-bp PCR product which 

amplified using tgFtgR2 primer with Takara Ex Taq DNA polymerase (Figure 4.3), 

was purified from agarose gel and then ligated with pSSBm97 vector. After 

transformed into E. coli 10G, gene insertion were determined and the recombinant 

DNAs were extracted and digested with SpeI. The band obtained were 7.5-kb size 

(Figure 4.6). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 The recombinant DNAs were digested with restriction enzyme. Lanes: M, 

1-kb ladder DNA marker; 1, 3: Recombinant DNA of colony  no.1 and 2 were 

digested with SpeI; 2, 4 recombinant DNA of  no.1 and 2 uncut, respectively. 

As the PCR efficiency is controlled by many parameters such as 

polymerase type, buffer type, primer concentration and stability, dNTP purity and 

concentration, cycling parameters as well as complexity and concentration of the 

template. Then, it is necessary to optimize PCR conditions for each PCR 

amplification (Hermann and Foernzler, 2002).  

From the sequence of TGase gene searching from GenBank  database, 

there is only TGase gene from Streptomyces sp. available. Streptomyces sp. is a 

Gram-positive bacteria while our strains used in this study, P.  thailandensis  and E. 

siamensis, are Gram-negative. Because of TGase gene sequenc needed for primer 

designing, most of the results from TGase gene amplification showed no band appear 
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on agarose gel. It may due to different gene conservation between different organism 

(Tamames, 2001). Kikuchi et al. (2011) reported that the TGase from Streptomyces 

has high GC content. When TGase gene was amplified in this study, it needed to use 

suitable DNA polymerase for high GC content amplification. Choosing an appropriate 

DNA polymerase can be helpful for obtaining desired amplicon products (Lorenz, 

2012). Four basic properties of DNA polymerases were defined the best enzyme for 

particular research needs. First of all, thermal stability, a denaturation step at 

approximately 95˚C in each PCR cycle separates the two strands of a DNA molecule. 

DNA polymerase must be robust enough to tolerate high temperature cycles without 

compromising activity, a factor dependant on buffer composition and pH. Second, 

extension rate which is refers to the speed at which nucleotides are added per second, 

per molecule of DNA polymerase. A factor determined by extension temperature, 

DNA template sequence and buffer composition. Early polymerases exhibited 

extension rates of about 1 kb per minute at 72˚C but contemporary enzymes are 

generally faster (approximately 4 kb per minute). Third, fidelity is an inherent DNA 

polymerase property defining the frequency of insertion of an incorrect nucleotide per 

kb of DNA. For standard DNA polymerases, fidelity refers to the ability to distinguish 

correct between incorrect nucleotide incorporation and can be influenced by the 

buffer composition. High-fidelity DNA polymerases are more accurate because of the 

ability to "proofread" and excise incorrectly incorporated mononucleotides, replacing 

them with the correct base. The last, processivity, which a polymerase will unfasten 

from DNA during extension, indicating the average number of nucleotides the 

enzyme adds in a single binding event, is known as its processivity. Like extension 

rate, processivity depends on buffer composition (salt concentrations) and the 

sequence of a DNA template. High processivity is important when amplification is a 

long amplicons (Biocompare, 2013). 

4.4.3 Expression of  pro-TGase   

  The recombinant DNA from cloning step was subcloned into B. 

megaterium YYBm1 for gene expression. B. megaterium YYBm1 carrying 

pSSBm97-TG was then cultured. However, the activity of TGase could not detect. To 

solve this problem, the sequencing of pSSBm97-1 has to be determined to check fame 

of gene insertion. In addition, protein expression needed to try the cultivation 

https://dict.longdo.com/search/suitable
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condition such as concentration of the inducer and temperature. It is well known, 

protein expression at low temperature decrease aggregation, which is favored at 

higher temperature because the temperature dependence of hydrophobic interactions 

(Schumann and Ferreira, 2004; Sorensen and Mortensen, 2005 ). 

  As TGase gene cloning from P.  thailandensis and E. siamensis were 

unsuccessful because they were a novel species and Gram-negative, which did not 

have a data of TGase gene on the GenBank database. Thus, it was difficult to amplify 

TGase gene since the primers were designed from Streptomyces sp. which was Gram-

positive. There were quite different gene conservation between Gram-positive and 

Gram-negative or vary species. Therefore, to succeed for TGase gene cloning part in 

this thesis, another strain of bacteria was found out and used for further study. 

4.4 Conclusion 

The PCR  products of  E. siamensis  (1100-bp and 1200-bp) were 

sequenced. The results showed 96% similarity to ABC transporter permease (E. 

cloacae) and 71% similarity to hypothetical protein (Enterobacteriaceae) 

respectively. The PCR product of  P. thailandensis  (1100-bp) was amplified using 

tgFtgR2 primer with Takara Ex Taq DNA polymerase. This PCR product was ligated 

with pSSBm97, transformed into E. coli 10G and then expressed protein into B. 

megaterium YYBm1. However, the activity of TGase could not be detected. 

Therefore, to succeed for TGase gene cloning part in this thesis, another strain of 

bacteria was used for further study. 
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CHAPTER 5 

IDENTIFICATION, GENE CLONING AND EXPRESSION OF 

TRANSGLUTAMINASE GENE FROM STREPTOMYCES SP. AH6                                         

IN ESCHERICHIA COLI 

5.1 Abstract 

Transglutaminase (TGase) has been reported to produce by the genus 

Streptomyces, that were mostly isolated from soil. In this study the TGase producing 

Streptomyces was isolated, identified, cloned and expressed in Escherichia coli. From 

the result, the isolate of Streptomyces-like strains were obtained and identified using 

16S rRNA gene. The stain AH6 showed 99 % similarity with that of S. 

thermocarboxydus and this strain was named as the Streptomyces sp. AH6. The 

TGase gene of Streptomyces sp. AH6 was constructed by fusion of TGase precursor 

and pET22b plasmid. The recombinant DNAs were transformed into E. coli BL21 

(DE3). The open reading frame (ORF) TGase of this gene encoding 410 amino acids. 

Although the amino acids precursor sequence of this TGase was 100% homologous to 

the TGase of  S. mobaraensis  NBRC 13476,  the nucleotide sequence was different at  

6 nucleotides that of T to G (at nucleotide 231); T to C (at nucleotide 234, 237, 240 

and 249); and A to C ( at nucleotide 246). The pET22b-TG-His6 was secreted as a 

soluble inclusion body in E. coli and the activity of partial purified enzyme was 3.2 

U/ml. The signal peptide and pro-peptide of TGase involved for secretion and 

solubility of TGase in E.coli. The optimal pH and temperature of partially purified 

TGase were 6.0 and 40˚C respectively. The TGase was completely inhibited by Cu
2+

, 

Fe
2+

 and NEM meanwhile PMSF moderately inhibited the activity. Moreover, Ba
2+

, 

Ca2
2+

, Co
2+

, Mg
2+

, Mn
2+

 and EDTA could decrease the TGase activity. 

