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Introduction 

Inorganic sulfate taken up by microorganisms and higher plants is converted to 

organic sulfur compounds. A series of reactions leading to cysteine from sulfate is called 

sulfate assimilation. Sulfate assimilation pathway is shown in Fig. 1. Most of the steps in 

the pathway are similar both in microorganisms and higher plants. Generally, animais do 

not have sulfate assimilation pathway. At first, sulfate anion is taken up into the cell by 

sulfate transporter or sulfate permease. cDNAs encoding sulfate transporter have been 

cloned in several organisms. In higher plants, cDNAs were cloned in Stylosanthes hamata 

(Smith et al, 1995), Hordeum vulgare (Hawkesford and Smith 1997) and Arabidopsis 

thaliana (Takahashi et al, 1996, Takahashi et al, 1997). There are two classes of sulfate 

transporters in higher plants; one is constitutively expressed and another is induced by 
;,> 'j 

sulfur deficient condition (Hawkesford and Smith 1997). \The first reaction in sulfate 

assimilation is an activation of sulfate to adenosine 5'-phosphosulfate (APS) catalyzed by 

ATP sulfurylase (EC 2.7.7.4). In E. coti and yeast (Thomas, et al, 1997), APS is converted 

to another active form of sulfate, 3'-phospho adenosine 5'-phosphosulfate (PAPS) by APS 

kinase (EC 2.7.1.24), then PAPS is reduced to sulfite by PAPS reductase (EC 1.8.99.4). 

PAPS reductase in these organisms required thioredoxin as an electron-donor. PAPS is 

also considered to be a sulfate donor in transfer reactions of several sulfotransferase. In 

sulfur-reducing bacteria, APS is directly converted to sulfite by APS reductase. APS 

reductase is contained FAD and Fe-S cluster in the enzyme (Lampreia et al, 1990). In 

algae and higher plants, APS is thought to be converted to sulfite by APS sulfotransferase, 

which catalyzes transfer of the sulfo-group of APS to a carrier compound with a thiol group. 

APS kinase and PAPS reductase were also reported in spinach (Burnell and Anderson, 

1973, Schwenn, 1989). More detailed evidence is required to prove the involvement of 

P APS in sulfate assimilation pathway of higher plants. PAPS is also used as a sulfate 

donor of sulfotransferase in higher plants. Sulfite is converted sulfide by sulfite reductase 

(EC 1.8.1.2) coupled with ferredoxin in higher plants or NAD PH in E. coti and yeast as an 

electron-donor. In the final step of the assimilation, sulfide is converted to cysteine by 0-

acety lserine(thiol)lyase (cysteine synthase; EC 4.2.99.8) with 0-acetylserine (OAS), 

which is supplied from serine by serineacetyltransferase (EC 2.3.1.30). In yeast, when 

homoserine is served instead of serine, homocysteine is produced. Cysteine is a key sulfur 
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containing compound which leads to other important sulfur containing compounds such as 

methionine, glutathione (GSH), and proteins. Among the enzymes involved in sulfate 

assimilation pathway, only APS sulfotransferase had not been purified until 1993 when this 

study was started. 

The enzymes in the sulfate assimilation passway are located mainly in chloroplast 

and cytosol in higher plants. One isoform of 0-acetylserine(thiol)lyase is also located in 

mitochondria. Isolated genes encoding the enzymes involved in the assimilation pathway in 

higher plants are listed in Table !. 

APS sulfotransferase is thought to be an enzyme which catalyzes the transfer of sulfo­

group of APS to a carrier compound with a thiol group in the assimilatory pathway in higher 

plants. In in vitro reaction, dithiothreitol (DTT) or GSH is required for the reaction and 

thought to be a carrier. But in vivo a carrier has not been determined. It has been supposed 

that GSH (Tsang and Schiff 1978) or a somewhat larger molecular weight compound 

(Schmidt and Schwenn 1971) is functioned as a carrier. APS sulfotransferase activity was 

susceptible to regulatory factors like reduced sulfur sources (S02, H2S and cysteine, 

Brunold 1976, Wyss and Brunold 1979, Wyss and Brunold 1980), heavy metal treatment 

(Nussabaum et al. 1988) and sulfur and nitrogen nutrition (Brunold and Suter 1984, 

Brunold et al, 1987, Haller et al, 1986). Although there were many physiological studies on 

APS sulfotransferase, the enzyme had been only partially purified from Chlorella (Hodson 

and Schiff 1971) and spinach (Schmidt 1976). In algae, APS sulfotransferase was purified 

from Euglena gracilis (Li and Schiff 1991), and marine macroalgae, Porphyra yezoensis 

(Kanno et al. 1996). Recently APS reductase genes were isolated from Arabidopsis 

thaliana (Gutierrez-Marcos et al.1996, Setya et al. 1996). These authors reported that 

APS reductase catalyzed the direct conversion of APS to sulfite. Recombinant proteins of 

plant APS reductase had activity converting APS to sulfite, when thiols compounds existed 

at the high concentration. Recombinant APS reductase also had a low PAPS reductase 

activity. However, the components of the reaction mixture are the same between APS 

sulfotransferase and recombinant APS reductase, so that it is impossible to distinguish 

APS reductase from APS sulfotransferase. 

Thus, the step converting APS to sulfite is still not defined in higher plants. 

Characterization of APS sulfotransferase (or APS reductase) and APS kinase will provide 

valuable information to understand mechanism and control of the sulfate assimilation 
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pathway. In this study, I try to understand the step converting APS to sulfite in higher 

plants. The non-radioactive assay method for APS sulfotransferase is described in Chapter 

1. Purification of APS sulfotransferase from radish seedlings and its characterization are 

described in Chapter 2. Finally, I discuss molecular evolution of the step converting APS to 

sulfite in Chapter 3. 

1 
(external) 

2 
(internai) 

Fig. 1 Sulfate assimilation pathway 

PAPS 

Cysteine 
6 8 

S042-, sulfate; APS, adenosine 5'-phosphosulfate; PAPS, 3'-phospho-adenosine 

5'-phosphosulfate; OAS, 0-acetylserine 

[1] sulfate transporter;[2] ATP sulfurylase;[3] APS sulfotransferase or APS reductase; 

[4] APS kinase;[5] PAPS reductase; [6] sulfite reductase;[7] serineacetyltransferase; 

[8] 0-acetylserine(thiol)lyase; 
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Table 1. Isolated genes encoding enzymes involved in sulfate assimilation pathway in 

higher plants 

Gene 

Sulfate transporter 

ATP sulfurylase 

APS kinase 

APS reductase 

Sulfite reductase 

Species 

Arabidopsis thaliana 

Stylosanthes hamata 
Hordeum vulgare 

Arabidopsis thaliana 

Solanum tuberosum 

Arabidopsis thaliana 

Arabidopsis thaliana 

Arabidopsis thaliana 
Zea mays 

0-Acety lserine(thiol)lyase Arabidopsis thaliana 
Capsicu1n annuiun 

Spinacia oleacea 

Triticum aestivum 

Seri neacety 1 transferase Arabidopsis thaliana 

Citrullus vulgaris 
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Chapter 1. 

Introduction 

Non-radioactive Adenosine 5'-phosphosulfate Sulfotransferase Assay 

by Coupling with Sulfite Reductase and 0-Acetylserine(thiol)lyase. 

Currently, APS sulfotransferase activity is assayed based on release of (35S]S0 2 

from (35SJAPS in the presence of dithioerythritol (OTE), OTT or GSH (Schiff and 

Levinthal, 1968). [35S]APS used as a substrate have to be synthesized in the laboratory 

by the complexed procedures. This method is stime-consuming, although ensitive. The 

difficulty in the enzyme assay is one of the reason why APS sulfotransferase has not been 

purified from higher plants. Therefore, we have attempted to develop an alternative and 

nonradioactive assay method for APS sulfotransferase. 

Relationship of APS sulfotransferase activity with sulfur nutrition was reported in 

Lemna minor (Brunold et al, 1987), tropical legume Macroptilium atropurpureum (Bell et 

al, 1995), and suspension cell culture of Nicotiana sylvestris (Jenni et al, 1980) and Rosa 

sp. (Haller et al, 1986). They reported a long term response of the enzyme activity in the 

plants grown with or without sulfate. Since sulfur is one of the essential macroelements in 

plants, contents of sulfur-containing compounds in the plants must be changed. In Lemna 

(Oatko et al, 1978), Macroptilium (Clarkson et al, 1983) and spinach (Oietz 1989) grown 

under different sulfur nutrition conditions, changes in the contents of sulfur-containing 

compounds were reported. 

