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CHAPTER I 

INTRODUCTION 

1.1- Ergochrome 

The mycotoxins are considered as representatives of a 

wider range of fungal products which have come to be known as 

secondary metabolites. 

The ergochromes are a group of light yellow mycotoxins 

which were first isolated from ergot, the sclerotia of the 

filamentous fungus Claviceps purpurea, and later were also 

isolated from mold fungi and lichens. For the main component of 

the ergochromes from ergot, namely, secalonic acid A, chemical 

degradation studies in combination with spectroscopic 

investigations established the structure as a dimeric xanthone 

derivative (Franck, 1964a; Franck, 1964b; Hooper et al., 1971). 

The structure of secalonic acid A is shown in Fig.l. 

Ergochromes may be derived during biosynthesis from 

anthraquinones (Franck, 1964a; Franck, 1964b; ApSimon et al., 

1965a; ApSimon et al., 1965b). 

1.2. Anthraquinone Biosvnthesis 

Anthraquinone biosynthesis by microorganisms is closely 

related to the formation of fatty acids (Lynen, 1967; Lehninger, 

1982), e.g., palmitic acid. One molecule of acetyl-coenzyme A 



(Co A) as a starting unit condenses with several molecules of 

malonyl-Co A, whereby the formed carbonyl group is reduced 

after each condensation step. If these reductions fail to occur, 

aromatic condensation products can be formed by intramolecular 

aldol condensations and by dehydrations of the polyketide via 

various conformations (Franck, 1980). 

1.3. Feeding Experiment 

The polyketide origin of fungal anthraquinones has been 

firmly established by isotope tracer experiments. 

Groger et al. (1968) have shown that emodin is a precursor in 

the biosynthesis of ergochromes, the pigments of 

Claviceps purpurea (ergot). The incorporation ratios of 

l^c-emodin into the ergochromes (secalonic acids) were 

0.31 - 1.51 % in Claviceps purpurea and Penicillium oxalicum. 

There was high incorporation of ''^C-emodinanthrone and 

I^C-emodin into skyrin and (+) regulosin with feeding 

experiments in Penicillium brunneum. In the feeding experiment 

with Penicillium islandicum NRRL 1036, ''^Q.emodin was highly 

incorporated into islandlcin, iridoskyrin, and skyrin. 

"•^C-Emodinanthrone was highly incorporated into islandlcin, 

iridoskyrin, skyrin and rubroskyrin. ''^C-Chrysophanol was 

highly incorporated into islandlcin (Sankawa et al., 1973). 

3H-Emodin and "I ^C-chrysophanol were added to a culture of 

Penicillium oxalicum and the ^ H and I^C activities of isolated 

ergochrome EE were determined. The relative ratio of specific 



incorporations (chrysophanol/emodin) showed that chrysophanol 

was incorporated 3.56 times more efficiently than emodin. The 

result indicated that ergochrome biosynthesis proceeds via 

chrysophanol. In a feeding experiment with substrate labeled in 

different positions, the 11-''4c-emodinanthrone was 

incorporated into ergochrome EE 4.5 times more effectively than 

3.14c-emodin. The competitive incorporation of chrysophanol 

and chrysophanolanthrone was carried out by using different 

isotopes ( 3 H and "'^C) of the two precursors. It was shown that 

chrysophanol and chrysophanolanthrone differed slightly in their 

specific incorporation (4.14 and 3.71 %, respectively). The 

higher percentage of chrysophanol and chrysophanolanthrone 

incorporation than emodin and emodinanthrone also indicated 

that chrysophanol and chrysophanolanthrone are precursors of 

egrochrome and are the intermediates of the same biosynthesis 

process (Franck, 1980). 

The incorporation experiments with labeled precursors 

result in a fairly complete picture of ergochrome biosynthesis, 

which is displayed in Fig. 2. The key compound of the ergochrome 

biosynthesis is chrysophanol (Franck, 1980). 

1.4. Deoxvaenation Occurrence in 
Polvketide Biosvnthesis 

The mechanism for the removal of the phenolic hydroxyl 

group is currently an interesting puzzle in the biosynthesis of 

polyketide natural products. A large number of polyketides 



containing a highly deoxygenated decalin ring system have been 

isolated. These include compactin, mevinolin, naragenicin, 

chlorothricin, kijanimicin, tetracarcin, and iliciocolin (Simpson, 

1984; Simpson, 1985). .Incorporation of 1,2-13c-acetate into 

achaetollde, a metabolite of Achaetomium cristalliferum. has 

established that it is formed from an octaketide (Shizuri et al., 

1984). This metabolite represents a highly reduced and 

deoxygenated polyketide, and 3 H and ''SO-labelling studies 

might reveal some interesting information on possible 

relationships with the biosynthesis of fatty acids and the 

mechanisms of removal of oxygen. 

The elimination of a hydroxyl group of an anthraquinone 

during biosynthesis also occurs during the formation of 

sterigmatocystin and aflatoxin Bi . In this case, the 6-hydroxyl 

group of the anthraquinone precursor versicolorin A or averufin, 

was lost during the course of the biosynthesis. This mechanism 

still remains cryptic (Lee et al., 1976; McCormick et al., 1987). 