5.2 Introduction 

Transglutaminases (TGases, r-glutaminyl peptide: amine γ-glutaminyl 

transferase, EC 2.3.2.13) are thiol enzymes that catalyze protein reticulation by 

introducing isopeptide bonds (ε-(γ -glutaminyl) lysine bonds) (Folk and Finnlayson, 

1977). TGase catalyzes an acyl-transfer reaction between the γ-carboxyamide group 
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of glutamine residue (acyl donors) and a variety of primary amines (acyl acceptors), 

including the ε-amino group of lysine residue in certain proteins. In the absence of 

amine substrates, TGase catalyzes the deamidation of glutamine residues which water 

molecules are used as acyl acceptors. TGases can modify proteins by means of amine 

incorporation, crosslinking and deamidation (Motoki and Seguro, 1998). 

Ando and co-worker (1989) reported that strains from the genus 

Streptomyces had the ability to produce TGases as determined by using the 

hydroxamate assay. These microorganisms screened from several thousand 

microorganisms excreted the TGase enzyme, and one of them classified as a variant 

of S. mobaraensis (Washizu et al., 1994) which produced the highest activity.  

Microbial TGase is calcium ion-independent and many functional studies 

demonstrated its industrial application (Kuraishi et al., 1996; Motoki and Seguro, 

1998; Sakamoto et al., 1993; Yokoyama et al., 2004). In nature, Streptomyces 

synthesized TGase  as a zymogen (pro-TGase), which is processed to produce active 

enzyme by removal of its N-terminal pro-peptide (Zotzel et al., 2003). Then  

production of TGase active form leads to cell death by cross-linking host proteins 

(Washizu et al., 1994). TGase of Streptomyces is usually expressed in the pro-TGase 

form of heterologous hosts. The pro-TGase is converted into active TGase using 

addition of activation protease (Yang et al., 2009; Liu et al., 2015) or coexpressing 

the protease (Kikuchi et al., 2003). The TGase production by genetically modified 

strains was studied in Escherichia coli, S. lividans and Corynebacterium glutaminum. 

Lui et al. (2011a) reported that the pro-region of TGase is essential for TGase 

secretion and solubility in E. coli. 

In this study, Streptomyces sp. was isolated from soil at the seafood 

factory in Songkhla Province, Thailand using a standard dilution plating method and 

identified as a Streptomyces sp. AH6. The TGase gene of Streptomyces sp. AH6 was 

cloned and expressed in E. coli BL21 (DE3). The partially purified TGase from gene 

expression was then characterized. 
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5.3 Material and Methods 

5.3.1 Enzyme assay 

The pro-TGase was activated according to slightly modified method of 

Marx et al. (2008). The pro-TGase was activated using trypsin at final concentration 

of 0.5 µg/µl at 37˚C for 30 min. TGase activity was assayed by hydroxamate method 

(Folk and Cole, 1966). 50 μl of TGase was mixed with 12 μl of the mixture (174 mM 

Tris buffer (pH 6.0), 87 mM hydroxylamine, 8.7 mM glutathione, 31 mM CBZ-Gln-

Gly and 4 mM calcium chloride). The reaction mixture was incubated at 37˚C for 10 

min. Thereafter, 94 μl of 12% TCA solution and 94 μl of FeCl3  in 100 mM HCl was 

added to the reaction mixture, respectively. After 5 min, the mixture was centrifuged 

at 10,000×g for 5 min and measured the absorbance at 525 nm. One unit of TGase 

activity was defined as the amount of the enzyme used to produce 1 μmol of 

hydroxamic acid per min at the assay conditions. 

5.3.2 Identification of the selected isolate 

5.3.2.1 DNA extraction 

The strain AH6 was isolated from soil at Songkhla province. The 

sample was plated on ISP2 medium (0.4% yeast extract, 1% malt extract, 0.4% 

dextrose and 2% agar, pH 7.2) and incubated at 30˚C for 3 days. The colonies of 

Streptomyces-like strains were restreaked on ISP4 medium (1% soluble starch, 0.1% 

K2HPO4, 0.1% MgSO4·7H2O, 0.1% NaCl, 0.2% (NH4)2SO4, 0.2% CaCO3 and 0.2% 

trace salts solution (0.1% FeSO4·7H2O, 0.1% MnCl2·4H2O, 0.1% ZnSO4·7H2O),  pH 

7.0) and incubated at   30˚C for 7 days. Genomic DNA was prepared by the phenol 

method of Saito and Miura (1963) with some modifications. Cells were harvested 

after 7 days of cultivation and suspension in 2 ml of saline-EDTA buffer pH 8.0. Then 

100 µl of 10% SDS, 100 μl lysozyme (20 mg/ml), 100 μl protease K (50 mg/ml) 

solution were added and incubated at 80˚C for 10 min. The phenol extraction was 

carried out by adding an equal volume of phenol: chloroform (1:1) to the sample. The 

upper layer of the mixture was collected after centrifugation at 10,000×g for 10 min.  

Genomic DNA was precipitated with two volumes of ice cold absolute ethanol and 

dried at room temperature.  The genomic DNA was dissolved in 1TE buffer and 

stored at -20˚C. 
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5.3.2.2 Sequencing of 16S rRNA gene  

Primers ScAct0235aS-20 (5'-CGCGGCCTATCAGCTTGTTG-3') and 

ScAct0878-aA-19 (5'-CCGTACTCCCCAGGCGGGG-3') were used to amplify 16S 

ribosomal sequences from the genomic DNA. The amplification reaction was 

performed with a volume of 25 µl of 2GoTaq (Promega), 5 µl of each primer (10 

pmol) and 1 μl of template DNA (50 ng). Amplification was carried out in a 

thermocycler with the following cycling program: initial denaturation at 94˚C for 1 

min followed by 30 cycles of  94˚C for 30 sec, annealing at 50˚C for 30 sec, extension 

at 72˚C for 30 sec and a final extension step at 72˚C for 7 min.  The PCR product was 

purified using a PCR purification kit (NucleoSpin Gel and PCR Clean-up). The PCR 

product was cloned into the T-vector pMD20 (Takara), according to the 

manufacturer's instructions and transformed into E. coli JM109. Plasmid DNA of 

white colonie was extracted and M13 forward and reverse primers were used to 

sequence the cloned DNA fragments. The sequencing PCR, the mixture composed of 

1.6 µl of each primer (1 pmol/ µl), 100-150 ng of template DNA, 1 µl of premix 

solution, 1.6 µl of 5sequencing buffer (BigDye
 
Terminator, Applied Biosystems, 

Warrington, UK) and sterilized distilled water to 10 µl. The following program was 

used for this PCR: 96˚C for 4 min, and 25 additional cycles of 96˚C for 10 sec, 50˚C 

for 5 sec, 60˚C for 4 min. Nucleotide sequencing was done by dideoxy chain 

termination method with M13 forward and reverse primers using an ABI Prism 310 

Genetic Analyzer (Applied Biosystems, CA, USA). Sequences obtained were blasted 

with the GenBank database. 