This chapter describes a rapid and sensitive assay method for APS 

sulfotransferase. The method we developed is based on a coupled reaction with sulfite 

reductase and 0-acetylserine(thiol)lyase to yield cysteine from APS (Fig. 2). Changes in 

APS sulfotransferase activity and contents of sulfur-containing compounds in the plants 

grown under the different sulfur nutrition conditions are also described. 
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Fig. 2. Principle of APS sulfotransferase assay. 
APS sulfotransferase catalyzes the transfer of sulfo-group of APS to DTT. In the presence 
of excess DTT, sulfite is spontaneously eliminated from the DTT-Sûr formed. Then, the 
sulfite formed is converted to cysteine by coupling with sulfite reductase and 0-acetylserine 
-(thiol)lyase. 

Materials and Methods 

Mate rials 

Authentic APS was obtained from Sigma Chemical Co. (St. Louis, MO, USA). 

Trimethylamine-N-sulfonic acid was purchased from Aldrich Chemical Co., Inc. 

(Milwaukee, WI, USA). Ali other reagents were of analytical grade. 

Plant materials 

Radish (Raphanus sativus L.) seeds after soaking in tap water for 1 day were placed 

in plastic containers with tap water and germinated in the dark for 1 day. Germinated 

seeds were then placed in the greenhouse and grown for another 4 to 5 days with a nutrient 

solution. Harvested shoots were stored at -80°C until use. Nutrient solution contained 16.4 

mM N (1.4 mM NH4-N and 15 mM N03-N), 0_65 mM P, 4 mM K, 3.9 mM Ca, 2.0 mM Mg, 

2-1 mM S, 21 µM Mn, 0.6 µM Zn, 48 µM Fe, 0.3 µM Cu, 14 µM B, and 0.2 µM Mo in tap 
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water. Cl was supplied from tap water. 

Soybean (Glycine max Merrill cv. Shirojishi) seeds were germinated in a plastic 

container with vermiculite in a greenhouse. When primary leaves were fully expanded, 

seedlings were transplanted into 1/5000 Wagner pots (2 seedlings per pot) containing 3-1 

nutrient solution with aeration. The solution was a quater-strength of Hoagland solution. 

The nutrient solutions was replaced with the fresh one every 5 days. When the first 

trifoliate leaves were fully expanded, the pots were drained, washed, flushed with distilled 

H20 and refilled with 1/2 strength modified Hoagland solution, containing 1 mM (S-1) or 0 

mM sulfate (S-0) (ail the sulfate salts were replaced with chloride ones). The nutrient 

solutions were replaced with the fresh one every 3 days. Seedlings were harvested 0 and 

10 days after the treatment, weighed, and stored at -80°C. 

Other plant materials were obtained at local markets. 

Synthesis of APS 

APS was synthesized by the method described previously (Cherniak and Davidson, 

1964) with some modifications to obtain a large amount of the purified one. 

Trimethylamine-N-sulfonic acid was used instead of triethylamine-N-sulfonic acid in the 

process of sulfonation. The APS synthesized was further purified. Hereafter, all steps were 

done at 4°C. The mixture containing APS was put on a DEAE-Toyopearl 650M column (2 

x 20 cm) and eluted with 200 mM potassium phosphate buffer, pH 8.0. APS was eluted 

after AMP. Fractions containing APS were combined, concentrated to about 2 mM, and 

stored at -20°C until use. Purification of APS on DEAE-Toyopearl 650M resulted in 99% 

purity on a HPLC chart. The APS synthesized was identified by comparison of the 

retention time with commercially available APS on HPLC mounting Wakobeads 1-DEAE 

column (6 x 100 mm, Wako Pure Chemicals Ind. Ltd, Osaka, Japan). The mobile phase 

was 150 mM potassium phosphate buffer, pH 6.9. Detection was done by absorbance at 

260 nm. A molecular absorption coefficient of 15,200 was used for APS (Baddiley and 

Letters, 1957). 

Preparation of 0-acetylserine(thiol)lyase from cabbage leaves 

0-acetylserine(thiol)lyase activity was assayed essentially by the method described 

previously (Lunn et al, 1990). The reaction mixture was composed of 20 µmoles of 
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potassium phosphate buffer (pH 7.5), 1 µmole of 2-mercaptoethanol, 2 µmoles of OAS, 2.5 

µmoles ofNazS, and the enzyme solution in a final volume of 1 ml. After incubation at 30°C 

for 10 min, cysteine formed was measured colorimetrically (Gaitonde, M. K., 1967). One 

unit (U) was defined as the amount of the enzyme catalyzing formation of 1 µmole of 

cysteine per min under these conditions. 0-acetylserine(thiol)lyase was partially purified 

by the method described previously (Masada et al, 1975) with some modifications. Fresh 

cabbage leaves (1 kg) were homogenized in a Waring blender for 5 min with 200 mM 

potassium phosphate buffer, pH 8.0, containing 1 mM EDT A and 0.1 % mercaptoethanol 

(200 mM PEM buffer, pH 8.0). The homogenate was filtered through 4 layers of gauze and 

the filtrate was centrifuged at 10,000 x g for 10 min. The supernatant was heated at 70°C 

for 3 min, cooled quickly, and then centrifuged at 10,000 x g for 10 min. The supernatant 

was precipitated with (NH4)zS04 (30-80%). The resulting precipitate was dissolved in 30 

mM PEM buffer, pH 8.0, containing 10% glycerol (30 mM PEMG buffer, pH 8.0) and 

dialyzed overnight against the same buffer. The dialyzed enzyme solution was purified by 

DEAE cellulose column chromatography and gel filtration with Sephadex G-100. Thus, the 

enzyme was purified 100-fold with a specific activity of 366 U/mg protein. Active fractions 

were pooled, concentrated, and stored at -80°C until use. Under these conditions, the 

enzyme was stored without a significant loss of activity more than one year. 

Preparation of NADPH-dependent sulfite reductase from baker's yeast 

NADPH-dependent sulfite reductase activity was measured by coupling with 0-

acetylserine(thiol)lyase (Von Arb and Brunold, 1983). The reaction mixture was composed 

of 25 µmoles of Hepes/NaOH buffer (pH 8.0), 2 µmoles of OAS, 10 µmoles of DTT, 1 

µmole of NADPH, 2 µmoles of Na2S03, 0.3 U of 0-acetylserine(thiol)lyase, and the 

enzyme solution for sulfite reductase in a final volume of 1 ml. After the incubation for 20 

min at 30°C, cysteine formed was measured colorimetrically. One unit (U) was defined as 

the amount of the enzyme catalyzing formation of 1 µmole of cysteine per min under these 

conditions. Sulfite reductase was partially purified by the method described previously with 

some modifications (Yoshimoto and Sato, 1968). Baker's yeast cells (300 g) were 

suspended in 3 1 of chilled 300 mM PEM buffer, pH 7.0, and disrupted in a Dyno-mill (Willy 

A. Bachofen, Switzerland). The homogenate was centrifuged at 10,000 x g for 10 min. The 

supernatant was precipitated with (NH4)zS04 (30-50%). The precipitate obtained was 
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dissolved in 50 mM PEMG buffer, pH 7 .0, and dialyzed overnight against the same buffer. 

The dialyzed enzyme solution was further purified by DEAE-Toyopearl 650M column 

chromatography with a linear gradient of 1 OO to 150 mM KCI in the 50 mM PEMG buffer, 

pH 7.0. Thus, the enzyme was purified 75-fold with a specific activity of 0.063 U/mg protein. 

Active fractions were pooled, concentrated, and stored at -80°C until use. Under the 

condition, the enzyme could be stored more than one year without any significant Joss of 

activity. 

APS sulfotransferase assay 

The standard reaction mixture for APS sulfotransferase assay contained 25 µmoles of 

potassium phosphate buffer (pH 8.0), 500 µmoles of Na2S04 , 100 µmoles of Na2C03, 4 

µmoles of OAS, 30 µmoles of DTT, 1 µmole of NADPH, 200 nmoles of APS, 0.01 U of 

sulfite reductase, 0.3 U of 0-acetylserine(thiol)lyase, and an aliquot of the enzyme solution 

in a final volume of 1 ml. The final pH of the reaction mixture was 9.0. After the incubation 

for a definite period at 30°C, the reaction was stopped by addition of 0.2 ml of 1.5 M 

trichloroacetic acid. After the mixture was centrifuged at 10,000 x g for 2 min, the acid 

ninhydrin reagent was added to the supernatant to measure cysteine formed 

colorimetrically (Baddiley et al. 1957). One unit (U) was defined as the amount of the 

enzyme catalyzing formation of 1 µmole of cysteine per min under the condition. 

