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ABSTRACT 

Sulfonation constitutes an important reaction in the metabolism of numerous 

endogenous compounds and xenobiotics in mammals. In plants, sulfonation also plays an 

important role in plant growth, intermolecular recognition and modulation of signaling to 

stress. AtSOT12 (At2g03760) is one of the AtSOTs that have been most researched on 

both of functions and structure, though the overall research on AtSOTs is limited. In this 

study, tobacco transgenic plants overexpressing the Arabidopsis AtSOT12 gene were 

generated. Two transgenic lines named as A7 and A9 performed stable overexpression of 

the AtSOT12 gene and will be used for further study. Enzymatic activity assay showed 

that AtSOT12 catalyzes the sulfonation of salicylic acid (SA), suggesting that AtSOT12 

may regulate the pathogen defense and systemic acquired response (SAR) via modifying 

the plant hormone SA. AtSOT12 also catalyzes the sulfonation of cycloheximide (CHX) 

and uncharged simple phenolic compounds such as nitrophenols, ethylphenols and 

cresols with high efficiencies. Testing of a number of compounds for AtSOT12 suggests 

that, instead of hydrophilic compounds, AtSOT12 prefers uncharged, hydrophobic 

substrates. The high similarities of crystal structures among AtSOT12, SULT1A1 and 

SULT1E1, could provide an insight of structural characteristics of AtSOT12 for further 

study. 
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CHAPTER I 

 INTRODUCTION 

1.1  Sulfonation and function of sulfotransferase in mammal 

Sulfate conjugation constitutes an important reaction in the metabolism of numerous 

endogenous compounds and xenobiotics and in the modification of the biological 

activities of steroid hormones and neurotransmitters in mammals (Weinshilboum et al., 

1994). Sulfonation plays a crucial role in various biological processes such as cell 

signaling, growth and defense (Negishi et al., 2001). The presence of a sulfate group on 

some molecules can also be a prerequisite for their biological function. Sulfotransferases 

(SULTs) catalyze the transfer reaction of the sulfate group from the universal donor 3’-

phosphoadenosine 5’-phosphosulfate (PAPS) (Fig. 1.1) to an acceptor group (a hydroxyl 

or amino-group) of various endogenous and exogenous chemicals.  

SULTs can be identified in two broad classes: Golgi-membrane SULTs and cytosolic 

SULTs. Golgi-membrane SULTs are responsible for the sulfonation of 

glucosaminoglycans (Rong et al., 2001), peptides and lipids (Falany et al., 2002). 

Cytosolic SULTs are involved in the metabolism of endogenous signal molecules such as 

steroids, thyroids and neurotransmitters. By changing the physical and biological 

properties of steroids, the sulfated products can be removed from cells or stored for 

reactivation (Strott et al., 1996). Steroid sulfates are usually described as precursors of 

active steroids hormones formed by enzymatic cleavage of the sulfate group by sulfatases 

(Hobkirk et al., 1993). The cytosolic enzymes can also catalyze xenobiotics such as 

therapeutic drugs, toxins, and carcinogens in the phase-II metabolism. Therefore, the 

sulfonation of cytosolic SULTs was considered to play a particular role in metabolic 
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activation or inactivation of xenobiotics. 

A nomenclature system for SULT superfamily was developed by the similarity of 

amino acid sequence. Family and subfamily members share at least 45% and 60% amino 

acid sequence identity, respectively. The superfamily of SULTs consists of nine separate 

SULT families and 14 subfamilies (Blanchard et al., 2004). Recent studies have identified 

and characterized novel SULTs from non-mammal vertebrates and invertebrates. Four 

SULT isozymes dmST1-4 from D. melanogaster were identified and showed high activity 

to phenolic compounds (Hattori et al., 2008). Yasuda et al. found novel genes ST1-ST3 

cataloged in SULT3 family from zebrafish, displaying sulfating activity toward a variety 

of endogenous compounds such as hydroxysteroids, as well as xenobiotics (Yasuda et al., 

2008; Yasuda et al., 2009). 

To date, four human SULT families, SULT1, SULT2, SULT4, and SULT6 with total 

13 human cytosolic SULT genes have been identified in the supergene family of 

sulfotransferases (Lindsay et al., 2008). Human SULT1 family has been widely 

considered to catalyze catecholamines (SULT1A3), thyroid hormones (SULT1B1), 

estrogens (SULT1E1), and various phenolic compounds. The human SULT2 family 

favors hydroxysteroids (SULT2A1) as well as cholesterol (SULT2B) (Gamage et al., 

2006). Generally, sulfonation of a compound increases its water solubility and thereby 

decreases its biological activity by easier excretion. However, sulfonation can also 

activate procarcinogens via producing reactive electrophiles (Gamage et al., 2006). 
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Fig. 1.1 Chemical structure of the sulfate donor 3’-phosphoadenosine 5’-phosphosulfate, 
PAPS. 
(http://www.thefullwiki.org/3%27-Phosphoadenosine-5%27-phosphosulfate) 
 
1.2 Structure and enzymatic mechanism of sulfotransferases 

The first human cytosolic SULT structure characterized was SULT1A3, in which a sulfate 

was bound at the active site (Bidwell et al., 1999). The molecule comprised a single α/β 

domain with a central four-stranded parallel β sheet. But large stretches of disordered 

regions indicated unstable interactions without a bound substrate. To date, an increasing 

number of crystal structures have been determined in the presence of both cofactor (PAP) 

and a substrate/inhibitor. And with the development of site-directed mutagenesis and 

molecular modeling, the key factors that govern diverse substrate specificities are elicited, 

and help us to understand the enzyme kinetics and characteristics.  

Generally, SULTs are globular proteins with a single α/β domain that forms a five-

stranded parallel β-sheet surrounded with α-helices (Fig. 1.2 A). The phosphosulfate 

binding (PSB) loop of SULTs provides the binding site for 5’-phosphate of PAP, while 

residues from helix 6 and strand 8 bind the 3’-phosphate of PAP (Fig. 1.2 B; Yoshinari et 

al., 2001). Both of the binding sites, 5’PSB and 3’PB, have been found with conserved 

amino acid sequences in cytosolic SULTs as well as membrane SULTs (Kakuta et al., 

1998). 

In contrast to the well-conserved PAP binding site in all SULTs, the substrate binding 
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site shows great diversity in both of membrane and cytosolic SULTs. The N-

sulfotransferase domain (NST1) had a large open cleft with a hydrophilic surface 

(Gorokhov et al., 2000). While the SULT1A1 crystal structure showed a deep 

hydrophobic pocket, which is plastic to adopt varying structures of compounds (Gamage 

et al., 2003). The structural variability of substrate binding site is consistent with the 

distinct but overlapping substrate specificities of these SULTs (Negishi et al., 2001). 

SULTs are capable of sulfonating a broad range of substrates, though a given enzyme 

could be characterized by a preferred substrate. SULT1A1 is the major human SULT that 

sulfates simple phenols (Gamage et al., 2003), while SULT1A3, which shares 93% amino 

acid sequence similarity to SULT1A1 prefers dopamine and catecholamine. Therefore, 

human SULT family could broadly be divided by substrate specificities: the phenol SULT 

(SULT1A), the Dopa/tyrosine SULT (SULT1B), the hydroxyarylamine SULT (SULT1C), 

the estrogen SULT (SULT1E), the dehydroepiandrosterone SULT (SULT2A), and the 

cholesterol SULT (SULT2B) (Klein et al., 2004). 

The sulfuryl transfer reaction has been widely considered as a Bi Bi or ordered 

mechanism. The recently structural and mutational studies favor the ordered mechanism 

in which the binding and release are ordered. The conclusion of substrate interaction 

kinetics and product inhibition studies are consistent with an ordered Bi Bi mechanism, 

where the donor substrate PAPS binds first to the enzyme, the binding of acceptor 

substrate follows, and PAP is the last product to be released. 
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A                                                B 

Fig. 1.2 A. Structure of human SULT1A1 complex with PAP and p-nitrophenol (pNP) 
(Gamage et al., 2003). PAP, white; pNP1, dark gray; pNP2, light gray. B. Structure of 
SULT1E1 (mEST) complex with PAPS (Yoshinari et al., 2001). 
 
1.3 Plant SOTs and Arabidopsis SOT12 (At2g03760) 

In plants, sulfonation also seems to play an important role in growth, intermolecular 

recognition and modulation of signaling to stress. However, due to the limited number of 

plant-sulfated metabolites, the study of SOTs responsible for the sulfonation reaction in 

plants has significantly lagged behind those in mammal. The first plant SOTs, flavonol 3- 

and 4’-SOTs (under SULT3 family) from Flaveria chloraefolia, were cloned and 

characterized (Varin et al., 1992) and the catalyzed products, flavonoid conjugates 

including the sulfate esters, may play a role in the regulation of plant growth (Varin et al., 

1997). A choline SOT (EC 2.8.2.6) catalyzes the PAPS mediated sulfonation reaction to 

produce choline-O-sulphate, which might be a part of the salt tolerance mechanisms in 

plants (Rivoal et al., 1994). In B. napus a sulfotransferase was characterized to catalyze 

brassinosteroids and mammalian estrogenic steroids, and able to be induced by salicylic 

acid, a signal molecule crucial for plant defense response (Rouleau et al., 1999). This 

suggests that this brassinosteroid sulfotransferase may be involved in plant response to 
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pathogen infection. 

Arabidopsis thaliana was chosen as a model system with the first complete genome 

of a flowering plant. Making use of fully sequenced genome of A. thaliana, SOT 

sequences was searched applying the BLAST program with AtSOT12 protein sequence, 

and 18 SOT protein sequences have been identified to show high similarity to each other 

(Klein et al., 2004). The first cDNA clone encoding a SOT (AtSOT12, At2g03760) was 

isolated from A. thaliana (Lacomme and Roby, 1996), which showed 87% sequence 

identity with the SOT of B. napus, indicating the potential enzymatic activity to 

brassinosteroids and mammalian estrogenic steroids (Klein et al., 2004). Recently, 

AtSOT16, 17 and 18, which catalyze the last step of glucosinolate (Gl) core structure 

biosynthesis, showed substrate specificities to ds-Gls with different chain length (Klein et 

al., 2009). The relative low expression level of Arabidopsis SOT genes may be 

responsible for modulation of hormones and messengers molecules under special 

conditions with enough though low amounts of protein. 