 5.3.3 Primer designing 

  The primers of TGase gene amplification were designed from the 

Streptomyces mobaraensis NBRC13476 (GenBank accession no. AY762265, Figure 

5.1). Primers Fw1: (5'-ATGTCCCAACGCGGGAGTCTCGTCTTCGCCGCTCTC 

G-3'), was designed from prepro-region of open reading frame (ORF) TGase and 

Rw1: (5'-TTATGG CCAACCTTGTTTGACCTTGTCGGGGGCGGTGTTC-3') was 

designed at last 40 nucleotides of the terminal codon of ORF TGase (Figure 5.2). The 

Fw2 and Rw2 were designed using sequence combination between pET22b sequence 

and ORF TGase, generating was used for ligation with the plasmid. Primer Fw2: (5'-

gaaggagatatacatATGTCCCAACGCGGGAGAACTCTCG-3'), was designed from 
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pET22b sequences (lower cases) (Figure 5.3a) and 25 nucleotides of prepro-region 

(Figure 5.3b) and Rw2: (5'-tggtggtgctcgagTGGCCAACCTTGTTTGACCTTG-3'), 

was designed from  pET22b sequences (lower cases) (Figure 5.3a) and 22 nucleotides 

of ORF TGase without stop codon (TAA) (Figure 5.3b). In order to construct the 

expression plasmid, the primers for inverse-PCR were designated as Fw3: (5'-atatgt 

atatctccttcttaaagt-3') and Rw3: (5'-ctcgagcaccaccaccaccaccact-3'), which were 

designed from pET22b (Figure 5.4). Inverse-PCR with primers was carried out using  

pET22b as template, generating the plasmid pET22b with T7 promotor but without 

signal peptide (pelB). 
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AY762265.1 Streptomyces mobaraensis protein-glutamine gamma 

glutamyltransferase gene, complete cds 

                             

   1 ATCCCCATTCCGCCGTGCGGCCGCGGCCTCTTCCTCACCGCCGTTACCGG 50                            

  51 CGCGGCACCGCAGGACGGGCACCGCCCGACGTTATGCGCGCCACTCGCCG 100                                         

 101 CAACCTCCACCCCCCGCGTCGCACTCTGGCATGCCCTCGTTCCGCGAGGT 150                                         

 151 TCGCCAGATTCAGCCCTTTCGTCACGTTCGCCAAAGGAGTTGTTGTTCTT 200                                        

 201 CATGTCCCAACGCGGGAGAACTCTCGTCTTCGCCGCTCTCGGTGCGGTCA 250                                        

 251 TGTGCACCACCGCGTTAATGCCGTCCGCAGGCGCGGCCACCGGCAGTGGC 300                                        

 301 AGTGGCAGCGGCACCGGGGAAGAGAAGAGGTCCTACGCCGAAACGCACCG 350                                        

 351 CCTGACGGCGGATGACGTCGACGACATCAACGCGCTGAACGAAAGCGCTC 400                                         

 401 CGGCCGCTTCGAGCGCCGGTCCGTCCTTCCGTGCTCCTGATTCAGATGAG 450                                     

 451 CGGGTGACTCCTCCCGCCGAGCCGCTCGACCGGATGCCCGACCCGTACCG 500                                         

 501 GCCCTCGTACGGCAGGGCCGAGACGATCGTCAACAACTACATACGCAAGT 550                                         

 551 GGCAGCAGGTCTACAGCCACCGCGACGGCAGGAAACAGCAGATGACCGAG 600                                      

 601 GAACAGCGGGAGTGGCTGTCCTACGGTTGCGTCGGTGTCACCTGGGTCAA 650                                         

 651 CTCGGGCCAGTATCCGACGAACAGGCTGGCTTTCGCGTTCTTCGACGAGG 700                                      

 701 ACAAGTACAAGAACGAGCTGAAGAACGGCAGGCCCCGGTCCGGCGAAACG 750                            

 751 CGGGCGGAGTTCGAGGGGCGCGTCGCCAAGGACAGCTTCGACGAGGCGAA 800                                     

 801 GGGGTTCCAGCGGGCGCGTGACGTGGCGTCCGTCATGAACAAGGCCCTGG 850                               

 851 AGAACGCCCACGACGAGGGGGCGTACCTCGACAACCTCAAGAAGGAGCTG 900                              

 901 GCGAACGGCAACGACGCCCTGCGGAACGAGGATGCCCGCTCGCCCTTCTA 950                                      

 950 CTCGGCGCTGCGGAACACGCCGTCCTTCAAGGACCGCAACGGCGGCAATC 1000                                        

1001 ACGACCCGTCCAAGATGAAGGCCGTCATCTACTCGAAGCACTTCTGGAGC 1050                                   

1051 GGCCAGGACCGGTCGGGCTCCTCCGACAAGAGGAAGTACGGCGACCCGGA 1100                                       

1101 GGCCTTCCGCCCCGACCGCGGCACCGGCCTGGTCGACATGTCGAGGGACA 1150                                      

1151 GGAACATTCCGCGCAGCCCCACCAGCCCCGGCGAGAGTTTCGTCAATTTC 1200                                      

1201 GACTACGGCTGGTTCGGAGCGCAGACGGAAGCGGACGCCGACAAGACCGT 1250                                     

1251 ATGGACCCACGGCAACCACTACCACGCGCCCAATGGCAGCCTGGGTGCCA 1300             

1301 TGCACGTGTACGAGAGCAAGTTCCGCAACTGGTCCGACGGTTACTCGGAC 1350                   

1351 TTCGACCGCGGAGCCTACGTGGTCACGTTCGTCCCCAAGAGCTGGAACAC 1400                  

1401 CGCCCCCGACAAGGTCAAACAAGGTTGGCCATAATCTAGAAACAAAAATC 1450             

1451 ACTAGTGAATTC                                       1462 

 

Figure 5.1 Nucleotide of TGase gene from S.  mobaraensis NBRC13476. The prepro-

region and terminal codon (TAA) were indicated as boldface and underline, 

respectively. 
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AY762265.1 Streptomyces mobaraensis protein-glutamine gamma 

glutamyltransferase gene, complete cds 

                                   