Preparation of enzyme solution 

Ali steps were done at 4 °C unless otherwise noted. Fresh leaves were homogenized 

in a Waring blender for 5 min with 2 volumes of 300 mM PEM buffer, pH 8.0. The 

homogenate was filtered through 4 layers of gauze, and centrifuged at 10,000 X g for 10 min. 

The supernatant was precipitated with (NH4)zS04 (40-60%). The resulting precipitate 

was dissolved in a small volume of 50 mM PEMG buffer, pH 8.0, and dialyzed overnight 

against the same buffer. The dialyzed enzyme solution was referred to as "enzyme 

preparation A". The enzyme preparation A was put on a DEAE cellulose column (2 X 20 

cm). After the column was washed with 50 mM PEMG buffer, pH 8.0, proteins were eluted 

with the same buffer containing 500 mM KCI. The active fractions were pooled, precipitated 

by 60% saturation of (NH 4) 2S04. The precipitate dissolved in 50 mM PEMG buffer, pH 

8.0, was dialyzed against the same buffer. The dialyzed enzyme thus obtained was referred 
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to as "enzyme preparation B", and stored at -80°C until use. Summary of a typical 

purification from spinach leaves is shown in Table 2. 

Table 2 Summary of purification of APS sulfotransferase from spinach leaves 

Procedure 

(NH4)zS04 fractionationa 

DEAE cellulose 

Total 

protein 

(mg) 

5830 

864 

a Started from 1.8 kg of spinach leaves. 

Protein measurement 

Total 

activity 

(U) 

2.00 

2.80 

Specific 

activity 

(U/mg protein) 

0.000343 

0.00324 

Protein was measured by the method of Bradford (1976) with bovine serum albumin 

as the standard protein. 

M easurement of sulfur-containing compounds 

For protein-S, the freeze-dried samples were homogenized with 10% TCA and 

centrifuged at 7000 g for 5 min. The precipitate was washed twice with ethanol and once 

with acetone. The final precipitation was dried, digested by nitric acid, and subjected to 

ICPS analysis (ICP-AES SPS1500VR Seiko Instruments Inc.). 

For sulfate, 150 mg fresh material was freeze-dried and was homogenized in a mortar 

with a pestle in 3 ml of H20. The homogenate was transferred to a test tube with a screw 

cap. The homogenate was autoclaved for 10 min and centrifuged at 3000 g for 10 min. The 

supernatant (20 µl) was applied to anion chromatography on a Shimadzu HPLC system 

(conductivity detector, CDD-6A; column, IC-Al). Mobile phase was 2.5 mM phthalic acid, 

and 2.4 mM Trishydroxymatylaminomethane. 
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Results and Discussion 

Sulfite measurement 

I had attempted to measure sulfite by coupling with sulfite reductase and 0-acetyl­

serine(thiol)lyase. NADPH-dependent sulfite reductase and 0-acetylserine(thiol)lyase 

used here were purified partially from Baker's yeast and cabbage, respectively. The 

reaction mixture for sulfite measurement was the same as that for the APS 

sulfotransferase assay, but APS and APS sulfotransferase were omitted. To this reaction 

mixture, a definite amount of sulfite was added as Na2S03. When the reaction was done 

with 1 OO nmol of sulfite, cysteine formation increased linearly with respect to incubation 

lime (up to 30 min) and the amount of sulfite reductase (up to 0.95 mg protein) (data not 

shown). When either sulfite reductase or 0-acetylserine(thiol)lyase was omitted from the 

reaction mixture containing sulfite (1 OO nmol), no cysteine formation was observed. This 

suggests that the sulfite reductase used here did not contain 0-acetylserine(thiol)lyase 

activity or vice versa .. Heat-denaturing of sulfite reductase or 0-acetylserine(thiol)lyase 

prevented cysteine formation. Addition of Na2S04 (500 µmol) and Na2C03 (!OO µmol), 

which were required for maximizing APS sulfotransferase activity as mentioned below, did 

not reduce cysteine formation. When the reaction mixture was incubated with different 

concentrations of sulfite (! to 300 nmol), cysteine formed increased linearly with the 

increase in sulfite (Fig. 3). The rate of conversion from sulfite to cysteine was constantly 

about 60% under the conditions used. Thus the amount of sulfite in the reaction mixture 

could be assessed by the method used here. 
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Fig.3. Sulfite measurement by coupling with sulfite reductase and 0-acetylserine(thiol)­

lyase. 

Definite amounts of sulfite were added to the mixture for APS sulfotransferase assay 

instead of APS and APS sulfotransferase. After the incubation at 30'C for 30 min, the 

cysteine formed was measured. 

APS sulfotransferase assay 

When APS and the crude enzyme solution of APS sulfotransferase (preparation A) 

were added to the reaction mixture for sulfite measurement described above and incubated 

at 30°C, cysteine was formed. Therefore, we further examined conditions for optimizing 

the enzyme reaction of APS sulfotransferase. Cysteine formation was dependent on APS 

(Table 3). The amount of cysteine formed increased linearly with increase in APS up to 1 OO 

nmol and became constant at the concentration more than 1 OO nmol (Fig. 4). Therefore, 

200 nmol of APS was used as the substrate. Omitting APS sulfotransferase solution from 

the reaction mixture or addition of heat-denatured APS sulfotransferase instead of the 

native one resulted in no cysteine formation (Table 3). Cysteine formation was also 

dependent on sulfite reductase and 0-acetylserine(thiol)lyase as expected. Amounts of 
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sulfite reductase and 0-acetylserine(thiol)lyase were sufficient under the conditions used, 

since increasing amounts of these enzymes did not increase the cysteine formed. Since 

APS sulfotransferase activity is reported to increase by higher concentrations of some 

salts (Schmidt, l 975b, Suter et al,, 1992), Na2Sû4 and Na2C03 were added to the reaction 

mixture. APS sulfotransferase activity was increased two-fold by addition of 500 mM 

Na2S04 and 100 mM Na2Cû3. High ionic strength would stabilize the enzyme activity. 

Without OAS and NAOPH, cysteine formation was not observed. Increasing amounts of 

OAS and NAOPH did not increase the cysteine formed under the conditions used. Thus, 

APS sulfotransferase activity could be assessed by this method. 

To assess the requirement of OTT for the APS sulfotransferase, 2-mercaptoethanol­

free APS sulfotransferase was prepared by dialysis of the preparation A against the buffer 

without 2-mercaptoethanol. The activity of APS sulfotransferase thus obtained was 

reduced to about 50% of the activity of the enzyme with 2-mercaptoethanol. Omitting OTT 

from the enzyme reaction mixture resulted in Jess than 10% cysteine formation compared to 

cysteine formation with OTT, suggesting that OTT is required for APS sulfotransferase 

reaction to form sulfite. Addition of MgC]z have no effect on spinach APS sulfotransferase, 

although it was required for Euglena APS sulfotransferase. 

Cysteine formation increased with increase in incubation time (Fig. 5) and the 

amount of the enzyme added (Fig. 6). APS in the reaction mixture was completely 

converted to other compounds under the conditions used here, since APS was not detected 

by HPLC analysis after 30 min of incubation (data not shown). A part of APS was 

converted to sulfite. The fate of other part of APS is not known, but it may hydrolyzed by 

phosphatase, which are abundant in plant tissues. As a conclusion, we established a new, 

rapid assay method for APS sulfotransferase. 
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Fig. 4. APS sulfotransferase activity as a function of APS concentration. 
The standard reaction mixture for APS sulfotransferase was used with exception of 
addition of various amounts of APS. Enzyme preparation B (0.50 mg protein) was used as 
APS sulfotransferase. After the incubation at 30°C for 30 min, the cysteine formed was 
measured. 
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Fig. S. APS sulfotransferase activity as a fonction of incubation time. 
The standard reaction mixture for APS sulfotransferase was used. Enzyme preparation B 
(0.50 mg protein) was used as APS sulfotransferase. After the incubation at 30°C for 
definite periods, the cysteine formed was measured. 
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Fig. 6. APS sulfotransferase activity as a fonction of enzyme concentration. 
The standard reaction mixture for APS sulfotransferase was used with the exception of 
addition of various amounts of APS sulfotransferase (enzyme preparation B). After the 
incubation at 30°C for 30 min, the cysteine formed was measured. 