AtSOT12 (At2g03760) is one of the AtSOTs that have been most demonstrated on 

both of functions and structure, though the overall research on AtSOTs is limited. 

AtSOT12 is located on chromosome 2 and clustered with two other sulfotransferase 

genes, At2g03770 and At2g03750. AtSOT12 mRNA accumulation was induced by 

treatment of Arabidopsis seedlings with hormonal compounds, salicylic acid and methyl 

jasmonate, and by infection of bacterial pathogens (Lacomme and Roby, 1996). 

Recombinant AtSOT12 displayed stereo-specificity for 24-epibrassinosteroids, and 

preferred the metabolic precursor 24-epicathasterone with apparent parameters 6.9 μM of 

Km and 57 pkatal mg-1 of Vmax (Marsolais et al., 2007). Furthermore, it was capable of 
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sulfonation of mammalian hydroxysteroids and estrogens, sharing a similar activity with 

SULT2A1, which indicated a potential function in detoxication (Marsolais et al., 2007).  

The crystal structure of AtSOT12 was characterized (Fig. 1.3) and composed of 14 α-

helices and 7 β-strands. Two structures of the human sulfotransferases had highest 

similarities with that of AtSOT12. Human estrogen sulfotransferase (hEST) shared 30% 

of sequence identity, and human dehydroepiandrosterone sulfotransferase (DHEST) had 

29% with AtSOT12 (Smith et al., 2004). 

 

Fig. 1.3 Ribbon diagram of AtSOT12 (PDB 1Q44; Smith et al., 2004). 
 
1.4 The role of salicylic acid (SA) to pathogen resistance in Arabidopsis 

Plants have evolved several defense mechanisms against pathogen infection. 

Pathogen infection in a plant triggers a local resistance reaction known as hypersensitive 

response (HR). The resistance is subsequently spread throughout the plant’s tissues, 

which is called systemic acquired resistance (SAR). SAR was first discovered by Ross in 

1960s. Ross (1961) found that tobacco plants treated with tobacco mosaic virus (TMV) 

induced a high level of resistance, and inoculation of lower leaves induced resistance in 

upper leaves which were proved to be free of virus. SAR is characterized by the inducible 

expression of a group of pathogenesis-related (PR) genes in both local and systemic 

7 
 



 Texas Tech University, Liqiong Gao, August 2011 

tissues and best characterized in tobacco and cucumber.  

In Arabidopsis, the commonly used marker PR genes include: PR-1 (At2g14610), 

PR-2 (At3g57260) and PR-5 (At1g75040). PR-1 cDNA was isolated by cross-

hybridization to tobacco PR-1 cDNAs. The Arabidopsis PR-1 protein was 60% identical 

to PR-1 from tobacco (Uknes et al., 1992). PR-2 was originally screened with a 

heterologous tobacco β-1,3-glucanase (BG gene) clone, which shared 60%-70% sequence 

identity with the tobacco BG gene (Dong et al., 1991). PR-5 was identified as thaumatin-

like protein with 46% similarity to the PR-5 protein of tobacco (Uknes et al., 1992). 

In tobacco, PR-1(Accession number: X12737), PR-2 (M60460), PR-Q (M29868), 

and Thaumatin (X03913) are often used as pathogenesis-related genes. PR-1 was 

responsible for TMV and SA induction (Uknes et al., 1993), and recent studies showed 

that PR-1 genes increased extracellular β-1,3-glucanase activity (Rivière et al., 2008). 

PR-2 was considered to be a β-1,3-glucanase, and induced by hypersensitive response to 

TMV infection (Ward et al., 1991). PR-Q was an acidic chitinase and inducible by the 

local necrotic lesion response to the virus (Payne et al., 1990). Thaumatin was found to 

be homologous to a sweet-tasting protein from fruits and its mRNA was induced by TMV 

infection (Cornelissen et al., 1986). 

Salicylic acid (SA; Fig. 1.4), one of the phenolic compounds, has been widely 

considered as a plant signaling hormone. SA and its derivatives may be responsible for 

activating both local resistance and SAR (Vlot et al., 2009). Injecting leaves of resistant 

tobacco with SA accumulated PR-1 proteins and enhanced resistance to TMV infection 

(Chen et al., 1994). In TMV-resistant tobacco, SA levels increased in both of the 

inoculated and systemic leaves, and PR gene expression paralleled the rise in SA levels 
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(Malamy et al., 1990). Furthermore, the transgenic tobacco and Arabidopsis, which 

expressed the bacterial nahG gene (encoding SA-metabolizing enzyme salicylate 

hydroxylase), were neither able to accumulate high SA levels with pathogen infection, 

nor developing SAR or expressing PR genes in the systemic leaves (Delaney et al., 1994). 

The strong evidences suggest that SA plays a critical role as a defense signal. 

In this study, we assumed that AtSOT12 (At2g03760), which was able to be induced 

by SA, may sulfonate SA to trigger SAR signaling, and thereby regulate the expression of 

pathogenesis-related genes to process plant defense responses. 

 

Fig. 1.4 Chemical structure of salicylic acid. 
 
1.5 Objective of the project 

The finding that AtSOT12 (At2g03760), a steroid sulfotransferase, was shown to be 

induced by hormonal compounds salicylic acid (SA) and methyl jasmonate (Lacomme 

and Roby, 1996), suggest a role of AtSOT12 in SAR, presumably by sulfonation of SA 

and MeSA thus modulating the potential mobile signals. The overall objective of this 

study is to determine the role of AtSOT12 in sulfonation of SA, in local and systemic 

response, and in detoxification of xenobiotics in plants. 

To determine the function of AtSOT12 in vivo, the Arabidopsis AtSOT12 was 

transformed into tobacco plants. AtSOT12 overexpression and sot12 mutant lines from 

Arabidopsis were used to observe the differential expression levels of PR genes by SA 

and SA-SO3 treatment. 

9 
 



 Texas Tech University, Liqiong Gao, August 2011 

The study of substrate preference of AtSOT12 was carried out by testing 

approximate 30 different kinds of compounds, including phenols, steroids, and toxins. 

The enzyme kinetic parameters were determined with SA, cycloheximide (CHX) and 

simple phenolic compounds to elucidate the structural characteristics. 
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CHAPTER II  

MATERIALS AND METHODS 

2.1 Plant materials and growth 

Seeds of Arabidopsis thaliana and Nicotiana tabacum L./Samsun NN were sterilized 

for 15min and 30min with sterilization solution showing below on a Nutator (TCS 

Scientific), respectively, rinsed with sterile water for 5 times, suspended in equal volume 

of sterile 0.3% low-melting-point agarose, and then placed at 4℃ for 2days for 

stratification. The seeds were then germinated in 1/2 MS salt agar medium in a Petri dish. 

Seedling growth was at 23℃ in 16hr photoperiod. Transgenic plants were selected by 

antibiotic resistance and antibiotic was added in 1/2 MS medium. 

The 7-10 day old/two weeks old Arabidopsis/tobacco seedlings were transferred into 

pots, and grown with 16hr photoperiod at 23℃ in 50-60% humidity. 

Table 1. Sterilization solution 

Component Concentration Amount/10ml 

Clorox 20% 2ml 

H2O 79.5% 7.95ml 

10% Triton X-100 0.5% 50μl 
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Table 2. 1/2 MS salt agar medium 

Component Concentration Amount/Liter 

Murashige and Skoog 

Basal Salt Mixture 

0.215% 2.15g 

Sucrose 1.5% 15g 

Dissolve in 1L of distilled H2O and adjust the pH to 5.7 with NaOH. 

Agar 0.7% 7g 

Autoclave. Add antibiotics to cooled media if necessary. 

2.2 DNA isolation 

2.2.1 Rapid isolation of genomic DNA from Arabidopsis 

Tissue with 100μl quick DNA preparation buffer was ground with blue pestle. 600μl 

more buffer was added and further homogenized. Mixture was vortexed and centrifuged 

at 12,000 rpm for 10min. The supernatant was transferred to a new tube containing equal 

volume of isopropanol (600μl). The tube was inverted gently for several times and DNA 

was precipitated at room temperature for 10min or at -20℃ for 30min. The sample was 

centrifuged at 12,000 rpm for 10 min. Supernatant was discarded and 1ml of 70% ethanol 

was added to resuspend and wash the precipitate. Supernatant was discarded again and 

DNA pellet was dried in SpeedVac (Thermo Savant) for 5-7min. Pellet was dissolved in 

50μl of sterile water and incubated for 1-2 days at 4℃. 
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Table 3. Quick DNA preparation buffer 

Component Concentration Amount/100ml 

1M Tris-HCl (pH 7.5) 200mM 20ml 

5M NaCl 250mM 5ml 

0.5M EDTA (pH 8.0) 25mM 5ml 

20% SDS 0.5% 2.5ml 

Add distilled H2O to 100ml. 

2.2.2 Isolation of genomic DNA from Tobacco (CTAB method) 

Tissue within 100μl 2X CTAB buffer was ground with blue pestle. 600μl more buffer 

was added. Mixture was mixed gently and heat at 65℃ for 30min. Sample was cooled 

down to room temperature, added with an equal volume of CHCl3/isoamyl alcohol (24:1), 

inverted 5-6 times, and centrifuged at 12,000 rpm for 10min. The aqueous phase was 

transferred to a new tube containing an equal volume of isopropanol and DNA was 

precipitated at room temperature for 10min or at -20℃ for 30min. The sample was 

centrifuged at 12,000 rpm for 10min. Supernatant was discarded and 1ml of 70% ethanol 

was added to resuspend and wash the precipitate. Supernatant was discarded again and 

DNA pellet was dried in SpeedVac (Thermo Savant) for 5-7min. Pellet was dissolved in 

50μl of sterile water and kept at -20℃. 
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Table 4. 2X CTAB 

Component Concentration Amount/100ml 

1M Tris-HCl (pH 7.5) 100mM 10ml 

5M NaCl 1.4M 28ml 

0.5M EDTA (pH 8.0) 20mM 4ml 

CTAB (Cetyltrimethylammonium bromide) 2% 2g 

Add distilled H2O to 100ml. 