   1 ATCCCCATTCCGCCGTGCGGCCGCGGCCTCTTCCTCACCGCCGTTACCGG 50                            

  51 CGCGGCACCGCAGGACGGGCACCGCCCGACGTTATGCGCGCCACTCGCCG 100                                         

 101 CAACCTCCACCCCCCGCGTCGCACTCTGGCATGCCCTCGTTCCGCGAGGT 150                                         

 151 TCGCCAGATTCAGCCCTTTCGTCACGTTCGCCAAAGGAGTTGTTGTTCTT 200                                        

 201 CATGTCCCAACGCGGGAGAACTCTCGTCTTCGCCGCTCTCGGTGCGGTCA 250                                        

 251 TGTGCACCACCGCGTTAATGCCGTCCGCAGGCGCGGCCACCGGCAGTGGC 300                                        

 301 AGTGGCAGCGGCACCGGGGAAGAGAAGAGGTCCTACGCCGAAACGCACCG 350                                        

 351 CCTGACGGCGGATGACGTCGACGACATCAACGCGCTGAACGAAAGCGCTC 400                                         

 401 CGGCCGCTTCGAGCGCCGGTCCGTCCTTCCGTGCTCCTGATTCAGATGAG 450                                     

 451 CGGGTGACTCCTCCCGCCGAGCCGCTCGACCGGATGCCCGACCCGTACCG 500                                         

 501 GCCCTCGTACGGCAGGGCCGAGACGATCGTCAACAACTACATACGCAAGT 550                                         

 551 GGCAGCAGGTCTACAGCCACCGCGACGGCAGGAAACAGCAGATGACCGAG 600                                      

 601 GAACAGCGGGAGTGGCTGTCCTACGGTTGCGTCGGTGTCACCTGGGTCAA 650                                         

 651 CTCGGGCCAGTATCCGACGAACAGGCTGGCTTTCGCGTTCTTCGACGAGG 700                                      

 701 ACAAGTACAAGAACGAGCTGAAGAACGGCAGGCCCCGGTCCGGCGAAACG 750                            

 751 CGGGCGGAGTTCGAGGGGCGCGTCGCCAAGGACAGCTTCGACGAGGCGAA 800                                     

 801 GGGGTTCCAGCGGGCGCGTGACGTGGCGTCCGTCATGAACAAGGCCCTGG 850                               

 851 AGAACGCCCACGACGAGGGGGCGTACCTCGACAACCTCAAGAAGGAGCTG 900                              

 901 GCGAACGGCAACGACGCCCTGCGGAACGAGGATGCCCGCTCGCCCTTCTA 950                                      

 950 CTCGGCGCTGCGGAACACGCCGTCCTTCAAGGACCGCAACGGCGGCAATC 1000                                        

1001 ACGACCCGTCCAAGATGAAGGCCGTCATCTACTCGAAGCACTTCTGGAGC 1050                                   

1051 GGCCAGGACCGGTCGGGCTCCTCCGACAAGAGGAAGTACGGCGACCCGGA 1100                                       

1101 GGCCTTCCGCCCCGACCGCGGCACCGGCCTGGTCGACATGTCGAGGGACA 1150                                      

1151 GGAACATTCCGCGCAGCCCCACCAGCCCCGGCGAGAGTTTCGTCAATTTC 1200                                      

1201 GACTACGGCTGGTTCGGAGCGCAGACGGAAGCGGACGCCGACAAGACCGT 1250                                     

1251 ATGGACCCACGGCAACCACTACCACGCGCCCAATGGCAGCCTGGGTGCCA 1300             

1301 TGCACGTGTACGAGAGCAAGTTCCGCAACTGGTCCGACGGTTACTCGGAC 1350                   

1351 TTCGACCGCGGAGCCTACGTGGTCACGTTCGTCCCCAAGAGCTGGAACAC 1400                  

1401 CGCCCCCGACAAGGTCAAACAAGGTTGGCCATAATCTAGAAACAAAAATC 1450             

1451 ACTAGTGAATTC                                       1462 

 

Figure 5.2 Primer Fw1 was designed from prepro-region and Rw1 was designed from 

terminal codon (TAA) of ORF TGase of  S. mobaraensis NBRC13476.  

Fw1 

Rw1 
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Figure 5.3 Primer Fw2 and Rw2 were designed using sequences combination 

between pET22b and S. mobaraensis NBRC13476. (a) pET22b sequence was showed  

as the lower cases of  Fw2 and Rw2. (b) Nucleotides of ORF TGase were showed as 

Fw2, which was 25 nucleotides sequences of prepro-region  and Rw2,  which was the 

nucleotide sequences without stop codon. 
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Figure 5.4 Primers Fw3 and Rw3 using for inverse-PCR were designed from 

pET22b.  
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5.3.4 Cloning of TGase gene  

The genomic DNA from Streptomyces sp. AH6 was extracted using a 

Takara Kit. The TGase gene was amplified from the genomic DNA using primers 

Fw1 and Rw1. These primers used for amplification of the full ORF TGase gene. The 

PCR reaction was performed by Takara LA taq DNA polymerase (DNA proof reading 

polymerase with 3' to 5' exonuclease activity) over 10 min at  95˚C, 30 cycles of 1 

min at 94˚C, 45sec at 65˚C, 2.5 min at 72˚C, and a final elongation step of 10 min at 

72˚C. The second PCR was performed with primers Fw2 and Rw2. At this step, the 

primers were used for amplification of ORF TGase without stop codon and it had 

pET22b sequences, which were used to overlap with the expression plasmid. The 

PCR reaction was performed using Tks Gflex DNA polymerase (non proof reading 

DNA polymerase) at 98˚C, 10sec and 68˚C, 1 min for 30 cycles. The pET22b was 

used as a template for plasmid amplification. The plasmid contained T7 promotor 

without signal peptide (pelB) was amplified using invert PCR with primers Fw3  and 

Rw3. The PCR product was treated with DpnI, which was used to digest the plasmid 

template. The TGase gene was ligated to pET22b with an In-Fusion HD Cloning Kit 

(TaKaRa Bio Inc.), generating as pET22b-TG-His6 (Figure 5.5). The ligated product 

(2.5 µl) was transform into 60 µl of competent E. coli JM109. Plasmid DNAs of white 

colonies were extracted after that T7 promoter and T7 terminator primers were used 

to sequence the cloned DNA fragments. The method of  PCR sequencing, the mixture 

composed of 1.6 µl of each primer (1 pmol/ µl), 100-150 ng of template DNA, 1 µl of 

premix solution, 1.6 µl of 5 sequencing buffer (BigDye
 
Terminator, Applied 

Biosystems, Warrington, UK) and sterilized distilled water to 10 µl. The following 

program was used for this PCR: 96˚C for 4 min, and 25 additional cycles of 96˚C for 

10 sec, 50˚C for 5 sec, and 60˚C for 4 min. Nucleotide sequencing was done by 

dideoxy chain termination method with M13 forward and reverse primers using an 

ABI Prism 310 Genetic Analyzer (Applied Biosystems, CA, USA). 
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Figure 5.5 Construction of a set of expression plasmid (pET22b-TG-His6). It 

consisted of the T7 promoter from pET22b, prepro-region and mature TGase  from 

TGase gene, his6 tag from pET22b. 