Distribution of APS sulfotransferase activity in higher plants 

We used the new enzyme assay method to estimate APS sulfotransferase activity in 

some higher plants. Crude enzyme extracts were prepared by the method described above 

for enzyme preparation A. APS sulfotransferase activity was detected from leaves of ail of 

the higher plants tested (Table 4). Chinese leek showed the highest activity among the 

plants tested. The activities obtained here were comparable to those reported so far 

(Schmidt, l 975a). 
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Table 3 Requirements for APS sulfotransferase assay in extract from spinach leaves 

Reaction mixture APS sulfotransferase activity with enzyme preparation 

(% to the complete mixture) 

A B 

Complete !OOn lOOb 

-APS 24 6 

-Na2S04 35 53 

-Na2C03 47 47 

-DIT !2c - d 

-OAS 6 

-NAD PH 6 

-APS sulfotransferase 3 

Heat-denatured sulfite reductase 9 

Heat-denatured 0-Acety lserine(thiol)l yase 8 

Heat-denatured APS sulfotransferase 7 

n With the complete reaction mixture containing enzyme preparation A (6.48 mg protein 
/assay), 85 nmoles of cysteine were formed. 
b With the complete reaction mixture containing enzyme preparation B (0.40 mg protein 
/assay), 32 nmoles of cysteine were formed. 

c Enzyme solution free from 2-mercaptoethanol was used as described in the text. A value 
indicates the activity relative to that with the complete reaction mixture containing 2-
mercaptoethanol-free enzyme solution. 
d Not determined 
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Table 4 Distribution of APS sulfotransferase activity in leaves of various plantsa 

Plant Total protein Total activity Specific activity 

(mg/g FW) (mU/g FW) (mU/mg protein) 

Allium odorum 2.40 0.43 0.18 

Brassica chinenisis var. Komatuna 8.94 1.33 0.15 

Brassica oleracea var. capitata 1.04 0.50 0.48 

Glycine max 5.81 1.92 0.33 

Petroselium sativum 5.63 1.58 0.30 

Raphanus sativus L. 6.30 1.00 0.16 

Spinacea oleracea 5.50 1.86 0.34 

aAPS Sulfotransferase activity was measured in the standard reaction mixture with 
"enzyme preparation A" as described in Materials and Methods. Incubation time was 30 
min. 

Increase in radish APS sulfotransferase 

One-week old radish seedlings were treated with various concentration of (N 

H4)zS04 for 2 h at 25°C. The enzyme solution after (NH4)2S04 fractionation was used as 

the enzyme source. The enzyme activity was activated by 10 mM of (NH4)2Sû4. The most 

effectively; about two-fold higher in terms of specific activity (Fig. 7). In Lemna, or 

suspension cell culture of Nicotiana sylvestris, it was reported that addition of reduced 

sulfur like cysteine to the culture medium was effective to decrease APS sulfotransferase 

activity in a few hours (Brunold et al, 1987, Jenni et al, 1980). In vitro condition, APS 

sulfotransferase was activated by some salts like Na2S04 or NaCl (Suter et al, 1992). The 

finding here was first report that addition of sulfate increase APS sulfotransferase activity 

in vivo. 
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Effects of sulfur-deficient treatments on APS sulfotransferase activity 

Soybean seedlings grown under the sulfur-deficient condition were used for 

measurement of sulfate and protein-S, and for assay of APS sulfotransferase (Fig. 8). 

During 10 days of sulfur-deficient treatment, the plants (S-0) looked almost similar to the 

control (S-1) plants. Fresh weight of S-0 plant had no significant difference to the control 

one (S-1 ). However, APS sulfotransferase activity in leaves of S-0 plant was that of the 

only 30% of control one, and protein-S was about 70% of the contrai one, and sulfate 

content in the leaves of S-0 plant was about 10% of the control one. The sulfate content of 

plant is, therefore, a more sensitive indicator of sulfur deficiency than the total sulfur 

content, as reported by Freney et al (1978). Sulfur-deficient plant seem to reduce sulfate to 

cysteine quickly and incorporated it into protein-S. Earlier works showed that APS 

sulfotransferase activity increased two or three fold in a few days on treatment with sulfate 

deficient nutrient solution (Lemna, Macroptilium, Rosa sp.) (Brunold et al, 1987, Bell et al, 

1995, Haller et al, 1986). They also showed that APS sulfotransferase activity was the 

highest 2 or 3 days after the sulfur-deficient treatment. Our result showed that ASP 

sulfotransferase activity decreased 10 days after sulfate deficient treatment, more detailed 

research will be required to clear regulation of APS sulfotransferase activity. 
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Fig. 7. Changes in radish APS sulfotransferase activity. 
One-week old radish seedlings were treated with (NH4hS04 for 2 h at 25°C. The solution 
after the (NH4hS04 fractionation was used as the enzyme source. 
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Fig. 8. Effects of sulfur-deficiency on APS sulfotransferase activity and content of sulfate 
and protein. 
(A) ASP sulfotransferase activity was measured after (NH4)iS04 treatment. (B) Content 
of sulfate and protein-S in soybean leaves. 
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Chapter 2. 

Introduction 

Purification and Characterization of Adenosine 5'-phosphosulfate 

Sulfotransferase from Radish. 

An enzyme responsible for formation of sulfite from APS has not been purified from 

higher plants, although it is one step in the sulfate assimilation pathway. So far, APS 

sulfotransferase has been purified from Euglena gracilis (Li and Schiff 1991), and marine 

macroalgae, Porphyra yezoensis (Kanno et al. 1996). Euglena enzyme were purified 10,000 

fold and P. yezoensis one 3,000 fold. Euglena enzyme is homo-tetramer and P. yezoensis 

one homo-octamer. However, in higher plants, it was only partially purified from spinach 

(Schmidt 1976), probably due to instability of APS sulfotransferase like P. yezoensis one. 

To obtain purified APS sulfotransferase is crucial to understand sulfite formation from APS. 

This chapter describes purification of APS sulfotransferase from radish seedlings and its 

properties. 

Material and methods 

Mate rials 

Authentic APS was obtained from Sigma Chemical Co. (St. Louis, MO, USA). AMP 

Sepharose and Phenyl Sepharose HP column was obtained from Pharmacia Biotech Inc. 

(Uppsala, Sweden), Cosmosil SDiol-300 was obtained from Nacalai tesque (Kyoto, Japan), 

Marker protein kits for SDS-PAGE and gel filtration were obtained from Bio-Rad 

(Hercules, CA, USA) and Sigma Chemical Co .. Ali other reagents were of analytical grade. 

Purification of APS sulfotransferase 

Ail purification procedures were performed at 4°C unless otherwise noted. One-week 

old radish (Raphanus sativus L.) seedlings (kaiwaredaikon) obtained at a local market 

were treated with IO mM (NH4)2S04 for two h at 25°C and frozen at -80°C until use. 
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Frozen radish seedlings (600 g) were homogenized in a Waring blender for 5 min with 50 

mM potassium phosphate buffer, pH 8.0, containing 1 mM EDTA, 1 mM ascorbic acid and 

30 mM sucrose. The homogenate was filtered through 2 layers of gauze and the filtrate 

was centrifuged at 10,000 g for 15 min. To the supernatant (NH4)2S04 was added to obtain 

proteins precipitating between 40% and 80% saturation. The resulting precipitate was 

dissolved in 50 mM potassium phosphate buffer, pH 8.0, containing 1 mM EDTA, 10% 

glycerol (PEG buffer) and dialyzed overnight against the same buffer. The dialyzed 

enzyme solution was applied on a DEAE cellulose column (1 x 10 cm). After the column 

was washed with PEG buffer, proteins were eluted with the same buffer containing 150 

mM KCI. The active fractions were pooled, concentrated, and desalted. It was further 

applied on a AMP Sepharose column (1 x 15 cm). Proteins were eluted with the PEG 

buffer. The active fractions were pooled and concentrated. To this solution, (NH4)2S04 

(243 mg/ml) was added and the solution was applied on a Phenyl Sepharose HP column 

(1.6 x 10 cm). Proteins were eluted with a linear gradient of 1.8 to 0 M (NH4)2S04. The 

active fraction was pooled, concentrated, and stored at -80°C until use. Under this 

condition, the enzyme was stored without a significant loss of the activity more than one 

year. 

Radish seedlings 

~ 
Homogenized in K-Pi buffer (pH 8.0) 
with Waring blender 
Centrifuged at 10,000g for 10 min 

Supematant 

(NH4)2S04 fractionation (40%-80%) 
Dialyzed 

DEAE cellulose column chromatography 

AMP Sepharose column chromatography 

Phenyl Sepharose HP column chromatography 

APS sulfotransferase 

Fig. 9 Purification of radish APS sulfotransferase 

21 

Higashide
ノート注釈
Higashide : None

Higashide
ノート注釈
Higashide : MigrationNone

Higashide
ノート注釈
Higashide : Unmarked



Assay of APS sulfotransferase 

APS sulfotransferase was assayed as described in chapter 1 (Ara and Sekiya 1997a). 