 

2.2.3 Isolation of plasmid DNA (alkaline lysis with SDS) 

Inoculate 3ml of LB medium containing antibiotic with a single colony of 

transformed bacteria. Incubate the culture overnight at 37℃ with vigorous shaking. 

Culture was centrifuged at 12,000 rpm for 1min and the supernatant was discarded. Pellet 

was resuspended with 100μl of GTE solution. Sample was added 200μl of NaOH/SDS 

lysis buffer, inverted completely and placed at room temperature for 5min. Sample was 

added 150μl of 3M KOAc buffer, inverted gently, and placed at room temperature for 

5min. Mixture was centrifuged at 12,000 rpm for 10min. Supernatant was transferred to a 

new tube with 2 volumes (0.9ml) of 100% ethanol. The sample was mixed well and held 

at room temperature for 1min/at -20℃ for 30min to precipitate DNA. The sample was 

centrifuged at 12,000 rpm for 10 min. Supernatant was discarded and 1ml of 70% ethanol 

was added to resuspend and wash the precipitate. Supernatant was discarded again and 

DNA pellet was dried in SpeedVac (Thermo Savant) for 5-7min. Pellet was dissolved in 

50μl of sterile water and kept at -20℃. 
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Table 5. GTE solution 

Component Concentration Amount/50ml 

1M Tris-HCl (pH 8.0) 25mM 1.25ml 

0.5M EDTA (pH 8.0) 10mM 1ml 

40% Glucose 50mM 1.13ml 

Add distilled H2O to 50ml. 

Table 6. NaOH/SDS lysis buffer 

Component Concentration Amount/50ml 

10N NaOH 0.2N 1ml 

20% SDS 1% 2.5ml 

Add distilled H2O to 50ml. 

Table 7. 3M KOAc neutralization buffer 

Component Concentration Amount/50ml 

5M KOAc 3M 30ml 

Adjust the pH to 5.5 with glacial acetic acid (5.75ml) and add distilled H2O to 
50ml. 

 

2.3 Agarose gel electrophoresis 

Agarose gel electrophoresis was mainly used to estimate the length of DNA 

molecules following restriction enzyme digestion, DNA amplification by PCR, and 

separation of genomic DNA in the research. 

1% of agarose gel was made by adding 1g of agarose powder (OmniPur) to 100ml of 

1X TAE buffer in a small flask. The mixture was heated by microwave oven and shaken 

gently every 20sec to prevent spilling out until agarose dissolved. The gel was cooled 

down to 55℃, added 0.5μl of ethidium bromide and mixed thoroughly by gentle swirling. 

Then the mixed gel was poured into the gel box assembled with comb. After 30-40 min at 
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room temperature, the comb was removed carefully and the gel was set into the 

electrophoresis tank (Stratagene). 1X TAE buffer was added to the tank until covering the 

gel to a depth of 1mm. The DNA sample was mixed with 0.2 volume of the 6X gel 

loading buffer and loaded into the slot of the submerged gel. 1kb DNA ladder (New 

England BioLabs) was used to approximate the length of DNA. A voltage of 100V was 

applied. After 20min, the gel was examined by UV transilluminator (UVP Imaging 

System) and photographed (Mitsubishi).  

Table 8. 50X TAE buffer 

Component Concentration Amount/Liter 

Tris base 2M 242g 

0.5M EDTA (pH 8.0) 50mM 100ml 

Glacial acetic acid -- 57.2ml 

Add distilled H2O to 1000ml. 

Table 9. 6X gel loading buffer 

Component Concentration Amount/10ml 

Bromophenol blue 0.25% 0.025g 

Xylene cyanol FF 0.25% 0.025g 

Glycerol 30% 3ml 

Add distilled H2O to 10ml. 

 

 

2.4 PCR analysis 

2.4.1 Amplification of DNA for gene analysis 

A 20μl of PCR system was set up as follow: 

10μl of H2O 
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  4μl of 5X Green GoTaq Reaction Buffer (Promega) 

  2μl of dNTPs (2.5μM) 

  1μl of primer F (10μM) 

  1μl of primer R (10μM) 

  0.1μl of GoTaq DNA Polymerase (Promega) 

  2μl of Template DNA 

When PCR product was used for sequencing directly, buffer and concentration of 

primers were changed: 

10μl of H2O 

  4μl of 5X Colorless GoTaqTM Reaction Buffer (Promega) 

  2μl of dNTPs (2.5μM) 

  1μl of primer F (1μM) 

  1μl of primer R (1μM) 

  0.1μl of GoTaq DNA Polymerase (Promega) 

  2μl of Template DNA 

The PCR was set up for 38 cycles (stage 1: 95℃ 2mins; stage 2: 94℃ 30 seconds, 56℃ 

30 seconds, 72℃ 30-60seconds, 38 cycles; stage 3: 72℃ 10mins) in a thermal cycler 

(Eppendorf). After reaction, PCR product was check with agarose gel electrophoresis. 

2.4.2 Amplification of DNA for hybridization probe preparation 

A 50μl of PCR system was set up below: 

25μl of H2O 

  10μl of 5X Colorless GoTaqTM Reaction Buffer (Promega) 

  5μl of dNTPs (2.5μM) 
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  2.5μl of primer F (10μM) 

  2.5μl of primer R (10μM) 

  0.25μl of GoTaq DNA Polymerase (Promega) 

  5μl of Template DNA (diluted plasmid) 

The PCR was set up for 42 cycles (stage 1: 95℃ 2mins; stage 2: 94℃ 30 seconds, 56℃ 

30 seconds, 72℃ 30-60seconds, 42 cycles; stage 3: 72℃ 10mins). After reaction, PCR 

product was isolated with agarose gel electrophoresis for further purification. 

2.5 Cloning PCR product into pGEM-T Vector 

A 10μl of ligation system (Promega) was set up as follow:  

0.5μl of pGEM-T Easy Vector 

  0.5μl of T4 DNA Ligase 

  5μl of 2X Rapid Ligation Buffer 

  4μl of PCR product 

The mixture was incubated in a water bath (MicroCooler II, Boekel Scientific) at 15-

16℃ overnight. Then competent E. coli cells were transformed with ligation products. 

2.6 DNA transformation of competent E. coli by electroporation 

2.6.1 Preparation of competent cells 

A single colony of E. coli from a fresh agar plate was inoculated into a tube 

containing 5ml of YENB medium. The culture was incubated overnight at 37℃ with 250 

rpm in incubator shaker (New Brunswick Scientific). The culture was added to 1L of 

fresh YENB medium and grown in the same condition. The OD600 was measured until to 

0.5-0.9. The flask was chilled on ice for 5min and the culture was transferred to 

centrifuge bottles and centrifuged at 4,000g for 10min at 4 . T℃ he supernatant was 
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discarded. The cells were resuspended and washed twice in 100ml of ice-cold water and 

centrifuged at 4,000g for 10min at 4℃. The supernatant was discarded. The cells were 

resuspended in 20ml of cold 10% glycerol and centrifuged, and the supernatant was 

discarded. The cells (from 1L of culture) were resuspended in a final volume of 2-3ml of 

cold 10% glycerol. The cell number in the suspension was 2-4×1010 cells/ml. 40μl 

aliquots of the competent cell were dispensed into micro tubes, frozen in liquid nitrogen, 

and transferred to -80℃ freezer. 

2.6.2 Electroporation 

The tube of 40μl-competent cells and electroporation cuvette were placed on ice. 1μl 

of plasmid DNA was added into 40μl competent cells. The mixture was mixed gently 

with pipette and then transferred into a cold cuvette. The cuvette was tapped to remove 

the bubbles and the outside moisture was dried by towel. The cuvette was placed in the 

electroporation device (ECM 399, BTX). A pulse of electricity with strength of 1,500V 

was delivered for 4-5 milliseconds. 700μl of LB medium was added into the cuvette as 

quickly as possible after the electroporation to recover the cells. The culture was 

transferred into a new tube and incubated with rotation for 1hr at 37℃. The cells were 

then cultured for colony screen. 
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Table 10. Liquid YENB medium 

Component Concentration Amount/Liter 

Yeast extract 0.75% 7.5g 

Nutrient broth 0.8% 8g 

Add distilled H2O to 1 Liter and autoclave. 

Table 11. Liquid LB medium 

Component Concentration Amount/Liter 

NaCl 1% 10g 

Yeast extract 0.5% 5g 

Trptone 1% 10g 

Add distilled H2O to 1 Liter and autoclave. 

 

2.7 Blue-White screen of bacterial colonies 

40μl of X-Gal (40mg/ml) mixed with 1μl of IPTG (1M) were added onto the LB agar 

plate (50mg/L Amp) and spread over the surface of the plate with a sterile spreader. The 

culture was centrifuged to spin down the cells. Most of the liquid medium was discarded 

with about 100μl remained and the cells were resuspended. After the solution on the plate 

was dried in the hood, the resuspended cells were added on the agar plate and spread. The 

plate was incubated in an inverted position for 12-16 hr at 37℃.  

Colonies that carried recombinant plasmids didn’t contain active β-galactosidase and 

presented in white color, while colonies that carried wild-type plasmids contained active 

β-galactosidase and presented in blue color. The colonies carrying recombinant plasmids 

were cultured in LB medium with antibiotics (50mg/L Amp).  
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Table 12. LB medium agar plate with 50mg/L Amp 

Component Concentration Amount/Liter 

NaCl 1% 10g 

Yeast extract 0.5% 5g 

Trptone 1% 10g 

Agar 0.7% 7g 

Add distilled H2O to 1 Liter and autoclave. Cool down to 50-55  and add ℃
1ml of Amp (50mg/ml) to the medium. Mix well and dispense the agar into 

the plates. 
 