5.3.5 Expression and partial purification  of  pro-TGase in E. coli 

5.3.5.1 Expression of  pro-TGase in E. coli 

In order to expressed TGase, the recombinant DNAs were transformed  

into E.coli BL21(DE3). To determine the optimal cultivation time for maximal pro-

TGase production, the expression strain was cultured in a 5 ml LB medium and 100 

µg/ml ampicillin at 37˚C, 200 rpm. After 10 h of incubation, the culture was 

transfered into a 100 ml shaking flask containing  50 ml LB medium and 100 µg/ml 

ampicillin at 37˚C, 200 rpm. When the OD600 reached 0.8, IPTG  was added at a final 

concentration 0.5 mM and the culture was incubated at 24˚C, 150 rpm. The sample 

was taken at 2, 4, 6, 8, 10, 12, 14 and 16 h for determination of cell growth and  

TGase production. The cells and supernatant were separated by centrifugation at 

10,000×g, 4
º
C for 20 min. The cells were collected and sonicated in 10 mM KPB 

(potassium phosphate buffer) pH 7.0. The supernatants were collected and separated 

by centrifugation at 10,000×g, 4
º
C for 20 min.   Protein concentrations were 

determined using a Bio-Rad protein assay Kit (Hercules, CA, USA) with bovine 

serum albumin (Wako, Osaka, Japan) as a standard (Bradford, 1976). The enzme was 

activated by trypsin and TGase activity was determined using hydroxamate method. 

5.3.5.2 Partial  purification  of  pro-TGase in E. coli  

5.3.5.2.1 Production of pro-TGase in  E. coli  

The expression strain was cultured in a 5 ml LB medium and 100 

µg/ml ampicillin at 37˚C, 200 rpm. After 10 h of incubation, the culture was 

transfered into a 100 ml flask containing a 50 ml LB medium and 100 µg/ml 

ampicillin at 37˚C, 200 rpm. When the OD600 reached 0.8, IPTG was added at a final 

http://cshprotocols.cshlp.org/content/2017/7/pdb.rec090290.full?text_only=true
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concentration 0.5 mM and the culture was incubated at 24˚C, 150 rpm for 8 h. The 

cells and supernatant were separated by centrifugation at 10,000×g, 4
º
C for 20 min. 

The cells were collected and sonicated in binding buffer (20 mM sodium phosphate, 

0.5 M NaCl, 25 mM imidazole, pH 7.4). The supernatant from sonication was the 

intracellular soluble fraction and it was partially purified by nickel affinity 

chromatography (Ni Sepharose™ 6 Fast Flow, GE Healthcare). The cell debris from  

the sonication is the intracellular insoluble fraction. All fractions were analyzed using 

SDS-PAGE. 

5.3.5.2.2 Affinity chromatography  

Histidine-tagged was fused at C-terminus of TGase gene, pro-TGase 

expressed in E. coli was purified by Ni Sepharose 6 Fast Flow. Briefly, protein 

concentration of pro-TGase was measured for bed volume calculation to pack the 

column.  Binding capacity of Ni Sepharose 6 Fast Flow was approximately 40 

mg/ml. Bed volume was calculated using the formula (GE Healthcare, 2010):  

Bed volume (L) = Bed height (cm) * Column crossectional area (cm
2
)                                                               

1000 

The sample was loaded onto the column after that the column was 

washed with binding buffer. The proteins were eluted with the elution buffer which 

was carried out at 500 mM imidazole. The fractions were assayed TGase activity. 

5.3.5.2.3 Purification of the active TGase using Affinity chromatography  

In order to obtain the active TGase, the positive fractions from affinity 

chromatography were dialyzed against 10 mM KPB pH 7.0 at 0˚C, overnight. The 

dialysate was activated by trypsin at 37˚C for 30 min. The mixture was applied to Ni 

Sepharose 6 Fast Flow column, and then the column was washed with binding buffer. 

The proteins were eluted with the elution buffer which contained 500 mM imidazole. 

The fractions were assayed TGase activity. The active fractions were dialyzed against 

10 mM KPB pH 7.0 at 0˚C, overnight. The obtained enzyme was assayed for TGase 

activity and analyzed by SDS-PAGE. 

5.3.5.2.4 SDS-PAGE 

The mixtures were determined by SDS-PAGE according to the method 

of Laemmli (1970) using stacking and separating gels of 4% and 10% 
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polyacrylamide, respectively. Samples were denatured in SDS sample buffer (10% 

SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.002% bromophenol blue, 0.125 M 

Tris–HCl, pH 6.8)  and incubated at 100˚C for 10 min. Gel was run at 50 volt for 30 

min and 100 volt for 60 min, stained by  Coomassie Brilliant Blue R-250 and 

destained using destaining solution. The destained gels were visualized  by Gel Doc 

(Gel Doc™ EZ Gel Documentation System, Bio-Rad Laboratories, Hercules, CA, 

USA). 

5.3.6 Characterization of the TGase 

 5.3.6.1 The effect of pH on the activity and stability 

The optimal pHs of partially purified TGase activity was determined 

with various buffers: a 1000 mM sodium citrate buffer (pH 3.0-7.0), a 1000 mM, 

phosphate buffer (pH 6.0-7.0), a 1000 mM Tris-HCl (pH 7.0-9.0) and a 1000 mM 

Glycine-NaOH (pH 9.0-11.0). The TGase activity was assayed at 37˚C for 10 min. 

The stability of TGase at various pHs were studied using same buffers at 50 mM. The 

TGase activity was measured after 60 min at 37˚C under TGase assay condition (Folk 

and Cole, 1966).  

5.3.6.2 The effect of temperature and stability 

The effect of temperature on the TGase activity was tested by assaying 

the activity at different temperatures in the range of 0-100˚C for 10 min at pH 6.0. For 

determination of temperature stability, the partially purified TGase was incubated at 

different temperature of 0-100˚C for 60 min. After that the residual activity was 

assayed.  

5.3.6.3 Effect of metal ions on TGase activity 

The effects of metals ions (MnCl2∙4H2O, MgCl2∙6H2O, BaCl2∙2H2O, 

CuCl2∙2H2O, CaCl2∙2H2O, CoCl2∙6H2O, ZnCl2 and FeCl2∙4H2O) were determined by 

adding them at final concentration of 5 mM to the reaction mixture and incubating at 

37˚C for 30 min. After that the TGase activity was assayed. 

5.3.6.4 Effect of inhibitors on TGase activity 

The enzyme inhibitors used for testing were ethylenediaminetetraacetic 

acid (EDTA), phenylmethylsulfonyl fluoride (PMSF) and N-ethylmaleimide (NEM). 

The enzyme was mixed with each inhibitor at final concentration of 1 mM and the 
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mixture was incubated for 30 min at 37˚C and then the residual TGase activity was 

determined. 

5.4 Results and Discussion 

5.4.1 Identification of expected genus of the selected strain   

 The strain AH6 was identified by 16S rRNA gene. The BLAST search 

results for the 16S rRNA gene partial sequences of the isolate indicated that it had 99 

% similarity with that of Streptomyces thermocarboxydus. Then the strain AH6 was 

called as the Streptomyces sp. AH6.  