One unit (U) was defined as the amount of the enzyme catalyzing formation of 1 µmol of 

cysteine per min under the condition. 

Molecular weight 

Mr of native enzyme was measured by gel filtration with Cosmosil 5Diol-300 column. 

Mobile phase was 50 mM potassium phosphate buffer (pH 7 .5) containing 1 mM EDTA. 

Flow rate was 0.5 ml/min. The standard proteins (Sigma) were ferritin (Mr 443,000), B­

amylase (Mr 200,000), alcohol dehydrogenase (Mr 150,000), carbonic anhydratase (Mr 

29,000). 

Mr of the subunit was determined by SDS-PAGE (Laemmli, 1970) with standard marker 

proteins (myosin, 200,000; B-galactosidase, 166,000; bovine serum albumin, 82,000; 

ovalbumin, 45,000). 

Protein measurement 

Protein was measured by the method of Bradford (1976) with bovine serum albumin as 

the standard protein. 

Results and Discussion 

Purification of APS sulfotransferase 

One-week old radish seedlings were treated with 10 mM (NH4)2S04 were used for 

purification. APS sulfotransferase was purified by (NH4)2S04 fractionation, and column 

chromatography with DEAE cellulose, AMP Sepharose and Phenyl Sepharose. Among 

there, AMP Sepharose was effective, since most proteins were eluted after the APS 

sulfotransferase (Fig. 10). APS sulfotransferase activity was found in two fractio~ eluted 

at 1.7-1.5 M (NH4)2S04 (peak 1) and 0.7-0.5 M (NH4)2S04 (peak 2) (Fig. 11). Peak 1 

and 2 were designated as APS sulfotransferase 1 and 2, respectively. Native PAGE of the 

elutants from the Phenyl Sepharose column shown that the peak 1 was homogeneous while 

peak 2 contained a few contaminated proteins. SDS-PAGE also showed that the peak 1 
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was a single protein band (Fig. 12). Thus, one of the isoforms (APS sulfotransferase 1) 

was purified to homogeneity with an activity yield of 22% and a specific activity of 25.8 

U/mg protein. Summary of the purification was shown in Table 5. The concentrated purified 

enzyme could be stored at -80°C without any significant loss of the activity. APS 

sulfotransferase precipitated by 80% saturated (NH4)zS04 was also stable during storage 

at -20°C, although the activity of the enzyme in the buffer alone was almost lost at 4 °C. 
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Fig. 10. Elution profiles of DEAE cellulose (A) and AMP Sepharose (B) column 
chromatography. 
The active fraction after the (NH4)zS04 fractionation was applied on DEAE cellulose 
column. After washing with PEG buffer, proteins were eluted stepwise with PEG buffer 
containing KCI. The active fraction was applied on AMP Sepharose column.Proteins were 
eluted with PEG buffer. Dashed line (- - -) indicate absorbance at 280 nm and shaded area 
APS sulfotransferase activity. 
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Fig. 11. Elution profile of Phenyl Sepharose HP column chromatography. 
The active fraction after AMP Sepharose column chromatography was applied on Phenyl 
Sepharose HP column. Proteins were eluted stepwise with a gradient of 1.8 to 0 M 
(NH4)2S04 in PEG buffer. Dashed line indicates absorbance at 280 nm and shaded area 
APS sulfotransferase activity. Dashed-pointed line indicates the concentration of 
(NH4)zS04. 
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Fig. 12. SDS-PAGE of purified APS sulfotransferase from radish. 
SDS-PAGE was performed on a 12.5% gel and stained with CBB. 
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Table 5 Purification of APS sulfotransferase from radish seedlings. 

Procedure Total protein Total activity Specific activity Fold 

(mg) 

225 

DEAE cellulose 45 

AMP Sepharose 0.3 

Phenyl Sepharose HP 1 0.005 

2 0.02 

Molecalar weight. 

(mU) 

600 

395 

320 

129 

190 

(mU/mg protein) 

2.7 

8.8 

1070 

25800 

9500 

3 

395 

9560 

3520 

Mr of radish APS sulfotransferase was estimated to be 225,000 by gel filtration. SDS­

PAGE showed a single protein band and its Mr was 58,000 (Fig. 12, 13). Therefore it was 

concluded that radish APS sulfotransferase. is a homotetrameric protein. 
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Fig, 13 Molecular weight of radish APS sulfotransferase l 
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APS acted as a substrate for APS sulfotransferase in the presence of DTT ( 10 mM) 

to yield sulfite, but not in the absence of DTT. DTT ( 10 mM) was replaced by 20 mM 2-

mercaptoethanol: but the amount of sulfite formed reduced to 30%. Without DTT, no 

sulfite was released from APS. 3'-Phosphoadenosine 5'-phosphosulfate (PAPS, 0.4 

mM) and adenosine 5'-monosulfate (0.4 mM) did not actas a substrate in the presence 

and absence of DTT (10 mM) (Fig. 14). Thus, radish APS sulfotransferase is highly 

specific to APS. In Fig. 14, the structure of each compound simulated by SYBYL 6.3 

using A TP X-ray structural data from database of Cambridge CSD as a starting structure 

(Kennard et al, 1971) is shown. 

APS 

(100) 

PAPS 

(0) 

Adenosine 5'-monosulfate 

(0) 

Fig. 14. Structure of APS, PAPS and Adenosine 5 '-monosulfate and substrate 
specificity of radish APS sulfotransferase 
Figures under the name of the compounds represent APS sulfotransferase activity relative 
to that with APS in percent. 
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Properties of radish APS sulfotransferase 

Severa! APS sulfotransferase properties are listed in table. 6. The subunit 

composition of radish APS sulfotransferase is different from those of Euglena (Li and Schiff 

1991) and P. yezoensis(Kanno et al, 1996). Euglena one is a tetramer of 25kd subunit and 

P. yezoensis one is an octamer of 43kd subunit (Li and Schiff 1991, Kanno et al, 1996). 

Native Mr of the radish enzyme is smaller than those of P. yezoensis (Kanno et al, 1996) 

and Chlore/la ones (Hodson and Schiff 1971), and larger than spinach (Schmidt 1976) and 

Norway spruce ones (Suter et al, 1992). Apparent Km value for APS was 41 µM with 

radish APS sulfotransferase. This value was similar to 13 µM with spinach APS 

sulfotransferase (Schmidt 1976) and 29 µM with Norway spruce one (Suter et al. 1992), 

but different from 0.1 µM with Euglena one and 2.1 µM with P. yezoensis one. These 

suggest that algae and higher plant could have a different type of APS sulfotransferase. 

AMP (2 mM) inhibited APS sulfotransferase activity completely. This result is consistent 

with previous works with several plants (Schmidt 1976, Suter et al,, 1992). N terminal 

amino acid analysis were done using 10 µg of purified enzyme, but significant ami no acid 

signais were not detected.N-terminal amino acid of radish APS sulfotransferase may be 

blocked. Recently, it was reported that APS kinase have a week activity of APS 

sulfotransferase (Schiffmann and Schwenn, 1994, Arz et al. 1994). However, the Mr of the 

enzyme was different and antibody raised against recombinant Arabidopsis thaliana APS 

kinase (Schiffmann and Schwenn, 1994) did not react with purified radish APS 

sulfotransferase. Therefore, APS sulfotransferase activity found in APS kïnase may not 

fonction in vivo. 
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Table 6 Properties of APS sulfotransferase. 

Species Purification Molecular weight 

Native Subunit 

Km (µM) 

(APS) 

-------------------------------------------------------------------------------------------------------

Euglena gracilis H 120,000 25,000 0.1 

Porphyra yezoensis H 350,000 43,000 2.1 

Chlorel/a p 330,000 

Spinach p 110,000 13.0 

Norway Spruce p 115,000 29.0 

Radish H 255,000 58,000 41.0 

H, purified to homogeneity. P, purified partially. 
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Chapter 3. Molecular Evolution of Adenosine 5'-phosphosulfate Reduction Pathway 

Introduction 

An step converting APS to sulfite has not been clarified so far in higher plants. 

Recent review showed that three sulfur assimilatory pathways are proposed for higher 

plants (Hel!, 1997). First one of them is bound-sulfite pathway, in which APS 

sulfotransferase is responsible. This enzyme was purified as described in Chapter 2. 