2.8 Purification of PCR product 

GENECLEAN III kit (MP Biomedicals, Cat No: 1001-600) was used to purify DNA. 

The steps were followed according to the protocol of GENECLEAN III Kit. Three 

volumes of NaI solution (300μl) and 10μl of EZ-GLASSMILK (resuspended by 

vortexing before use) were added to PCR product (dilute to 100μl by ddH2O). The 

mixture was mixed well and incubated at room temperature for 10min by shaker. The 

sample was spun down and the supernatant was discarded. 500μl of NEW Wash was 

added to the pellet. The pellet was resuspended and centrifuged for 5sec. The supernatant 

was discarded, repeating wash step for twice. The glass milk pellet was dried in 

SpeedVac (Thermo Savant) for 5-7min to remove residual ethanol. 50μl of sterile H2O 

was added to resuspend the pellet, incubating for 5min with shaking to elute the DNA. 

The mixture was centrifuged for 30sec and supernatant containing DNA was transferred 

to a new tube. Supernatant was centrifuged one more time to remove EZ-GLASSMILK. 

2.9 Restriction enzymes digestion of DNA 

A general 20μl of digestion system (BioLabs, NEW ENGLAND) was set up as follow:  

14μl of H2O 
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2μl of Purified BSA (10mg/ml) 

2μl of 10X NEBuffer (1, 2, 3 or 4) 

0.5μl of restriction enzyme 

2μl of plasmid 

The tube was incubated in 37℃ for 1hr or overnight (depend on the enzyme 

efficiency). The digestion product was check with agarose gel electrophoresis. 

2.10 RNA isolation 

2.10.1 Large scale RNA isolation 

Large scale RNA isolation was carried out essential as described by Shi and Bressan 

(2006). The plant sample for RNA isolation was frozen in the liquid nitrogen and kept in 

-80℃ if not used immediately. The sample was transferred to a mortar containing liquid 

nitrogen and pulverized using a pestle. The tissue was kept frozen during pulverization by 

adding liquid nitrogen. The powdered tissue was transferred to a 15ml tube containing 

4.5ml of RNA extraction buffer. The mixture was homogenized and placed on ice. 700μl 

of cold 3M KCl was added and mixed well, keeping on ice for at least 15min. The sample 

was centrifuged at 8,000 rpm for 20min at 4℃. Supernatant was transferred to a new tube 

with 2ml of 8M LiCl to precipitate RNA. The sample was mixed and kept at 4℃ over 

night. The sample was centrifuged at 8,000 rpm for 20min and the supernatant was 

discarded. The pellet was resuspended by adding 2ml of sterilized H2O, 1ml TE-saturated 

phenol and 1ml of chloroform. The sample was mixed well and centrifuged at 8,000 rpm 

for 15min. The aqueous phase (upper phase) was transferred to a new tube containing 

200μl of 5M NaCl and 5ml of ethanol. The solution was mixed well and kept at -20℃ for 

4hr or over night, and then was centrifuged at 8000 rpm for 20min at 4℃. The pellet was 
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washed with 2ml of 70% ethanol and spun down by centrifuging again. The supernatant 

was discarded and the pellet was dried in Speed-Vac for 5-10min. The pellet (RNA) was 

dissolved in 100μl of RNase-free H2O and transferred to a new E-tube. 2μl of RNA was 

diluted with 98μl of H2O for RNA concentration measurement. The concentration of 

RNA was determined by detecting OD260/OD280 with Spectrophotometer (BIO-RAD). 

RNA was stored at -80℃ for further use. 

Table 13. RNA extraction buffer 

Component Concentration Amount/200ml 

1M Tris-Cl (pH 8.0) 50mM 10ml 

0.5M EDTA 5mM 2ml 

5M NaCl 300mM 12ml 

20% SDS 2% 20ml 

100mM ATA 2mM 4ml 

100mM β-Me 10mM 20ml 

Add distilled H2O to 200ml. 

 

2.10.2 Small scale RNA isolation 

The sample for RNA isolation was frozen in liquid nitrogen. 500μl of cold Plant RNA 

Reagent (Invitrogen) was added into a microcentrifuge tube and kept on ice. Tissue up to 

0.1g was ground with mortar and pestle, keeping frozen by adding liquid nitrogen. The 

powdered tissue was transferred to the tube with Plant RNA reagent and mixed by brief 

vortexing. The tube was incubated for 5min at room temperature and then centrifuged for 

2min at 12,000g at room temperature. The supernatant was transferred to a new tube. 

0.1ml of 5M NaCl and 0.3ml of chloroform were added to the supernatant and mixed 
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well by inversion. The sample was centrifuged at 4℃ for 10min at 12,000g to separate 

the phases. The top, aqueous phase was transferred to a new tube and an equal volume 

(600μl) of isopropyl alcohol was added. The sample was mixed by inversion, kept at 

room temperature for 10min, and centrifuged at 4℃ for 10min at 12,000g. The 

supernatant was discarded and 1ml of 70% ethanol was added to the pellet. The sample 

was vortexed briefly and centrifuged at room temperature for 1min at 12,000g. The liquid 

was decanted, taking care not to lose the pellet. The pellet was dried in Speed-Vac for 5-

10min and dissolved by adding 30-50μl RNase-free water. If the pellet was not dissolved 

completely, the solution was centrifuged for 1min at 12,000g and the supernatant was 

transferred to a fresh tube. 2μl of RNA was diluted with 98μl of H2O for RNA 

concentration measurement. The concentration of RNA was determined by detecting 

OD260/OD280 with Spectrophotometer (BIO-RAD). RNA solution was stored at -80℃ for 

further use. 

2.11 Northern hybridization 

2.11.1 Gel preparation and RNA separation 

2.4g/3.6g of agarose was added to 160ml/240ml of sterilized ddH2O (1.2% agarose), 

and heated with microwave oven until agarose was melted completely. The gel was 

cooled down to 60℃ in a water bath (Boekel, PB600). 32.5ml/48.75ml of 37% 

formaldehyde (around 12% final concentration) was added and mixed well, and 

10ml/15ml of 20X MOPS buffer were added to final volume of 200ml/300ml. The gel 

was mixed rapidly and poured to the gel tray.  

20μg of RNA was added to a tube and sterilized ddH2O was added to total volume of 

15μl. 30μl of RNA loading buffer and 2μl of 1% ethidium bromide were added to the 
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tube. The sample was mixed, spun down, and incubated at 65℃ for 10min. The tube was 

kept on ice for 3min, spun down, and loaded onto the gel. 

The gel was submerged in 1X MOPS electrophoresis buffer and run under 90-100V 

for 2-3hr until dye reached 2/3 of the distance. The RNA was checked by placing the gel 

on a piece of Saran Wrap under a UV transilluminator. 

2.11.2 Transfer and fixation of denatured RNA to membranes 

After running the gel, the gel was soaked for 10min in sterilized ddH2O to remove 

formaldehyde. The upward capillary transfer system was set up as follows. The gel was 

placed on two-layer filter paper (Whatman) (wetted with 20X SSC transfer buffer) on the 

support in an inverted position (upside down). Air bubbles between the gel and the filter 

paper were smoothed out with a glass rod and the gel was surrounded with Saran Wrap. 

The top of the gel was wetted with 20X SSC and a piece of 0.45μm nylon transfer 

membrane (Whatman) was placed on top of the gel. One edge of the membrane extended 

beyond the edge of the line of slots at the top of the gel. Two pieces of filter paper were 

placed on the top of the wet nylon membrane. Air bubbles were smoothed out between 

the gel and membrane or between membrane and filter paper. A stack of paper towels was 

placed on the filter paper and then a plate was added on the top with 400g heavy stuff. 

The upward capillary transfer was held overnight. Wet paper towels were removed and 

some new were added every 4-6hr. 

The capillary transfer system was dismantled and the positions of the slots were 

marked on the membrane with a pen through the gel. The membrane was transferred to a 

glass tray (RNA side upward) containing 200ml of 6X SSC at room temperature. The tray 

was placed on a platform shaker and shaken very slowly for 5min to remove excess salt 
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and gel debris. The membrane was placed (RNA side upward) on a dry filter paper and 

dried at room temperature for 30min. The dry membrane was irradiated at optimal 

crosslink mode (UV energy dosage of 120mJ/cm2) in Crosslinker (Spectronics 

Corporation, XL-1000). 

2.11.3 Probe preparation and hybridization 

The hybridization buffer was first incubated at 50-60℃ to dissolve the precipitate. 

The membrane was placed into an incubation tube (Techne) (RNA side inside) and 

incubated in Hybridiser (Techne, HB-1D) for 1hr at 55℃ in 20-25ml of hybridization 

buffer (1cm2 of membrane with 0.1ml of buffer). 

Random Primer Labeling Kit (Stratagene, Cat. No. 300385) was used in probe 

making. The steps were followed according to the protocol of Random Primer Labeling 

Kit. 2μl of DNA template and 5μl of Random 9-mer Primers were added to 9μl of H2O. 

The solution was boiled for 5min in water bath and cooled down for 5min at room 

temperature. The mixture was spun down and 5μl of 5X dCTP Buffer, 1μl of Exo (-) 

Klenow enzyme and 3μl of 32P-dCTP were added. The solution was mixed well, spun 

down, and incubated at 37℃ for 30min. 2μl of Stop Mix was added. The probe solution 

was boiled for 10min in water bath and placed on ice for 5min before use. The 25μl of 

probe solution was added directly to the hybridization buffer in the hybridization tube and 

continued incubation for 18-24hr at 55℃. 

2.11.4 Washing and autoradiography 

After hybridization, the membrane was transferred from the hybridization tube to a 

glass tray containing 200ml of 2X SSC, 0.1% SDS solution (55℃) at room temperature. 