5.4.2 Cloning of the TGase gene  

  The previous reports indicated that strains from genus Streptomyces 

had the ability to produce TGase. Therefore, Streptomyces sp. AH6 was used to study 

in gene cloning step. Although Streptomyces sp. AH6 wild strain could not be 

detected for TGase activity, the TGase precursor of this stain was amplified, cloned 

and expressed in E. coli for improving the production of TGase enzyme. To amplify 

TGase gene of Streptomyces sp. AH6, the primers were designed from S. ladakanum 

BCRC12422 (S. mobaraensis  NBRC 13476) (Tzeng et al., 2005). The TGase 

precursor (a pre-region, a pro-region and the mature TGase was inserted into pET22b 

plasmid (Lui et al., 2011). In addition, T7 promoter was added at N-terminal of TGase 

precursor and a His6-tag was added at C-terminus to facilitate protein purification. 

The pET22b plasmid  has T7 promoter and an inducible T7 expression system is 

highly effective and widely used to produce RNAs and proteins from cloned coding 

sequences in E. coli. The coding sequence for T7 RNA polymerase is present in the 

chromosome under control of the inducible lacUV5 promoter in hosts such as 

BL21(DE3). The coding sequence for the desired protein (target protein) is placed in a 

plasmid under control of a T7 promoter, that is, a promoter recognized specifically by 

T7 RNA polymerase. In the absence of induction of the lacUV5 promoter, little T7 

RNA polymerase or target protein should be present and the cells should grow well. 

However, when addition of an inducer (IPTG), T7 RNA polymerase will be made and 

will transcribe almost any DNA controlled by the T7 promoter. T7 RNA polymerase 

is so specific, active, and processive, which the amount of target RNA produced can 

be comparable to the amount of ribosomal RNA in a cell. If the target RNA contains a 
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coding sequence with appropriate translation initiation signals (such as the sequence 

upstream of the start codon for the T7 major capsid protein), most protein synthesis 

will be directed toward target protein, which usually accumulates to become a 

substantial fraction of total cell protein (Novagen, 2003; Studier, 2005). 

 The TGase gene with flanking region in this study was called pET22b-

TG-His6. The nucleotides were obtained from TGase precursor gene cloning, which 

was analyzed ORF by GenTeX software, and showed the ORF TGase encoding 410 

amino acids. It started with a methionine codon, six histidines and stop codon (TGA) 

(Figure 5.6). The active site of the TGase of Streptomyces sp. AH6 was YGCVG at 

amino acid residue 141-145. The sequence was similar to the active site sequences of  

S. mobaraensis  NBRC 13476 (assession no. AY762265)  (Tzeng et al., 2005) S. 

cinnamoneus (assession no. AB085698), S. fradiae (assession no. DQ432028), S. 

hygroscopicus (assession no. HM231108) S. platensis  (assession no. AB451018) 

(Figure 5.7) and S. ladakanum B1 (Lin et al., 2004). The amino acids precursor 

sequence of the TGase from Strptomyces sp. AH6 was 100% homologous to the 

TGase of S. mobaraensis NBRC 13476. However, the the nucleotide sequence was 

different at 6 nucleotides which were T to G (at nucleotide  231); T to C (at nucleotide 

234, 237, 240 and 249) and  A to C (at nucleotide 246) (Figure 5.8).  

The three-dimensional structure of TGase was studied by Kashiwagi et 

al. (2002). The S. mobaraense TGase was constructed as a plate-like structure. There 

were two cysteine residues at amino acids 18 and 143 observed in the TGase from S. 

mobaraensis  (NBRC 13476). The former one was in prepro-region and the later was 

located in the mature enzyme. Therefore, Cys present in the mature TGase could play 

a specific role in the catalysis of acyl transfer reaction. In addition to the active site 

region, the active cleft could also play a crucial role to the catalysis. The crystal 

structure of S. mobaraense TGase illustrated that the active cleft comprising the 

catalytic triad, Cys64-Asp255-His274, superimposed well with that of factor XIII 

TGase (Yee et al., 1994) and sea bream TGase (Noguchi et al., 2001). On the other 

hand, Pasternack et al. (1998) found that TGase from Streptomyces was secreted as a 

pro-TGase and could be activated by several exogenous protease. Next, the 

proteinases participated in the activation of  pro-TGase had recently been purified and 

characterized (Zotzel et al., 2003). The endogenous metalloprotease truncated the pro-
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domain and generated the TGase (FRAP-TGase) identical to that activated by B. 

polymyxa dispase. Moreover, the extra tetrapeptide could be removed with the 

cleavage of a tripeptidyl aminopeptidase. Zotzel et al. (2003) revealed that the 

proteolytic digestion of bovine chymotrypsin could liberate the RAP-TGase from the 

strain s-811 2 pro-enzyme. The result suggested that the little difference occurred at 

the N-terminus of active TGase could be due to the actions of several proteinases and 

these variants still retained the efficient catalysis (Date et al. , 2003; Kikuchi et al., 

2003). 
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Figure 5.6 Nucleotide and amino acid sequences of the ORF TGase from Strptomyces 

sp.  AH6. The prepro region, active site and his6 tag were indicated as underline, 

double-underline and box, respectively. 
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Figure 5.7 Alignment of amino acids of ORF  TGase gene from Streptomyces 

species. GenBank accession nos. (left side) AB085698; S. cinnamoneus, DQ432028; 

S. fradiae, HM231108; S. hygroscopicus, AY762265; S. mobaraensis, AB451018; S. 

platensis and AH6; Streptomyces sp. AH6. The active site region was boxed. 
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Figure 5.8 Alignment nucleotide of ORF TGase gene from Streptomyces species. 

GenBank accession nos. (left side) AB085698; S. cinnamoneus, DQ432028; S. 

fradiae, HM231108; S. hygroscopicus, AY762265; S. mobaraensis, AB451018; S. 

platensis. The nucleotides of Streptomyces sp. AH6 were different from  S. 

mobaraensis  NBRC 13476, that were  indicated by the arrow. 
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5.4.3 Expression and partial purification of the pro-TGase in E. coli 

In order to express pro-TGase, it was transformed into E.coli BL21 

(DE3).  The expression strain was cultured at 37˚C until the optical density at 600 nm 

reached 0.8. After that, the temperature was reduced to 24˚C and IPTG was added. 

The highest level of productivity of TGase was 8 h at 24˚C and 150 rpm, during the 

mid-log phase of cell growth after induction (Figure 5.9). However, TGase activity 

was decreased after 8 h of induction and decrease afterward. The long incubation of 

cultures for many hours after induction usually affected on the solubility or level of 

target protein (Studier, 2005).  

 

 

 

 

 

Figure 5.9 Growth and TGase production by recombinant E. coli BL21(DE3) with 

expression of pET22b-TG-His6  at 24˚C, 150 rpm in LB medium. 