Second one is a direct reduction pathway, in which APS reductase is responsible. cDNA 

encoding APS reductase was cloned from Arabidopsis thaliana (Gutierrez-Marcos et al, 

1996, Setya et al, 1996). Recombinant APS reductase converted APS to sulfite with OTT 

in vitro, although the reaction mechanism of APS reductase is still unknown. However, the 

reaction components in the assay of APS reductase and APS sulfotransferase are almost 

the same. The difference in the proposed reaction mechanisms for both enzyme is whether 

the sulfo-group of APS is transferred first to an exogenous carrier with a thiol-group for 

APS sulfotransferase or to an endogenous thiol-group in the enzyme itself for APS 

reductase reaction. Therefore, both enzymes are probably the same. Third one is composed 

of APS kinase and PAPS reductase like E. coli and yeast. cDNAs encoding these enzymes 

were isolated from A. thaliana. In Arabidopsis, Mr of APS kinase is 30,000 and APS 

reductase is 46,000 to 51,000. PAPS reductase is only reported from spinach (Schwenn 

1989). However, Arabidopsis APS kinase had a weak activity of APS sulfotransferase and 

Arabidopsis APS reductase had a weak activity of PAPS reductase. In bacteria and yeast, 

the pathway composed of APS kinase and PAPS reductase, in archae APS reductase 

pathway is well known. So I have attempted to compare DNA sequences data and discuss 

the molecular evolution of APS reduction step. In the discussion, DNA sequences for APS 

reductase was used for higher plants, since genes encoding APS sulfotransferase had not 

been isolated from higher plants. 
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Materials and Methods 

Data 

Ali seguences were retrieved from the GenBank and the EMBL seguence 

repositories, and several complete genome seguence database (Fleischmann et al, 1995, 

Fraser et al, 1995, Himmelreich et al, 1996, Kaneko et al, 1996, Bult et al, 1996, Smith, et 

al, 1997, Kunst et al, 1997, Klenk et al, 1997, Kawarabayasi et al. l 998a,b ). Homologous 

gene seguences were surveyed through both BLAST submissions and nomenclature 

searches of the database, and the DNA seguence were translated into the predicted amino 

acid seguence. 

Software 

BLAST was used for homology search. GENEWORKS 2.51 (IntelliGenetics, Inc.) 

and MOTIFVIEW were used for domain and motif analyses of each gene seguence. 

MOTIFVIEW were made by perl (see in Appendix) and run on form of cgi on WEB server. 

Results and Discussions 

Domain analysis 

I obtained data for about 20 functionally assigned genes of the enzymes involved in 

the APS reducing pathway, from GenBank etc. Amino acid seguences were aligned using 

the default settings of CLASTALW on GENEWORKS under PAM250 matrix. Domain 

structures in the alignment of these genes are shown in Fig. 15. APS reductase (plants), 

PAPS reductase (bacteria), and APS kinase (plants and bacteria) had highly homologous 

areas as shown by the oblique lined area. These areas may be a nucleotide binding domain, 

to which APS, PAPS and ATP bind. DNA seguence of Arabidopsis thaliana APS reductase 

had a thioredoxin domain conserved and had two redox-active motifs (CXXC). This motif 

existed in redoxin superfamily such as thioredoxin, glutaredoxin, ruburedoxin, and protein 

disulfide isomerase or disulfide oxidoreductase. Dipeptide pattern inside this motif of plant 

APS reductase was almost identical to that of glutharedoxin. Glutharedoxin catalyzes the 

transfer of an electron from GSH to disulfide bond in protein so that APS reductase in 
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plants can use GSH as an electron donor and not require thioredoxin (Setya et al, 1996), 

although E. coli PAPS reductase required thioredoxin for in vitro reaction. This suggest 

that plant APS reductase gene may be a chimeric gene of PAPS reductase and thioredoxin. 

Definition of APS and PAPS binding motifs 

I have attempted to find possible APS and PAPS binding motif in oblique lined areas 

in Fig. 15. APS kinase may bind APS, PAPS, ATP, APS reductase APS, and PAPS 

reductase PAPS. Our hypothesis was that APS or PAPS binding motif has a similar 

structure of the ATP binding motif. ATP binding motif is DXXG ... GXXXXGK (Prosite 

database, Bairoch, 1992). I paid an attention to three amino acids, D, G, and K. 

MOTIFVIEW was written by perl and was operated on WEB server. It converts amino 

acid sequence to an easily-looking form of defined amino acid pattern. Submotif were 

defined from the ATP binding motif (Table. 7). G(Xh-60 and D(X) 1_3G was named as L2 

to L6, and Sl to S3, respectively. MOTIFVIEW can select these submotifs easily and 

delete many unrelated patterns made by D, K, G (for ex ample, " ... KKK ... ", and " ...... . 

GGK. ..... "). As a result, APS kinase had L4K ... Sl...S2 ... L4-6, PAPS reductase Sl...L4-6, 

and APS reductase S2 ... L4-6. It is predicted from these findings that APS binding motif is 

DXXG ... G(XJ4-6G and PAPS binding motif is DXG ... G(X)4_6G. 

- APS kinase 

- ~ PAPS reductase 

ml - 1 APS reductase 

Il Thioredoxin 
Fig. 15. 

Domain structures of APS reducing enzymes in several organisms including bacteria, fungi, 

and higher plants. 

Alignment was done by GENEWORKS. The obliquely lined areas show highly homologous 

areas. Black boxes show redox-active motif (CXXC). 
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Table 7 Definition of submotifs for analysis on MOTIFVIEW. 

motif 

ATP binding 

SN 

LN 

Amino acid sequence 

DXXG ... GXXXXGK 

D(X)NG (N=l-3) 

G(X)NG (N=2-6) 

Data base 

(Prosite) 

Assignment of candidate genes from complete genome database 

APS and PAPS binding motifs may be useful for assignment of homologous genes by 

the homology search. When we surveyed complete genome database of Bacillus subtilis 

and Synechocystis sp., functionally annotated candidates were found; one gene for APS 

kinase and one gene for PAPS reductase were defined in each species. The functionally 

unanotaited candidates were found in the complete genome sequence of Archaeoglobus 

fulgidus, Methanobacterium thermoautotrophicum, Methanococcus janaschii, and 

Pyrococcus horikoshii. Archaeoglobus fulgidus and Pyrococcus horikoshii are 

hyperthermophilic sulfur reducing archaeon, and Methanobacterium thermoautotrophicum 

and Methanococcus janaschii are methane producing archaeon. Ali of sequences possibly 

encoding APS kinase had ATP binding motif, and a few candidate genes having both APS 

and PAPS binding motifs were also found in each species. It is suggested that 

Archaeoglobus fulgidus has two APS kinase genes. APS reductase gene was found in 

Archaeoglobus fulgidus. It is also suggested that Methanococcus janaschii and Pyrococcus 

horikoshii has APS reductase gene which has only APS binding motif. From the complete 

genome sequence of Haemophilus influenzae, Mycoplasma genitalium, and Mycoplasma 

pneumoniae, occurence of APS kinase, APS reductase, and PAPS reductase is not 

suggested. 
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Grouping of genes related to the sulfate assimilation pathway 

MOTIFVIEW can also make it easy to count several motif patterns in genes. I 

applied MOTIFVIEW to nucleotide binding motifs and redox-active motifs (extraction of 

cysteine). Severa! genes encoding APS reductase, APS kinase and PAPS reductase had 

CXXC or CC pattern in their sequences. Since contents of cysteine residues were different 

between the genes, I plotted number of cysteine residues vs. minimum distance (n) in each 

CXnC motif (Fig. l 6A). Since cysteine contents of the genes plotted in the top were one or 

zero, the distance did not be defined. Each square symbol means each gene; yellow 

symbols indicate APS kinase, orange ones indicate PAPS reductase, and green ones 

indicate APS reductase. Bacterial genes had 0 - 6 cysteine residues, plant genes has 5-10 

cysteine residues, and sulfur-bacteria and archae have 2 - 16 cysteine residues. Contents 

of cysteine residues increased from bacteria to higher plants and sulfur reducing bacteria. 

PAPS reductase I belongs to the bacterial group commonly requires thioredoxin, and sulfur­

reducing bacteria and some archaea require ferredoxin for APS reductase reaction. The 

reason for increased cysteine content is unknown. Sulfur-reducing bacteria and some 

archaea are usually living in strongly stressed fields and such condition could influence the 

enzyme structures and design of amino acid sequences. Zero in distance means CC 

pattern. Since PAPS reductases plotted at 4 to 6 in number of cysteine residues had CC 

pattern, so they may be classified into a separate group of PAPS reductase (group II). In 

addition, the genes in group II had CXXC motif although those in group I did not (Table 8). 