The tray was placed on a rotator (Boekel, 260250) and agitated gently for 10min. The 
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solution was discarded and a new 200ml of 1X SSC, 0.1% SDS solution (55℃) was 

added into the tray. The tray was continued to shake for 15min, checking the intensity of 

radiation with detector (Ludlum Measurements) every 5min. 0.1% SSC, 0.1% SDS 

solution (55℃) was followed if the intensity of background was still high. When the 

intensity was decreased to 1000cpm, the wet membrane was placed in wrapper.  

The membrane was placed in a cassette (Spectronics Corporation, MONOTEC), an 

X-ray film was placed on the top of the membrane. The cassette was kept at room 

temperature for 1-2hr or at -80℃ over night, depending on the radioactive intensity. The 

film was developed with a film processor (AGFA-Gevaert, CP 1000). 

2.11.5 Membrane stripping and re-probing 

The membrane was incubated in boiled H2O with 0.1% SDS in a container by 

shaking gently. Until the solution cooled down, the membrane was checked for 

radioactivity. The incubation was repeated for 2-3 times to remove the radioactivity. The 

membrane could be used for a new hybridization. 

Table 14. RNA loading buffer 

Component Concentration Amount/ml 

Deionized formamide 60% 6μl 

20X MOPS 5% 50μl 

37% formaldehyde 15% 150μl 

88% glycerol 10% 100μl 

Bromophenol Blue 2mM 1.5μg 

Add DEPC-H2O to 1ml. 

 

 

27 
 



 Texas Tech University, Liqiong Gao, August 2011 

Table 15. 20X MOPS 

Component Concentration Amount/500ml 

MOPS 400mM 41.9g 

NaAc 100mM 6.8g 

0.5M EDTA 20mM 20ml 

Add 400ml of distilled H2O and adjust pH to 7.0 with NaOH. Add H2O to 
500ml and autoclave. 

Table 16. 20X SSC 

Component Concentration Amount/Liter 

NaCl 3M 175.3g 

Sodium Citrate 0.3M 88.2g 

Add 800ml of distilled H2O and adjust pH to 7.0 with HCl. Add H2O to 1L 
and autoclave. 

Table 17. Hybridization buffer 

Component Concentration Amount/400ml 

20% SDS 7% 140ml 

BSA 1% 4g 

0.5M EDTA 1mM 0.8ml 

1M Na2HPO4 (pH 7.0) 0.5M 200ml 

Add distilled H2O to 400ml 

 

2.12 Preparation of probes of PR genes 

Sequences of target probes were amplified from cDNA of Arabidopsis and tobacco 

with primers below:  

Arabidopsis PR-1 (2g14610) F: 5’-ATGAATTTTACTGGCTATTCTCGA-3’ 

Arabidopsis PR-1 (2g14610) R: 5’-TTAGTATGGCTTCTCGTTCAC-3’ 

Arabidopsis PR-2 (3g57260) F: 5’-ATGTCTGAATCAAGGAGCTTAGC-3’ 
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Arabidopsis PR-2(3g57260)R: 5’-TTAGTTGAAATTAACTTCATACTTAGACTG-3’ 

Arabidopsis PR-5 (1g75040) F: 5’-ATGGCAAATATCTCCAGTATTCAC-3’ 

Arabidopsis PR-5 (1g75040) R: 5’-TTAAGGGCAGAAAGTGATTTCG-3’ 

Tobacco PR-1 F: 5’-CTTGTCTCTACACTTCTC-3’ 

Tobacco PR-1 R: 5’-GTATGGACTTTCGCCTCT-3’ 

Tobacco PR-2 F: 5’-GCAACATATTCAGGGATC-3’ 

Tobacco PR-2 R: 5’-ATTGAAATTGAGTTGATA-3’ 

SOT12-seq-F: 5’-GAGTCTGTTAAGAGCTCGTCT-3’ 

SOT12-seq-R: 5’-TCCGCGGTTTCCTCAGGAGCT-3’ 

PCR products were cloned into the pGEM-T Easy Vector by ligation reaction (see 1.5) 

and transformed into E.coli (see 1.6). Clones were cultured in 3ml of LB medium 

(50mg/L of Amp). Plasmids were extracted and length of plasmids was checked with gel 

agarose. The plasmids were further digested by restriction enzymes on restriction sites 

contained in the sequences of target genes and T-Easy Vector to confirm the sequences. 

The plasmids were amplified by PCR. PCR products were separated by gel 

electrophoresis, purified and dissolved with H2O. The purified DNA (probe) was kept in -

20℃. 

2.13 Transformation of 35S-SOT12 construct into tobacco plants with Agrobacterium 

tumefaciens 

 Seeds of Nicotiana tabacum cv. Xanthi NN tobacco plants were sterilized and 

germinated in Magenta boxes (4 seeds per box) on 1/2 MS media and grow 3-4 weeks at 

24℃ and 16h/8h day/night photoperiod. When plants reach the capacity of the Magenta 

box, several leaves without touching the box were used for transformation. 
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 Recombinant Agrobacterium strains GV3101 harboring the construct 35S-SOT12 or 

the vector pCAMBIA99-1 (Baek et al., 2010) was streaked on YEP medium plates 

containing 34mg/L Chloramphenicol and 25mg/L Gentamicin at 30℃. The 

Agrobacterium single clone was cultured in 5 ml YEP liquid medium, shaking for 2 days 

at 30℃. The day before transformation, a 50 ml YEP culture was started by adding 1 ml 

subculture. The culture was shaken overnight at 30℃ (OD=0.5-0.8). The Agrobacterium 

culture was centrifuged at 8,000 rpm for 15mins and resuspended in 50 ml co-cultivation 

liquid medium. 

 Agrobacterium-mediated tobacco transformation was essentially based on protocols 

from Murashige and Skoog (1969), and Horsch et al. (1985). Intact tobacco leaves were 

detached and transferred to sterile Petri-dishes containing some co-cultivation liquid 

medium to keep wet condition. Forceps was used to punch several holes on the tobacco 

leaves. Each tobacco leaf was cut into small square pieces of 0.5×0.5cm avoiding the 

midvein by using a razor blade. The leaf pieces were transferred to the Petri-dishes 

containing the bacteria suspension and infected for 30 minutes with gentle shaking from 

time to time. The leaves were dried on filter paper and transferred (upside down) to the 

Petri-dishes with co-cultivation medium (12-15 pieces per Petri-dish). The leaves were 

incubated for 2 days in dark at room temperature. The leaves were washed to remove the 

overgrowing Agrobacterium, dried and transferred (upside up) to the selection medium.  

 Plates were incubated at 24℃ and 16h/8h day/night photoperiod. The leaves were 

transferred to fresh selection medium every 2 weeks to prevent bacteria overgrowth. 

When shoots appeared (3-4 weeks), they were cut to remove callus tissue and transferred 

to the new selection medium. When shoots grew up to about 1cm long, they were 
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transferred from Petri-dish to the rooting medium in Magenta box. When roots formed 

and the plants were 2-4 cm long, they were transferred to soil in the growth room. 

Table 18. YEP medium 

Component Concentration Amount/Liter 

Bacto-peptone 1% 10g 

Yeast extract 0.5% 5g 

NaCl 0.5% 5g 

Agar (if solid medium) 0.8% 8g 

Add ddH2O to 1L and autoclave. 

Table 19. Co-culture medium 

Component Concentration Amount/Liter 

MS Basal Salts 0.215% 2.15g 

Sucrose 1.5% 15g 

B5 Vitamins 0.0112% 112mg 

Agar 0.8% 8g 

Add ddH2O to 1L, Adjust pH to 5.8 with NaOH and autoclave. When cooling 
down, add solutions as follow: 

1mg/ml of NAA 0.1mg/L 100μl 

2mg/ml of 6-BA 1mg/L 500μl 
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Table 20. Selection medium 

Component Concentration Amount/Liter 

MS Basal Salts 0.215% 2.15g 

Sucrose 1.5% 15g 

B5 Vitamins 0.0112% 112mg 

Agar 0.8% 8g 

Add ddH2O to 1L, Adjust pH to 5.8 with NaOH and autoclave. When cooling 
down, add solutions as follow: 

1mg/ml of NAA 0.1mg/L 100μl 

2mg/ml of 6-BA 1mg/L 500μl 

Timentin 300mg/L 300mg 

50mg/ml of 
Hygromycin 

40mg/L 800μl 

Table 21. Rooting medium 

Component Concentration Amount/Liter 

MS Basal Salts 0.215% 2.15g 

Sucrose 1.5% 15g 

Agar 0.8% 8g 

Add ddH2O to 1L, Adjust pH to 5.8 with NaOH and autoclave. When cooling 
down, add solutions as follow: 

Timentin 300mg/L 300mg 

50mg/ml of 
Hygromycin 

40mg/L 800μl 

 

2.14 SA and SA-SO4 treatment to Arabidopsis plants 

2 ml of SA and SA-SO4 solution at different concentrations (0.01, 0.05, 0.1 and 

0.5mM) was used for treatment. The plants of 10-day after germination were used. The 

treatment was carried out by spraying SA and SA-SO4 to the Petri-dish. Control group 

was treated with pure water (SA-SO4 group) or 5% ethanol (SA group). Plants were 
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collected from plates after 24 hours. RNA of the samples was extracted and used for 

Northern. The [α-32P] dCTP-labeled probe corresponding to PR genes (PR-1, PR-2 and 

PR-5) was made by the random-priming method.  

2.15 SDS-polyacrylamide gel electrophoresis of proteins 

2.15.1 Preparation of SDS-polyacrylamide gels 

The glass plates (BIO-RAD, 0.75mm) were assembled and 5ml (for one piece of gel) 

of 7.5% gel solution was prepared. After adding TEMED, the mixture was swirled 

rapidly and poured into the gap between the glass plates. Appropriate space was left for 

the stacking gel (2.5cm). The acrylamide solution was overlaid with ddH2O to prevent 

oxygen from diffusing into the gel. The gel was placed in a vertical position at room 

temperature. After polymerization (30-40min), the overlaid water was removed with the 

edge of a paper towel. The stacking gel was prepared, mixed well, and poured directly 

onto the surface of the polymerized resolving gel once after TEMED was added. A clean 

comb (BIO-RAD, 0.75mm) was inserted into the stacking gel solution. The gel was 

placed in a vertical position at room temperature.  