The deoxygenated aromatic compounds which appear in 

nature are usually interpreted to occur as the result of 

reductive dehydration of a linear polyketide by a multienzyme 

complex in the process of biosynthesis. The well-defined models 

are fatty acid synthetase (Lynen, 1967; Lehninger, 1982) and 

6-methylsalicylic acid synthetase (Lynen, 1967). However, 

evidence for post aromatic deoxygenation has been discovered 

recently. 
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In melanin biosynthesis, the cell-free homogenates of 

Verticillium dahliae under anaerobic conditions enzymatically 

reduced 1,3,6,8-tetrahydroxynaphthalene to scytalone and 

1,3,8-trlhydroxynaphthalene to vermelone. The enzymatic 

reductions required NADPH as a cofactor. The homogenates then 

enzymatically dehydrated scytalone to 

1,3,8-trihydroxynaphthalene and vermelone to 

1,8-dihydroxynaphthalene (Wheeler, 1982). The typical reductive 

dehydration reactions also occur in melanin biosynthesis by 

Wanqiella dermatitidis. Cell-free homogenates of the wild type 

carried out typical reductive and dehydrative reactions with 

known melanin intermediates. Other reductive and dehydrative 

reactions that utilize flaviolin were studied anaerobically. The 

homogenates converted flaviolin to 5-hydroxyscytalone, which 

was then dehydrated to 1,2,4,5-tetrahydroxynaphthalene 

(Wheeler, 1985). ^H-emodin was enzymatically converted to its 

6-deoxy derivative chrysophanol mediated by NADPH as a 

cofactor in a cell-free crude extract of Pvrenochaeta terrestris 

(Anderson, 1986). 

The mechanism of molecular post aromatic deoxygenation 

has been proposed by Anderson et al. (1988). Emodin was 

incubated in a Pvrenochaeta terrestris cell-free medium 

containing 50 % D2O. Mass spectroscopy and H-NMR were used to 

analyze the resultant chrysophanol. 



1.5. Studv nf Secnndarv Metabolite 
Biosvnthesis Pathway bv Enzyme 

In whole-cell feeding experiments, the labeled putative 

precursors are added to the whole organisms, which are grown 

on a synthetic media. The products and intermediates are then 

isolated, purified, and analyzed by various methods. This type of 

experiment enables one to propose a plausible biosynthetic 

pathway. Isolation and purification of the enzymes responsible 

for each step of the biosynthesis pathway enable one to prove 

the biosynthesis pathway at the enzymatic level. The conversion 

of a putative precursor to the product in vitro by the pure 

enzyme constitutes unambiguous proof of the biosynthetic 

reaction. The ultimate proof of a biosynthetic pathway depends, 

therefore, on the characterization of the enzymes involved in 

each step of the pathway. The major drawback is that the 

procedure is extremely difficult, and the detailed enzymology 

for polyketide-derived compounds deserves further study. The 

problems are (1) instability of the enzymes, (2) lack of 

reproducibility, and (3) variability of activity in different 

enzymatic preparations. Despite the difficulties involved, some 

enzymes involved in the biosynthesis of the secondary 

metabolites have been characterized in cell-free crude extracts 

(Heinstein et al., 1971; Jones and Westlake, 1974; Friebel and 

Demain, 1977; Madry and Pape, 1982), in partially purified 

enzyme preparations (Minamikawa et al., 1970; Forrester and 

Gaucher, 1972; Zocher and Kleinkauf, 1978), and purified 



enzymes (Light and Vogel, 1975; TakahashI et al., 1978; 

Hollander et al., 1984). 

1.6. Emodin and Chrysophanol 

The polyhydroxyanthraquinones emodin and chrysophanol are 

very important precursors of many varieties of natural products. 

They have been isolated and identified in several plant species 

(Kariyone et al., 1953; Labadie and Svendsen, 1968; Labadie, 

1970a; Labadie, 1970b; Labadie et al., 1972; TakahashI et al., 

1976; Hata et al., 1978) and fungi (Howard and Raistrick, 1950; 

Gatenbeck, 1958; Kurobane et al., 1979). The anthrones, 

emodinanthrone and chrysophanolanthrone are usually isolated 

together with the anthraquinones, emodin and chrysophanol 

(Kariyone et al., 1953; Labadie and Svendsen, 1968; Labadie, 

1970a; Labadie. 1970b). 

The structures of emodin and chrysophanol also suggest 

that they are intermediates in the biosynthesis of secalonic 

acid. Three possible pathways for the biosynthesis of 

chrysophanol have been discussed by Anderson (1986) and 

include : (1) direct dehydroxylation of emodin; (2) 

dehydroxylation of emodinanthrone to chrysophanolanthrone 

followed by the oxidation of chrysophanolanthrone to 

chrysophanol; and (3) reduction of an intermediate in polyketide 

biosynthesis, release of chrysophanolanthrone, and oxidation of 

chrysophanolanthrone to chrysophanol. 
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Incubation of a cell-free extract from Pvrenochaeta 

terrestris with ^H-emodin gave a single major product which 

was purified and identified as chrysophanol. Anderson (1986) 

proposed that chrysophanol is synthesized in plant and fungal 

species primarily by deoxygenation of emodin. The emodin is 

deoxygenated to chrysophanol by emodin deoxygenase existing in 

cell-free extracts of Pvrenochaeta terrestris. The reaction is 

shown in Fig. 3. 