Next, I plotted number of S motif (DX 1_3G) vs. number of S2 motif (DXXG) (Fig. 16B). We 

found three groups, a PAPS reductase I group, and two APS reductase (I or II) (Fig. l 6B 

and Table 8). APS kinase was omitted from the plots. Short-arrows indicate genes 

encoding PAPS reductase (group II) of Bacillus subtilis, Mycoplasma tuberculosis, and 

Pseudomonas aeruginosa, which did not belong to the above three groups (PAPS reductase 

I, and APS reductase I and II). Long-arrows indicate genes encoding APS reductase (group 

I) of Methanococcus jannaschii and Pyrococcus horikoshii, APS reductase of which has 

ferredoxin domain. CLASTALW alignment supports this hypothesis. These results 

showed that APS kinase, APS reductase and PAPS reductase are ail classified into two 

subgroups, I and II (Table 8). Occurrence of APS binding motif, redox-active motif and CC 

motif, enzyme activity, and reference or accession number are also shown in Table 8. 
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Thiocapsa roseopersicina PAPS reductase I has APS binding motif. Chromatium vinosum 

APS reductase I has CXXXC sequence. Summary of Table 8 was shown in Fig. 17. The 

role of CC motif is still unknown. PAPS reductase I required thioredoxin for the reaction, 

but PAPS reductase II did not required thioredoxin. If more APS reductase genes are 

isolated from higher plants, more crucial grouping could be done. 

Evolutional model for APS reduction pathway 

At last, a mode] of evolution of APS reduction pathway is shown in Fig. 18. First 

subset is APS kinase I, PAPS reductase I, and thioredoxin. They are in some gram 

negative bacteria, yeast and Penicillium chrysogenum. The second one is APS kinase I and 

PAPS reductase II, found in B. subtilis. The third one is APS kinase II, APS reductase I, 

and subunit B (ferredoxin-like protein). It is predicted that the subset of APS kinase I and 

APS reductase II in plants system evolves from the second subset or the third one. (Fig. 

18) More DNA sequence data related to the plant system will be required for further 

investigation. 
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Fig. 16 Plots of genes of enzymes related to APS reducing pathway 
Plots of genes of enzymes related to APS reducing pathway as a function of number of 
cysteine residue in the genes and distance between cysteine residues (A), and of these 
cysteines (B) number of Sand S2 motif. "An-ows" are explained in the text. 
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Table. 8 List of genes of the enzymes related to APS reducing pathway 
----------------------------------------------------------------------------------------------------------------------------------------------------------------

Enzymes Species motif Reference 

------------------------------------------ or 

aps_bind cxxc cc activity Accession No 

----------------------------------------------------------------------------------------------------------------------------------------------------------------
APS reductase I Archaeoglobus fulgidus + + + Speich et al, 1994 

Chro1natiun1 vinosun1 + + Hipp et al, 1997 
Desulfovibrio vulgaris + + + Z69372* 

Methanococcus jannaschii + ++ MJ0973** 

Pyrococcus horikoshii + ++ + PH0268*** 

APS reductase II Arabidopsis thaliana + ++ + + Gutierrez-Marcos et al, 1996 
Setya et al, 1996 

Catharanthus roseus + ++ + Q39619* 

PAPS reductase I Escherichia coli + Krone et al, 1991 
Saccharo1nyces cerevisiae + Thomas et al. 1990 
Sabnonella typhùnuriu111 + Ostrowski et al, 1989 

Schizosaccharoniyces ponibe Ql0270* 
Synechococcus sp. + Niehaus et al, 1992 

Synechocystis sp. sir! 791 ** 
Thiocapsa roseopersicina + P52672* 

PAPS reductase II Bacillus subtilis + + Mansilla and Mendoza 1997 

Mycobacterium tuberculosis + + + P71752* 

Pseudo1nonas aeruginosa + + + 005927* 

APS kinase I Archaeoglobus fulgidus + AF0288** 
Arabidopsis thaliana + + Arz et al, 1994 

Bacillus subtilis + yisZ** 
Escherichia coli + + Satishchandra et al, 1992 
Penicillhun chrysogenuni + + Foster et al, 1995 
Pseudo1nonas aeruginosa + + Satishandran et al, 1993 

Synechocystis sp. + slr0676** 

Saccharo111yces cerevisiae + + Kroch et al, 1991 

APS kinase II Archaeoglobus fulgidus + + AF2269** 

M ethanobacteriian thennoautotrophic1an+ + MTHI 176** 

Methanococcus jannaschii + ++ MJ0283** 

Pyrococcus horikoshii + + PH0949*** 

Accession No from, * : GenBank; ** : kegg2 (http://www.genome.ad.jp/kegg/kegg2.html); *** : (http://www.bio.nite.go.jp 

/ot3db_index.html) 
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- APS binding domain APS kinase I 
E:::::3 P APS binding domain 

APS kinase II 111 - A TP binding domain 
Thioredoxin 1111 CXXC motif 

PAPS reductase I Il 1 CC motif 
~ 100 bp 

P APS reductase II 11 1111 ? 

APS reductase I 

APS reductase II 1 Ill 11111 

Fig. 17 Summary of the motifs in genes of the enzyme related to APS reducing pathway 
Large boxes show the domains and short boxes show motifs. 

Gram(-)bacteria 
(E. coli) 

Yeast 
(S. cerevisiae) 

APS kinase I 

P APS reductase I 

Thioredoxin 

Gram(+ )bacteria 
(B. subtilis) 

~ APS kinase I 

___,.- P APS reductase II 

Fig. 18 Mode! of evolution of APS reducing pathway 
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Summary 

The author developed a rapid, non-radioactive assay for APS sulfotransferase in Chapter J. 

Sulfite released by APS sulfotransferase reaction in the presence of excess dithiothreitol was further 

converted to cysteine by coupling with yeast sulfite reductase and cabbage 0-acetylserine(thiol)lyase. 

The cysteine thus formed was measured colorimetrically. By this method, 5 to 300 nmol of sulfite could 

be assessed. When the method was applied to APS sulfotransferase, the enzyme activity was APS­

dependent with the partially purified enzyme. APS sulfotransferase activity was also detected in 

higher plants by this method. 

APS sulfotransferase activity was affected by sulfur nutrition in the medium. Radish APS 

sulfotransferase activity was enhanced in vivo by treatment with 10-25 mM (NH4)zS04 for 2 hours. 

On the other hand, soybean APS sulfotransferase activity decreased to 30% 10 days after sulfur­

deficient treatment. 

The author purified and characterized APS sulfotransferase in Chapter 2. APS sulfotransferase 

was first purified from radish seedling to homogeneity by a combination of (NH4) 2S04 precipitation 

and column chromatographies with DEAE cellulose, AMP Sepharose and Phenyl Sepharose. 

Molecular weight of the native enzyme was estimated to be 255,000 by gel filtration and Mr of the 

subunit was estimated to be 58,000 by SDS-PAGE, suggesting that APS sulfotransferase is a 

homotetramer. The apparent Km value for APS was 41 µM, when dithiothreitol was used. 3'-Phospho­

APS and adenosine 5'-monosulfate were not utilized as substrates. AMP strongly inhibited APS 

sulfotransferase activity. 