2.15.2 Sample preparation and gel electrophoresis 

Equal volume of 2X loading buffer was added to the sample. The mixture was 

vortexed, spun down and heated in boiling water bath for 10min to denature the proteins. 

Then the sample was kept on ice for 5min, centrifuged and prepared for loading. 

After polymerization of stacking gel (30-40min), the comb was removed carefully. 

The electrophoresis apparatus (BIO-RAD) was mounted and 1X running buffer was 

added to the top and bottom reservoirs. 15μl of each sample was loaded into the wells 

with a micropipette. An equal volume of loading buffer was loaded into any wells that 
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were unused. A voltage of 100V was applied to the gel and the gel was run for 2-3hrs 

until the blue dye reached the bottom of resolving gel. 

2.15.3 Staining SDS-polyacrylamide gel with Coomassie Blue 

The glass plates were removed from the electrophoresis apparatus and pried apart. 

The orientation of the gel was marked by cutting a corner closest to the leftmost well. The 

gel was stained with staining solution (Coomassie Blue) for 1hr in a Petri-dish on a 

rotating platform at room temperature. The staining solution was removed and destaining 

solution I was added to Petri-dish, rotating for 30min. The destaining solution I was 

discarded and the gel was destained with solution II for another 30min. The stained gel 

was photographed. 

Table 22. Acrylamide solution with 7.5% gel 

Component Concentration Amount/10ml 

40% acrylamide 18.2% 1.82ml 

2% Bis-acrylamide 10% 1.0ml 

1.5M of Tris (pH 8.8) 25% 2.5ml 

20% of SDS 0.5% 50μl 

10% APS 0.5% 50μl 

ddH2O 45.75% 4.575ml 

TEMED 0.05% 5μl 
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Table 23. Acylamide solution with 4% stacking gel 

Component Concentration Amount/5ml 

40% acrylamide 9.6% 0.48ml 

2% Bis-acrylamide 5.2% 0.26ml 

1M of Tris (pH 6.8) 12.6% 0.63ml 

20% of SDS 0.5% 25μl 

10% APS 0.5% 25μl 

ddH2O 71.5% 3.575ml 

TEMED 0.1% 5μl 

Table 24. 4X SDS-PAGE running buffer 

Component Concentration Amount/1Liter 

Tris Base 18.2% 12g 

Glycine 10% 58g 

Add ddH2O to 1Liter. 

Table 25. 1X SDS-PAGE running buffer 

Component Concentration Amount/1Liter 

4X SDS-PAGE running 

buffer 

18.2% 250ml 

20% SDS 10% 5ml 

Add ddH2O to 1Liter. 
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Table 26. 2X loading buffer 

Component Concentration Amount/100ml 

20% of SDS 4% 20ml 

1M of Tris (pH 7.6) 100mM 10ml 

Bromophenol blue 0.2% 0.2gl 

Glycerol 10% 40ml 

DTT 100mM 1.54g 

Add ddH2O to 100ml. 

Table 27. Staining solution 

Component Concentration Amount/100ml 

Coomasie blue 0.25% 0.25g 

Methanol 45% 45ml 

Acetic acid 10% 10ml 

Add 45ml of ddH2O to 100ml. 

Table 28. Destaining solution I 

Component Concentration Amount/100ml 

Methanol 50% 50ml 

Acetic acid 7% 7ml 

Add ddH2O to 100ml. 

 

Table 29. Destaining solution II 

Component Concentration Amount/100ml 

Methanol 5% 5ml 

Acetic acid 7% 7ml 

Add ddH2O to 100ml. 
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2.16 Expression and purification of recombinant protein in E. coli 

The pGEX-2T:SOT12 clone was introduced into Rosetta TM 2 of E. coli strain (Baek 

et al., 2010). The strain was cultured in 500ml LB media with selection antibiotics 

(50mg/L Amp and 34mg/L Cam) at 37℃ for 3-4 hrs. Expression of GST-SOT12 fusion 

protein was induced by addition of 0.5mM IPTG (final concentration) for 16hr at 25℃. 

Cells (OD=0.5-1.0) were centrifuged at 5,000 rpm at 4℃ for 10min, washed and 

resuspended in lysis buffer to about 25ml, and incubated on ice for 20min. Cells were 

lysed by French Press (Thermo Electron Corporation) at 50KPsi twice and centrifuged at 

12,000 rpm at 4℃ for 30min to remove cell debris. The supernatant flew through a 

gravity-flow column (Thermo Fisher Scientific Inc.) first to trap remained cell debris 

which may choke bottom caps in next step. GST bind resin (Novagen) was prepared by 

adding 1mL of 50% GST bind slurry to 4ml of 1X GST Binding/Washing buffer (PBS 

buffer), mixing gently, centrifuging to settle down resin at low rpm (1000 rpm) for 1min, 

and removing supernatant. The lysate was added to 1ml of GST bind slurry and shaken 

gently at room temperature for 30min. The mixture flew through a gravity-flow column 

and the outflow before washing was collected to repeat binding with another 1ml of resin. 

The resin was washed with at least 50ml of 1X GST Washing buffer. After resuspended in 

0.5-1.0ml 1X GST Washing buffer, the resin was transferred into a new tube. Thrombin 

protease (GE Healthcare) was added to resin (1unit Thrombin Protease in solution cleave 

100μg of GST-fusion protein). The mixture was shaken gently at room temperature for 

16hr. The mixture was centrifuged at 12,000 rpm for 20min and the supernatant which is 

GST-digested SOT12 protein was transferred to a new tube (centrifugation could be done 

more than once to remove the resin).  
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50μl of purified protein solution was added to 450μl of 1X Quick Start Bradford Dye 

Reagent (BIO-RAD Laboratories, Inc.). The concentration of the purified protein was 

determined by Spectrophotometer (BIO-RAD). The purified protein was stored at -80℃ 

for further use. 

Table 30. Lysis buffer 

Component Concentration Amount/Liter 

1M Tris-HCl (pH 8.0) 50mM 50ml 

NaCl 100mM 5.84g 

Add H2O to 1 Liter. 

Table 31. 1X GST Binding/Washing buffer (PBS buffer) 

Component Concentration Amount/Liter 

NaCl 140mM 8.18g 

KCl 2.7mM 0.20g 

Na2HPO4 10mM 2.68g 

KH2PO4 2mM 0.25g 

Dissolve in 800ml of distilled H2O, adjust the pH to 7.4 with HCl, and add 
H2O to 1 Liter. 

 

2.17 Chemical library preparation 

To detect the enzymatic activities of AtSOT12 with different xenobiotics besides SA, 

other 27 compounds were used (Fig. 2.2):  

38 
 



 Texas Tech University, Liqiong Gao, August 2011 

 

Fig. 2.1 Chemical structures of 28 compounds. 1. m-cresol 2. p-cresol 3. o-cresol 4. 2-
ethylphenol 5. 3-ethylphenol 6. 4-ethylphenol 7. 2-nitrophenol 8. 3-nitrophenol 9. 4-
nitrophenol 10. 2-aminophenol 11. 3-aminophenol 12. 4-aminophenol 13. hydroquinone 
14. sodium 4-amino-salicylate 15. 5-sulfosalicylic acid dihydrate 16. pentachlorophenol 
17. 1-naphthol 18. 2-naphthol 19. 1,10-phenanthroline monohydrate 20. 2-aminofluorene 
21. hycanthone 22. quercetin dehydrate 23. 1-hydroxypyrene 24. 1-pyrenemethanol 25. 
β-estrodiol 26. 2-hydroxyestradiol 27. cycloheximide 28. salicylic acid 
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Fig. 2.1 Continued. 
 
 
 
 

40 
 



 Texas Tech University, Liqiong Gao, August 2011 

2.18 Sulfotransferase activity assay 

Enzyme assay was performed using [35S]-phosphoadenosine phosphosulfate (PAPS, 

PerkinElmer Life and Analytical Sciences) as sulfate donor. The compounds were 

dissolved in water or ethanol. A 100μl of reaction system was set up as below: 

15μg of the purified SOT12 proteins 

50mM Tris-HCl (pH 7.5) 

2μl of [35S]-PAPS 

1mM of substrate 

Add ddH2O to final volume of 100μl 

The reaction was started by the addition of [35S]-PAPS and incubated for 30min at 

30℃. The reaction was stopped by adding 300μl of methanol and incubated at -80℃ for 

2hr. After centrifuging, supernatant was transferred to a new tube and dried by using 

speed vacuum. The pellet was dissolved in 50μl water-methanol (1:1) solution. 20μl of 

solution was analyzed by HPLC-UV (SHIMADZU). Fractions were collected every 1min 

for 60min with Fraction Collector (Gilson FC204). 

The condition of HPLC was used as follows: UV-290nm and 304nm; Pump A-1% 

acetic acid of methanol, Pump B-1% acetic acid of H2O; Running time-1hr; Pressure 

limits-Min 0.0MPa, Max 20.0MPa; Column oven-40℃; Column description-ZORBAX 

Extend C-18; Total flow-1.000 ml/min (Pump A Conc. 90%, Pump B Conc. 10%).  

3ml of ScintiVerse cocktail (Fisher Scientific, SX17-4) was added to each fractions. 

The mixture was shaken well and detected by Scintillation Counter (Beckman Coulter, 

LS6500). 

For enzyme kinetic assay, the products were extracted by using ion pair 
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chromatography instead of HPLC. After the pellet was re-dissolved in 50μl water-

methanol (1:1), the sulfated products were transformed to the ion pairs by the addition of 

10μl of 0.1M tetrabutylammonium phosphate. Then 150μl of ethyl acetate was added to 

extract radio-labeled products. The organic phase (upper layer) was transferred to the 

tube, and 3ml of ScintiVerse cocktail was added to detect radioactivity by Scintillation 

Counter. 