The pET22b-TG-His6 was secreted as soluble inclusion body in E. coli. 

The cells were sonicated and the soluble fractions of recombinant cell lysis were 

partially purified using Ni Sepharose 6 Fast Flow. Additional, pro-TGase, which 

obtained from partially purified was activated by trypsin and purified using Ni 

Sepharose 6 Fast Flow for determination of active TGase form. The supernatant from 

sonication was the intracellular soluble fraction and the cell debris from the sonication 

was the intracellular insoluble fraction. The results on SDS-PAGE (Figure 5.10) 

showed protein expression of pET22b-TG-His6 after induction at 24˚C. It produced 

the soluble and insoluble fraction (lane 4 and 5). The partially purified pro-TGase 
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from purification by Ni Sepharose 6 Fast Flow was estimated to be 45 kDa (lane 7), 

which was similar to the TGase of  S. hygroscopicus  (Lui et al., 2011) and the 

molecular mass of the active TGase fractions were approximately 38 and  27 kDa 

(lane 8). The prepro-region of TGase may be digested at arginine residue (at 77 amino 

acid position), which showed active TGase about 38 kDa. This result was nearly the 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 SDS-PAGE analysis of expressed pro-TGase in E. coli BL21(DE3). Lane 

M: protein marker; 1, 2, 3: soluble, insoluble and cell-free supernatant of E. coli BL21 

(DE3) without IPTG; 4, 5, 6: soluble, insoluble and cell-free supernatant of E. coli 

BL21 (DE3) with IPTG; 7: fraction of partially purified TGase using nickel affinity 

chromatography and 8: fraction of partially purified TGase was digested with trypsin 

and purified using nickel affinity chromatography. 

same as the mature TGase from  S. mobaraensis NBRC 13476 (Tzeng et al., 2005). 

Another one, the molecular mass of the active TGase was 27 kDa, it may be digested 

at the lysine residue (at 139 amino acid position).  

The molecular mass of the mature TGase (active TGase) must be 

confirmed by the future study by using gel filtration technique or mass spectrometry.  

kDa 

75 

45 

35 

25 

20 

60 

100 

140 
180 
245 

M 1 2 3 4 5 6 7 8 M 



86 

The TGase activity of this recombinant presented 3.2 U/ml after purification by 

affinity column, the insoluble fraction had a very low acivity and it could not detected 

in the cell-free supernatant. However,  the recombinant of S. mobaeaensis, which was 

constructed with the pelB, displayed the specific activity of 14 U/mg (Marx et al., 

2007). The recombinants pro-TGase, which constructed using insertion the pelB 

signal peptide or TGase signal peptide of N-terminal of pro-peptide and TGase. The 

result revealed the secretion of two recombinant strains were extacellular pro-TGase 

at 20˚C  and 25˚C (induction temperature). These results indicate that the pro-region 

of TGase is essential for its efficient secretion and solubility in E. coli. Insertion of 

pelB signal peptide before the pro-peptide may help the proper folding of the TGase 

in E. coli (Lui et al., 2011). 

5.4.4 Characterization of the TGase 

5.4.4.1 The effect of pH on the activity and stability 

The TGase activity was studied between pH 3.0-11.0 at 37˚C. The 

result showed that the enzyme activity was detected at pH 3.0-11.0 (Figure 5.11). The 

highest activity of this enzyme was at pH 6.0, which was nearly the same as the 

TGase from S. hygroscopicus (Cui et al., 2007). Moreover, it showed relative activity 

more than 58% in the range of pH values 4.0-11.0. In addition, this enzyme showed 

pH stability at 37˚C for 60 min around pH 4.0-7.0 with the relative activity remaining 

>49% (Figure 5.12). 
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Figure 5.11 Effect of pH on the enzyme activity  of partially purified TGase from 

pET22b-TG-His6 in E.coli BL21(DE3). The buffers used for studing effect of pH 

were: sodium citrate (pH 3.0-7.0), Tris-HCl (pH 6.0-9.0), and glycine-NaOH (pH 9.0-

11.0). The TGase activity was assayed at 37˚C for 10 min. 

Kieliszek and Misiewicz (2014) reported that the TGase was produced 

by bacteria, which were stable at wide range of pH (4.5-8.0). All enzymes have an 

optimum pH that is the pH at which they work the fastest. However, the pH of a 

solution can have several effects of the structure and activity of enzymes. For 

example, pH can have an effect of the state of ionization of acidic or basic amino 

acids. Acidic amino acids have carboxyl functional groups in their side chains. Basic 

amino acids have amine functional groups in their side chains. If the state of 

ionization of amino acids in a protein is altered then the ionic bonds that help to 

determine the three dimensional shape of the protein can be altered. This can lead to 

altered protein recognition or an enzyme might become inactive. The changing of pH 

may not only affect the shape of an enzyme but it may also change the shape or 

charge properties of the substrate so that either the substrate cannot bind to the active 

site or it cannot undergo catalysis (Butler, 1694; Nielsen and Mccammon, 2003). 
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Figure 5.12 Effect of pH on the enzyme stability of partially purified TGase from 

pET22b-TG-His6 in E. coli BL21(DE3). The buffers used were: sodium citrate (pH 

3.0-7.0), Tris-HCl (pH 6 .0-9.0), and glycine-NaOH (pH 9.0-11.0). The partially 

purified TGase was pre-incubated with various buffers at 37˚C for 60 min. 

5.4.4.2 The effect of temperature and stability 

The effect use of temperature on the activity of  the partially purified 

TGase was studied by assaying the activity at 0-100˚C. The optimal temperature for 

the TGase activity was 40˚C. When the temperature was raised above 40˚C, the 

activity was declined rapidly (Figure 5.13). The thermal stability of TGase was also 

studied at 0-100˚C. The TGase activity revealed high stability at 0 to 20˚C and it 

remained activity of >70% at 30˚C for 60 min, while the TGase activity was 

completely inactivated at 50˚C (Figure 5.14). Comparing with other TGase from 

different sources, the optimal temperature of TGase of Streptomyces sp. and S. 

hygroscopicus was about 40˚C (Macedo et al., 2010; Cui et al., 2007). 
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Figure 5.13 Effect of temperature on the enzyme activity of partially purified TGase 

from pET22b-TG-His6 in E. coli BL21(DE3).  

 

 

Figure 5.14 Effect of temperature on the enzyme stability of partially purified TGase 

from pET22b-TG-His6 in E.coli BL21(DE3). The partially purified TGase was pre-

incubated different temperatures for 60 min. 
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5.4.4.3 Effect of metal ions on TGase activity 

The activity of the TGase was determined in the reaction mixture 

containing each metal ion. The TGase activity was completely inhibited by Cu
2+

, Fe
2+

 

and Zn
2+

 meanwhile Ba
2+

, Ca
2+

, Co
2+

, Mg
2+

 and Mn
2+

 decreased partial TGase activity 

(Figure 5.15).  