The author analyzed DNA sequences of the genes related to APS reduction pathway and 

discussed molecular evolution of APS reduction pathway in higher plants in Chapter 3. APS kinase, 

APS reductase, and PAPS reductase classified into two subgroups based on APS and PAPS binding 

motifs predicted by MOTIFVIEW program. An evolution mode] of APS reduction pathway has been 

proposed. 
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Appendix 

List of Programs of MOTIFVIEW 

1. MOTIFVIEW for redox-active motif 

#!/usr/bin/perl 

print "Content-type: text/htmll<nl<n"; 

print "<html><head> <title>z 1 </title></head>l<n"; 

print '<BODY BGCOLOR="#FFFFFF">'; 

$s = $ENV{QUERY_STRING}; 

$_ = $s; 

s/%00%0A//g; 

s /(+ )/ / g; 

s/seq=//g; 

$a1 = 11
."; 

$aO = "-"; 

$aOO = "- - - - - - - - - - "; 

$aao = "="; 

$a2 = 11=========="; 
$a3 ::;:; "*"; 

s/A/$a1/g; 

s/D/$a 1 /g; 

s/E/$a1/g; 

s/F/$a 1 /g; 

s/G/$a 1 /g; 

s/H/$a1/g; 

s/l/$a 1 /g; 

s/K/$a 1/g; 

s/L/$a 1 /g; 

s/M/$a 1 /g; 

s/N/$a1/g; 

s/P/$a 1 /g; 

s/Q/$a 1 /g; 

s/R/$a 1 /g; 

s/S/$a 1 /g; 

s/T/$a1/g; 

s/V/$a1/g; 

s/W/$a1/g; 

s/Y/$a 1/g; 

si\.\.\.\.\.\.\.\.\. \./$a0/g; 

s/$a00/$aa0/g; 

s/$a2/$a3/g; 

$k = $_; 
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print $k; 

print 11 </body></html> 11
; 

2. MOTJFVIW for nucleotide binding motif 

#!/usr/bin/perl 

print "Content-type: text/htmllinlin"; 

print "<html><head><title>g 1 </title></head> lin"; 

print '<BODY BGCOLOR="#FFFFFF">'; 

$s = $ENV{QUERY _STRING}; 

$_ = $s; 

s/ 0/o 0 D 0/o OA/ /g; 

s /(+ )/ / g; 

s/seq=//g; 

$a0 = "-"; 
$a1 = "."; 

$a3 = " ... "; 
$a4 = " .... "; 

$a5 = " ..... "; 

$a9 = " ......... "; 

$a10 = " .......... 11
; 

$a11 = " ........... "; 
$a12 = " ............ "; 

" "· . . . . . . . . . . . . . ' 
"· . . . . . . . . . . . . . . . ' 

$a13 = 
$a15 = 
$a16 = 
$a17 = 

"· . . . . . . . . . . . . . . . . ' 
"· ................. ' 

$a00 = "----------"; 
$aa0 = "="; 
s/A/$a1/g; 

s/C/$ a 1 /g; 

s/E/$a 1 /g; 

s/F/$a1/g; 

s/H/$a 1 /g; 

s/1/$a 1 /g; 

s/L/$a 1/g; 

s/M/$a 1 /g; 

s/N/$a 1 /g; 

s/P/$a 1 /g; 

s/Q/$a 1 /g; 

s/R/$a 1 /g; 

s/S/$a 1/g; 

s/T /$a 1 /g; 
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s/V 1$a 1 lg; 

slWl$a 1 lg; 

s/Y 1$a 1 lg; 

&nue; 

&nue; 

&nue; 

si\.\.\.\.\.\.\.\.\. \.1$aOlg; 

sl$aOOl$aaOlg; 

sub nue { 

si\. K\./$a31g; 

si\. K K\.1$ a41g; 

si\. KKK\./$a51g; 

si\. KDI\. \. Dlg; 

s/DK\./D\.\./g; 

slDKK\.ID\. \. \./g; 

si\. KKDI\. \. \. Dlg; 

si\. D K Dl\. D\. Dlg; 

slD KK K\./D\. \. \. \. lg; 

si\. KKKDI\. \. \. \. Dlg; 

si\.\.\.\. D\. \. \. \.1$a91g; 

si\.\.\.\. D D\. \. \. \.1$a 1 Olg; 

s I\. \. \. \. D \. D \. \. \. \ .1$a1 11 g; 

si\.\.\.\. D\. D D\. \. \.\./$a 121g; 

si\.\.\.\. D D\. D\. \.\.\./$a 121g; 

si\.\.\.\. D D D\. \. \. \.1$a 11 lg; 

s 1\. \. \. \. D D D \.\. \. D 1\. \. \. \. \. \. \. \. \. \. DI g; 

s ID\.\.\. D D D \. \. \. \ .1 D \. \. \. \. \. \. \. \. \. \ .1 g; 

si\.\.\.\. D\. \. D\. \. \. \.1$a 1 21g; 

si\.\.\.\. DD D D\. \.\.\./$a 121g; 

si\.\.\.\. D\. \. \. D\. \.\. \.1$a 131g; 

si\.\.\.\. DDD DD\. \.\.\./$a 131g; 

si\.\.\.\.\.\. \.G\. \. \. \. \. \. \.1$a 15lg; 

si\.\.\.\.\.\. DG\.\.\.\.\.\. \./$a 151g; 

s I\. \. \. \. \. \. \. G D \. \. \. \. \. \ .1$a1 51 g; 

si\.\.\.\.\.\. DGD\. \. \. \.\.\./$a 15lg; 

si\.\.\.\.\.\.\. G K\. \. \. \. \. \.1$a 15lg; 

si\.\.\.\.\.\. KG\.\.\.\.\.\. \./$a 151g; 

s 1\. \. \. \. \. \. KG K \. \. \. \. \. \ .1 $a 1 51 g; 

si\.\.\.\.\.\. KG D\. \. \. \. \. \.1$a 151g; 

si\.\.\.\.\.\. DGK\. \. \. \. \. \.1$a 151g; 

si\.\.\.\.\.\.\. G G\. \. \. \. \. \. \.1$a 1 6lg; 

si\.\.\.\.\.\.\. G G G\. \. \. \. \. \. \.1$a 17 lg; 

si\.\.\.\.\.\. \.G\.G\. \. \. \. \. \. \.1$a 171g; 

si\.\.\.\.\.\. \.GG K\. \.\. \. \. \. \.1$a 171g; 

si\.\.\.\.\.\. \.G KG\.\.\.\.\.\. \.1$a 171g; 

si\.\.\.\.\.\.\. KG G\. \. \. \. \. \. \.1$a 17 lg; 

si\.\.\.\.\.\. \.G KK\.\. \. \. \. \. \.l$a 171g; 

52 

Higashide
ノート注釈
Higashide : None

Higashide
ノート注釈
Higashide : MigrationNone

Higashide
ノート注釈
Higashide : Unmarked



s !\. 1. 1. 1. 1. 1. 1. K KG 1. 1. 1. 1. 1. 1. 1. /$a 1 7 I g; 

si\.\.\.\.\.\.\. KK G KI.\.\.\.\. \./$a 17 /g; 

si\.\.\.\.\.\. KG KK\. \.\. \.\.\.\./$a 17/g; 

s /\. 1. 1. 1. 1. 1. 1. G K 1. 1. 1. D 1. 1. 1. \./$a 1 7 I g; 

s /\. 1. 1. 1. D 1. 1. 1. KG 1. 1. 1. 1. 1. 1. 1. /$a 1 7 I g; 

si\.\.\.\.\.\. KG G\. \.\.Dl.\./\.\.\.\.\.\.\.\. G\. \.\.Dl. l./g; 

si\.\.\.\. DG\.\. Dl.\.\.\./\.\.\.\.\. G\. \.Dl.\.\. \./g; 

s /\. 1. 1. 1. 1. 1. 1. G K D /\. 1. 1. 1. 1. 1. 1. G 1. DI g; 

s/K\. \.\.DG Dl.\.\. \./KI.\.\.\. G\. \. \. \. l./g; 

s/D\. \.\.DG Dl.\.\. \./Dl.\.\.\. G\. \. \. 1.1./g; 

sil. 1. 1. 1. DG D 1. 1. 1. 1. /I. 1. 1. 1. 1. G 1. 1. 1. 1. \./ g; 

s/D\. \.\.Dl.\. Dl.\.\. \./Dl.\.\.\.\.\.\.\.\.\. l./g; 

s/KI. \.\.Dl.\. Dl.\.\. \./KI.\.\.\.\.\.\.\.\.\. l./g; 

sil.\.\.\. Dl.\. Dl.\.\. Kil.\.\.\.\.\.\.\.\.\.\. K/g; 

sil.\.\.\. Dl.\. Dl.\.\. Dl\.\.\.\.\.\.\.\.\.\.\. D/g; 

sil.\.\.\.\.\. G G Dl. 1. \. \. \. \./\. \. \. \. \. \. G\. Dl.\.\.\.\. l./g; 

sil.\.\. 1. D Dl.\. KG\.\.\.\.\.\.\./\.\.\.\.\. Dl.\.\. G\. \. \. \. \. \. \./g; 

s /\. 1. 1. 1. 1. 1. KG K KI. 1. 1. D 1. /\. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. 1. D 1. / g ; 

si\. KKG Dl.\.\.\. 1.1./1. \. \. G Dl.\.\.\. 1. 1./g; 

sil.\.\.\. 1.1. DG\. 1.1. \.\.\.\./$a 15/g; 

sil.\.\. G Dl.\.\.\./\.\.\. G \. \. \. \. \./g; 

sil.\.\.\. DG\.\.\./\.\.\.\. \.Gl.I. l./g; 

) ; 

$k = $_; 

print $k; 

print 11 </body></html> 11
; 
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