2.19 Enzyme kinetics calculation 

The substrates with high affinity to AtSOT12 were further used to determine kinetics 

of enzyme. According to Michaelis-Menten Equation (Equation 2.1), Km, Vmax, and Kcat 

of different substrates were calculated by using Lineweaver-Burk plot. 

 

   (Equation 2.1) 

 

 

Fig. 2.2 Lineweaver-Burk plot. 
(http://en.wikipedia.org/wiki/File:Lineweaver-Burke_plot.svg). 
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CHAPTER III  

RESULTS 

3.1 Transformation of SOT12 into tobacco plants 

In order to examine the role of sulfonation of SA in local and systemic response of 

plants to pathogen, transgenic tobacco plants overexpressing the Arabidopsis SOT12 

gene were generated. Comparing with Arabidopsis with rosette leaves, tobacco plants are 

more suitable for the study of systemic response. Recombinant Agrobacterium strains 

GV3101 with 35S-SOT12 or Vector pCAMBIA 99-1 constructs were used to transform 

Nicotiana tabacum cv. Xanthi NN tobacco plants. Hygromycin resistant transgenic 

tobacco plants were selected and overexpression of AtSOT12 gene and hygromycin 

resistant gene in the transgenic plants was further verified by Northern blotting. 

3.1.1 Screening of T1 SOT12 overexpression plants 

Genomic DNA of T1 plants was isolated using the CTAB method. PCR was 

performed to screen the transgenic plants with genomic integration of the 35S-SOT12 

and the Vector pCAMBIA 99-1 using gene-specific primers below: 

Primers used for detection of 35S-SOT12 in the transgenic plants:  

35S Promoter: 5’-AGACGTTCCAACCACGTCTTC-3’ 

SOT12-seq-R: 5’-TCCGCGGTTTCCTCAGGAGCT-3’ 

Primers used for detection of the Vector pCAMBIA 99-1 in the control transgenic 

plants: 

Hyg 5’ RACE: 5’-TCGCTAAACTCCCCAATGTC-3’ 

35S Promoter: 5’-AGACGTTCCAACCACGTCTTC-3’ 

As shown in Fig. 3.1A, totally 22 hygromycin resistant T1 plants for 35S-SOT12 and 
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11 T1 plants for the Vector control were generated and only a portion of the T1 plants 

displayed positive PCR bands. The T1 plants positive in PCR analysis were chosen for 

total RNA isolation and Northern blotting analysis. Fig. 3.1B shows the AtSOT12 gene 

transcript levels in the T1 35S-SOT12 transgenic lines and the hygromycin resistant gene 

expression levels of the T1 vector control transgenic lines. A3 and A9 lines showed high 

expression of AtSOT12; A7 showed medium AtSOT12 expression level and A8, A13, A19 

displayed relatively weak AtSOT12 expression. Other lines did not have detectable level 

of AtSOT12 transcripts. Amongst the T1 vector control transgenic lines, B7 showed 

highest expression level of the hygromycin resistant gene and was chosen as a control for 

further study (Fig. 3.1 B). 

 

Fig. 3.1 A. SOT12 and Vector 99-1 sequence check of transgenic plants by PCR. B. 
Northern blotting of SOT12 and Vector 99-1 mRNA expression. rRNA was used as 
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loading control. 
 
3.1.2 Genetic and molecular characterization of the T2 35S-SOT12 transgenic lines 

Base on the AtSOT12 expression levels shown in Fig. 3.1B, A3, A7, A8, A9 and A13 

lines were selected for further genetic and molecular analysis. Seeds from T1 lines were 

harvested and germinated on ½ MS agar medium with 40 mg/L of hygromycin to 

determine the segregation of the hygromycin resistant gene (Table 32.). A3, A9, A13 and 

B5 lines showed approximately 3:1 segregation ration, indicating a single insertion of the 

transgene. Consistent with the transcription levels of the trangenes shown in Fig. 3.1B, A7, 

A9 and B7 displayed highest hygromycin resistant amongst the lines tested; however, A3 

line showed only medium resistant to hygromycin, which is not consistent with the 

transgene expression level of this line in the T1 generation (Fig. 3.2). 

The transcript level of AtSOT12 was determined in all the selected T2 lines by using 

Northern blotting (Fig. 3.3). Only A7 and A9 lines showed significant AtSOT12 

expression level, while other lines had no detectable levels of AtSOT12 transcripts (Fig. 

3.3). Thus, A7 and A9 lines were selected for further study and B7 was selected as a 

transgenic control. 
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Table 32. Segregation of different lines of tobacco transgenic plants. A3, A7, A8, A9 and 
A13: SOT12 transgenic plants; B5 and B7: Vector 99-1 transgenic plants. 
 

 Resistant Sensitive Total 

A3 186 64 250 

A7 228 14 242 

A8 200 42 242 

A9 175 60 235 

A13 168 67 235 

B5 239 83 322 

B7 164 6 170 

 

 

Fig. 3.2 Phenotypes of different lines of tobacco transgenic plants. The transgenic plants 
were grown on 1/2 MS medium with 40mg/L of Hygromycin. A3, A7, A8, A9 and A13: 
SOT12 transgenic plants; B5 and B7: Vector 99-1 transgenic plants; WT: wild type. 
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Fig. 3.3 SOT12 expression of T2 tobacco plants (from Petri dish). The transgenic plants 
were grown on 1/2 MS medium with 40mg/L of Hygromycin. A3, A7, A8, A9 and A13: 
SOT12 transgenic plants; B5 and B7: Vector 99-1 transgenic plants; WT: wild type. rRNA 
was used as loading control. 
 
3.2  Expression analysis of the PR genes in response to SA treatments in mutant and 

AtSOT12 overexpreesing Arabidopsis plants 

To investigate the role of AtSOT12 in SA signaling control of gene expression, 

Arabidopsis wild type, sot12 mutant and SOT12 overexpression plants were sprayed with 

SA and Northern analysis was performed to determine the expression levels of the PR 

genes. It exhibited that expression of PR genes was increased with increasing 

concentrations of SA. At 0.5mM of SA, PR genes showed significantly high expression 

levels, consistent with the previous results. 

 

Fig. 3.4 Expression of PR-1, PR-2 and PR-5 genes in Arabidopsis transgenic plants. Five 
different concentrations of SA (mM) were used to detect the induction levels of PR genes. 
The tubulin gene was hybrid as template control. 
 
3.3 AtSOT12 enzymatic activity assay 

To study the substrate preference of AtSOT12, the sulfotransferase activity assay was 

carried out by using radioactive [35S]-phosphoadenosine phosphosulfate (PAPS) as the 
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sulfate donor, as previously described (Baek et al., 2010). A pool of structurally related 

compounds was selected as substrates in this study. The enzyme kinetic parameters were 

determined with cycloheximide (CHX), SA and simple phenolic xenobiotics to elucidate 

the structural characteristics of compounds favored for AtSOT12 enzyme. 

3.3.1 AtSOT12 enzymatic activities for SA 

Catalytic activity of AtSOT12 protein was detected exclusively with salicylic acid. 

Lineweaver-Burk plot was applied to measure and calculate the kinetic parameters shown 

below (Fig. 3.5). The reaction was started by the addition of [35S]-PAPS and incubated 

with 15μg of purified AtSOT12 proteins at 30 ℃ for 30min. The radioactive peak was 

isolated by HPLC-UV and detected by Scintillation Counter.  

 

Vmax = 2.67 pkatal s-1 

Km = 0.44mM 

Kcat = 9.91×10-4 s-1 

Kcat/Km=0.0023 s-1 

y = 90969x + 208120
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Fig. 3.5 Determination of kinetic parameters of AtSOT12 for SA. 
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3.3.2 AtSOT12 enzymatic activities for cycloheximide (CHX) 

When detecting AtSOT12 preference with different substrates, interestingly, CHX 

showed high affinity with AtSOT12 protein. Therefore, we determined protein kinetic 

parameters of activity with CHX. Lineweaver-Burk plot was applied to measure and 

calculate the kinetic parameters shown below (Fig. 3.6). The same conditions were used 

as described in 3.3.1. 

 

Vmax = 2.33 pkatal s-1 

Km = 0.01mM 

Kcat = 8.7×10-4 s-1 

Kcat/Km= 0.084 s-1 

y = 2462.2x + 238311
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Fig. 3.6 Determination of kinetic parameters of AtSOT12 for CHX. 
 
3.3.3 AtSOT12 enzymatic activities for other simple compounds  

Fig. 3.7 showed the relative activities of 26 xenobiotics besides SA and CHX, 

including simple phenolic compounds, steroids, and toxins. The chemical structures of 

these compounds were shown in Fig. 2.2. 
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As shown in Fig. 3.7, AtSOT12 displayed high activity to several compounds, 

especially to those simple phenolic compounds such as nitro-phenols, ethyl-phenols and 

cresols (methyl-phenols). Derivatives of SA, sodium 4-amino-salicylate and 5-

sulfosalicylic acid dihydrate, showed relatively low activities, indicating high selectivity 

of AtSOT12 toward salicylates. 

To elucidate the structural preference of AtSOT12 for the substrates, three groups of 

simple phenolic compounds showing high activities with AtSOT12 enzyme were used as 

substrates to determine the kinetic parameters. Lineweaver-Burk plot (Fig. 3.8) was 

applied to measure the kinetic parameters (Table 3.2). 

Amongst the three groups tested, AtSOT12 had much higher catalytic efficiencies to 

nitro-phenols than both of ethyl-phenols and cresols (methyl-phenols). The functional 

group with higher polarity (nitro>methyl>ethyl) presented higher activity for AtSOT12. 