The purified TGases from S. hygroscopicus and Streptomyces sp. were 

strongly inhibited by Cu
2+

, Zn
2+

 and Fe
3+

 (Cui et al., 2007, Macedo et al., 2010). The 

Cu
2+

 had strong affinity toward sulfhydryl groups at the active site of TGase (Nozawa 

et al., 1997). While cysteine residues can display high affinity toward Zn
2+

, and these 

resulting Zn
2+

-cysteine complexes are critical mediators of protein structure, catalysis 

and regulation (Pace and Weerapana, 2014). In addition,  Fe
2+

 and Fe
3+

 ion were 

cofactors, which are often bound by dipole interactions with histidine and other amino 

acids with lone-pairs (Karami et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Effect of metal ions on the enzyme activity of partially purified TGase 

from  pET22b-TG-His6 in E.coli BL21(DE3). The partially purified TGase was pre-

incubated with metal ions at final concentration 5 mM at 37˚C for 30 min. 
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5.4.4.4 Effect of inhibitors on TGase activity  

The relative activity was determined in the enzyme mixture with the 

additive of inhibitor at final concentration of 1 mM. The TGase activity was 

completely inhibited by NEM, and was moderately inhibited by PMSF. However, it 

was not inhibited by EDTA (Figure 5.16). The results of EDTA and NEM were 

similar to purified TGase activity from Streptoverticillium S-8112 (Ando et al., 1989). 

The NEM inhibited TGase activity, indicating that there was a thiol group in its active 

site. Microbial TGase was not influenced by Ca
2+

, so the presence of metal chelating 

compounds such as EDTA could not inhibit enzyme activity (Lin et al., 2008). The 

activity of the partially purified TGase was inhibited partially by PMSF indicating 

that the active site may be contained serine (Susanti, 2003; Zilda, 2013).  

 

Figure 5.16 Effect of inhibitors on the enzyme activity of partially purified TGase 

from  pET22b-TG-His6 in E. coli BL21(DE3). The partially purified TGase was 

preincubated with inhibitors at final concentration 1 mM at 37˚C for 30 min. 

5.5 Conclusion 

The pET22b-TG-His6 was constructed using fusion of TGase precursor 

and pET22b plasmid. The T7 promoter was added at N-terminal of TGase precursor 

and a His6-tag was added at C-terminus. The ORF TGase encording 410 amino acids. 

The amino acids precursor sequence of this TGase was 100% homologous to the 
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TGase of  S. mobaraensis  NBRC 13476, the nucleotide sequence was  different at 6 

nucleotides that of T to G (at nucleotide 231); T to C (at nucleotide 234, 237, 240, 

249);  A to C (at nucleotide 246). The pET22b-TG-His6 was secreted as soluble 

inclusion body in E. coli. The partially purified pro-TGase was activated using trypsin 

at a final concentration 0.5 µg/µl and the activity of partially purified enzyme was 3.2 

U/ml. The optimal pH and temperature of partially purified TGase were 6.0 and 40˚C 

respectively. The TGase activity was completely inhibited by Cu
2+

, Fe
2+

and Zn
2+

 

meanwhile Ba
2+

, Ca2
2+

, Co
2+

, Mg
2+

 and Mn
2+

 reduced the activity. The TGase was 

completely inhibited by NEM, not inhibited by EDTA but the activity was moderately  

inhibited by PMSF. 
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CHAPTER 6 

SUMMARY AND SUGGESTIONS 

6.1 Summary 

Providencia thailandensis sp. nov. is proposed. The type strain is 

C1112
T
 (= KCTC 23281

T
 =NBRC 106720

T
). They are creamy white, moist, opaque, 

flatted and undulate margin with 12-19 mm in diameter after 48 h incubation at 37 

˚C  on nutrient agar. Cells are Gram-negative, non-spore-forming, rod-shaped and 

motile with peritrichous flagell. Growth occurs at 15˚C  and 45˚C; optimal growth 

temperature is 30-37˚C. Growth occurs between pH 4.0-12.5 and optimal pH is 6.0-

7.0. Growth occurs in the presence of 0-5% (w/v) NaCl and optimally with 0% NaCl. 

Enterobacter siamensis are Gram-negative, facultative anaerobic, rod-

shaped and motile with peritrichous flagella. Colonies on nutrient agar are creamy 

white, mucoid, translucent, raised, entire margin, and 5-9 mm in diameter after 48 h 

incubation at 37˚C. The DNA G+C content is 53.0 mol%. Major cellular fatty acids 

are C16:0, C17:0cyclo and C14:0. The type strain is C2361
T
 (KCTC 23282

T
, NBRC 

107138
T
).  

PCR products of E. siamensis, which amplified using F1R1 and F2R1  

primer with 2 Taq Master Mix. They showed 96 and 71% sequence similarity to 

ABC transporter permease of E. cloacae and hypothetical protein of 

Enterobacteriaceae, respectively. While PCR product from P. thailandensis was 

ligated with pSSBm97 and expressed into B. megaterium YYBm1. It showed that 

TGase activity could not detect from expressed protein. 

The pET22b-TG-His6 was constructed using fusion of TGase precursor 

from Streptomyces sp. AH6 and pET22b plasmid. The T7 promoter was added at N-

terminal of TGase precursor and a His6-tag was added at C-terminus. The TGase ORF 

encording 410 amino acids. The amino acids  precursor sequence of this TGase was 

100% homologous to the TGase of  S. mobaraensis  NBRC 13476, the nucleotide 

sequence was were different at 6 nucleotides that of T to G (at nucleotide 231); T to C 

(at nucleotide 234, 237, 240, 249);  A to C ( at nucleotide 246). The pET22b-TG-His6 

was secreted as soluble inclusion body in E. coli. The partial purified pro-TGase was 
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activated using trypsin at a final concentration 0.5 µg/µl and the activity of partial 

purified enzyme was 3.2 U/ml. The optimum pH and temperature of partial purified 

TGase were 6.5 and 40ºC respectively. The TGase was completely inhibited by Cu
2+

 

and Fe
2+

 meanwhile it was not inhibited by Ba
2+

, Ca2
2+

, Co
2+

, Mg
2+

 and Mn
2+

. The 

TGase was completely inhibited by NEM, not inhibited by EDTA and EGTA but the 

activity was moderately inhibited by PMSF. 

6.2 Suggestions 

6.2.1 The pET22b-TG-His6 recombinant DNA should be improved enzyme 

production using expression in Streptomyces sp. 

6.2.2 The pET22b-TG-His6 in E.coli BL21(DE3) should be optimized with 

auto-induction media. 

6.2.3 The molecular weigh of  TGase from pET22b-TG-His6 should be studied 

by using mass spectrometer. 

6.2.4 To study the method for removing the trypsin after activation of pro-

TGase. 
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1. Standard curve of enzyme 

 

 

Figure 1 Calibration curve of Glutamic acid concentration by absorbance 

measurements at 525 nm. 
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