Moreover, functional groups located in the 4- position showed better activity with 

AtSOT12 enzyme compared with 2- and 3- position. 
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Relative Activities of Substrates
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Fig. 3.7 The relative activities of different substrates. Relative actvity = peak value of 
product / peak value of PAPS. 1. m-cresol 2. p-cresol 3. o-cresol 4. 2-ethylphenol 5. 3-
ethylphenol 6. 4-ethylphenol 7. 2-nitrophenol 8. 3-nitrophenol 9. 4-nitrophenol 10. 2-
aminophenol 11. 3-aminophenol 12. 4-aminophenol 13. hydroquinone 14. sodium 4-
amino-salicylate 15. 5-sulfosalicylic acid dihydrate 16. pentachlorophenol 17. 1-naphthol 
18. 2-naphthol 19. 1,10-phenanthroline monohydrate 20. 2-aminofluorene 21. hycanthone 
22. quercetin dehydrate 23. 1-hydroxypyrene 24. 1-pyrenemethanol 25. β-estrodiol 26. 2-
hydroxyestradiol. 
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Fig. 3.8 Determination of kinetic parameters of AtSOT12 for 3 groups of phenolic 
compounds with Lineweaver-Burk plot. 
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Table 33. Kinetic parameters of phenolic compounds. 
 

 2-nitrophenol 3-nitrophenol 4-nitrophenol 

1/Vmax 44947  53090  37852  

Vmax(pkatal/mg) 12.36  10.46  14.68  

Km/Vmax 14035  25208  10447  

Km (mM) 0.312  0.475  0.276  

Kcat (s-1) 0.0046  0.0039  0.0055  

Kcat/Km 0.0147  0.0082  0.0197  

 

 2-ethylphenol 3-ethylphenol 4-ethylphenol 

1/Vmax 183793  390553  188917  

Vmax(pkatal/mg) 3.02  1.42  2.94  

Km/Vmax 213166  59410  25425  

Km (mM) 1.160  0.152  0.135  

Kcat (s-1) 0.0011  0.0005  0.0011  

Kcat/Km 0.0010  0.0035  0.0081  

 

 o-cresol m-cresol p-cresol 

1/Vmax 409551  516397  161665  

Vmax(pkatal/mg) 1.36  1.08  3.44  

Km/Vmax 95796  92734  79787  

Km (mM) 0.234  0.180  0.494  

Kcat (s-1) 0.0005  0.0004  0.0013  

Kcat/Km 0.0022  0.0022  0.0026  
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CHAPTER IV  

DISCUSSION 

In this study, the interest focused on the elucidation of two aspects:  

 Function of AtSOT12 in plant defense to pathogen. 

 Structural characteristics of substrates preferred for AtSOT12 protein. 

4.1 Function of AtSOT12 in pathogen resistance and SAR 

The involvement of AtSOT12 in pathogen resistant was first determined by treatment 

with virulent Pst DC3000 to sot12 mutant and AtSOT12 over-expression lines (Baek et al., 

2010). sot12 mutant displayed more sensitive phenotype, while AtSOT12 OE leaves 

showed more resistant phenotype compared with wild type. To understand the role of 

AtSOT12 in modulating SA signaling for pathogen defense, the mutant and AtSOT12 

overexpression transgenic line were also used in this study. PR genes expression analysis 

showed an increased expression level when treated with higher concentrations of SA in 

all genotypes tested (Fig. 3.4). However, sot12 mutant and its control WS-0, as well as 

AtSOT12 OE and its control Col-0, showed similar expression level of the PR genes. This 

result may be due to high sensitivity of the PR gene expression in response to SA, which 

leads to the difficulty of detecting the influence of AtSOT12 on PR gene expression. 

Another possible explanation is that only one time point (24 hrs) was chosen, which was 

shown to be the peak induction time for the PR gene expression in many reports, and 

perhaps difference in PR gene expression in different genotypes could be seen at different 

time points, for example, early or late response to SA treatments. 

Though Arabidopsis is one of the model plants, it is not suitable for study of systemic 

acquired resistance (SAR) due to its feature of rosette leave. Tobacco plant has 
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advantages for SAR study because of its relative big size of leaves, prolific seeds, and 

obvious levels of leaves. Thus, we attempted to use tobacco plants to study the function 

of AtSOT12 in systemic response by generating transgenic tobacco plants overexpressing 

AtSOT12. After hygromycin resistant selection, PCR analysis of the transgenes and initial 

transgene expression analysis in the T1 plants (Fig. 3.1), we selected the lines A3, A7, A8, 

A9 and A13 for further characterization in the T2 generation. The segregation for 

hygromycin resistance shows that all of the five lines exhibited heterozygous 

characteristics. AtSOT12 expression analysis in the T2 generation shows that A3, A8 and 

A13 lines lose AtSOT12 expression in the T2 generation (Fig 3.3). This indicates that 

positions of DNA insertion may cause the loss of expression. Interestingly, the 

hygromycin resistance of A3, A8 and A13 was also similar to each other (Fig. 3.2). The 

plants grew much smaller, and the leaves presented in yellow color and white mosaic 

spots in hygromycin selection medium, which suggests that the transgene expression is 

impaired in these lines. The T2 plants of A7 and A9 showed high level expression of 

AtSOT12 (Fig. 3.3) and A7 showed a lower expression level of AtSOT12 compared with 

A9, which is consistent with the results from the T1 plants (Fig. 3.1 B). These results 

suggest that the A7 and A9 lines are stably transformed and the transgene expression is 

inherently high. Therefore A7 and A9 lines were chosen for further study of the role of 

AtSOT12 in local and systemic response.  

AtSOT12 activity assay shows that the enzyme is able to sulfonate SA in vitro with 

Km 0.44mM. However, the kinetic activity seems lower than those of CHX or some other 

phenolic compounds tested, suggesting that sulfonation of SA by AtSOT12 may be a rate-

limiting step in vivo and plays a role in regulating the pathway of SA signaling. SA has 
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long been known to be an important hormone in plant defense response. Thus, the role of 

AtSOT12 in pathogen defense is likely through modification of SA. Perhaps, sulfonated 

SA can serve as a mobile signaling molecule in the water based transport system in plants 

for long distance signaling due to its more water soluble feature than SA. This notion 

deserves more in-depth study in the future. 

Cycloheximide (CHX), an effective inhibitor of protein biosynthesis in eukaryotes, 

shows surprisingly high affinity to AtSOT12. CHX is produced by the 

bacterium Streptomyces griseus in nature and interferes with the movement of tRNA 

molecules and mRNA in relation to the ribosome and therefore blocks translational 

elongation. The high affinity of AtSOT12 with CHX implies the capability of 

modification of this toxic compound by AtSOT12 in vivo. This modification might 

represent a function of AtSOT12 in detoxification of toxins produced by pathogens 

during plant-pathogen interaction thus providing tolerance mechanisms in addition to 

modification of the endogenous hormone SA. T-2 toxin, a trichothecene mycotoxin, was 

reported to induce AtSOT12 expression (Masuda et al., 2007). Whether AtSOT12 could 

modify T-2 toxin is unknown, but it is likely that AtSOT12 plays a role in detoxification 

of this toxin. 

 

4.2 Structural characteristics of substrates preferred for AtSOT12 protein. 

It has been demonstrated that the crystal structure of AtSOT12 shared high structural 

similarity with human estrogen sulfotransferase (hEST, sequence identity 30%; Smith et 

al., 2004). And 93% of residues is superimposed between SULT1A1 and SULT1E1 

(sequence identity 48%; Gamage et al., 2003). The high similarities of crystal structures 
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among these three sulfotransferases (Fig. 4.1) indicate that the region(s) responsible for 

substrate binding should share certain conserved motifs.  

Human SULT1A1 favors uncharged simple phenolic compounds such as 4-

nitrophenol, p-cresol, or 4-ethylphenol, and the crystal structure of SULT1A1 presented a 

hydrophobic substrate binding pocket, which prefers binding of uncharged substrates 

(Gamage et al., 2003). Based on the structural similarity, it can be speculated that 

AtSOT12 may also have a hydrophobic substrate binding site as SULT1A1.  

AtSOT12 had much higher catalytic efficiencies to nitro-phenols than to both of 

ethyl-phenols and cresols (methyl-phenols), which suggests that the interaction between 

the substrate and the enzyme need polar functional groups (nitro>methyl>ethyl) to 

stabilize the confirmation of the enzyme. Oxygen with free electron pair could form 

hydrogen bond with H2O molecule or residues of amino acids. Functional groups located 

at the 4- position showed higher activity with AtSOT12 enzyme compared with 2- and 3- 

position. 4-nitrophenol has higher polarity than 2- and 3-nitrophenls, partially because 

NO2 and OH groups are further apart from each other. Another reason is 2-nitrophenol is 

internally hydrogen-bonded, which leads to disability of hydrogen bond to adjacent 

molecules. The preferences of 4-position in both of nitrophenols and ethylphenols 

indicate a slot position of substrate binding site accommodating 4-position replaced 

phenols.  
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Fig. 4.1 Ribbon diagrams of AtSOT12 (PDB: 1Q44; Smith et al., 2004), SULT1A1 (1LS6; 
Gamage et al., 2003) and SULT1E1 (1AQU; Kakuta et al., 1997). Secondary structural 
elements are depicted as coils for helices (pink) and arrows for strands (orange). Images 
were created with Swiss-PdbViewer software. 
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CHAPTER V  

CONCLUSIONS AND FUTURE POSSIBLITIES 

In this study, two lines of transgenic tobacco plants showed stable overexpression of 

AtSOT12. These transgenic lines are valuable resource for the study of the role o 

AtSOT12 in local and systemic response. By using root-shoot grafting between the 

transgenic plants and wild type and molecular characterization of the PR gene expression, 

the role of AtSOT12 in generating mobile molecule for systemic response could be better 

elucidated. 

AtSOT12 protein shows high enzymatic activity to variety of substrates including 

CHX, phenolic compounds, and SA, and shares similar crystal structure and catalytic 

properties with SULT1A1. The future research could be focused on the identification of 

the structural characteristics in AtSOT12 leading to the discrimination of substrates by 

carrying out site-directed mutagenesis of the protein. This study would further our 

understanding of structure- function relations of AtSOT12. 
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