1.7. Properties of Emodin Deoxygenase 
in Crude Extract 

Anderson (1986) incubated ^H-emodin in a cell-free extract 

from Pvrenochaeta terrestris and found emodin deoxygenase 

activity that converted emodin to chrysophanol. The factors 

required for the maximum emodin deoxygenase activity were 

studied by using a crude extract. Activity in frozen mycelium 

and crude extract was stable for over four months at -20 OC. 

When 2-mercaptoethanol was omitted from the homogenization 

buffer, addition of 2-mercaptoethanol to the incubation mixture 

increased activity 3.5-fold. Addition of 20 % (v/v) glycerol gave 

80 % recovery of activity after 4 h dialysis compared to 65 % 

recovery without glycerol. Addition of NADPH, Fe+2 and ATP to 

the incubation mixture increased the conversion of ^H-emodin 

to 3H-chrysophanol. NADPH was the cofactor for the 

deoxygenation reaction. Fe+2 was proposed to be a metal 

activator in the crude extract. ATP also increased the emodin 



deoxygenase activity in the crude extract, but the function of 

ATP was not explained. The conversion of emodin to 

chrysophanol under anaerobic incubation was twice that under 

aerobic incubation. The Km of emodin deoxygenase for emodin 

was 1.0 jiM measured in cell-free extracts under anaerobic 

conditions. 

One interesting observation was that the emodin 

deoxygenase activity in crude extracts was very low at low 

protein concentration (below 0.043 mg/ml) and increased very 

rapidly with increased enzyme concentration (upward curvature 

effect) (Fig. 16, see page 90). 

In this study, emodin deoxygenase in crude extracts or 

partially purified enzyme was characterized including (1) the 

reason for the upward curvature effect and (2) the function of 

ATP. 
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Fig. 1 Structure of secalonic acid A. 



11 

HsC' 



12 



Fig. 2. Pathway of ergochrome biosynthesis. 
The structures within brackets are probable intermediates, but 
not have yet been proven by direct incorporation. 
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Fig. 3. Deoxygenation of emodin to chrysophanol 
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CHAPTER II 

MATERIALS AND METHODS 

2-1. Materials 

Pyrenochaeta terrestris T-66 was obtained from the 

American Type Culture Collection. The inoculum medium for 

Pyrenochaeta terrestris consisted of (per liter): D-glucose, 10 

g; neopeptone, 5 g; and corn steep liquor, 5 ml. Production media 

contained (per liter): soluble starch, 50 g; and neopeptone, 10 g. 

Buffer A: 50 mM potassium phosphate, 20 % (v/v) glycerol, 

1 mM EDTA, 0.1 % (v/v) 2-mercaptoethanol and pH 7.4. Buffer B: 

50 mM Tris-HCl, 1.0 mM EDTA, 0.1 % (v/v) 2-mercaptoethanol 

and pH 7.6. Buffer C: Buffer B and 1 % (w/v) Triton X-100. 

Sephadex G-75, Sephadex G-25, Dowex-1, Dowex-50 and 

Sephacryl-200 were obtained from Sigma Chemical Company. 

DE-52 and silica gel TLC plates were obtained from Whatman 

BioSystems Ltd. Bio-Gel A-0.5 m, Bio-Gel P-2 and Bio-Rad dry 

reagent concentrates were purchased from Bio-Rad 

Laboratories. The Centricon 10 microconcentrator, Centricon 30 

microconcentrator, Diaflo ultrafiltration membrane (10 K and 

30 K) and Amicon 8050 concentrator were purchased from 

Amicon, W. R. Grace & Company. The protein molecular weight 

standards were obtained from Sigma Chemical Company. The 

ATP, ADP, AMP, GTP. CTP, UTP, NADPH, 2-mercaptoethanol, 

trypsin, glucose, corn steep liquor, MOPS, FMN, FAD, 

16 
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Na2B4O7-10H2O, N-2,4-DNP-glycine, acetyl-Co A, coenzyme A, 

DTT, p-hydroxymercuribenzoate, 1,10-phenanthroline, diamide 

and N-ethylmaleimide were obtained from Sigma Chemical 

Company. The ZnS04-7H20, AICI3-6H20. CdCl2, glycerol and 

ammonium sulfate were purchased from J.T. Baker Chemical 

Company. FeCl2 was obtained from Baker & Adamson Company. 

The CoCl2-6H20 and EDTA were obtained from Matheson & Bell 

Company. The MnCl2-4H20 and soluble starch were obtained from 

Mallinckrodt Chemical Works. The MgCl2-6H20, CuS04 5H20, 

(NH4)6M07024-4H20, 36.5-38 % HCl, K2HPO4, Na2HP04 and 

NaH2P04 were obtained from Fisher Scientific Company. The 

99 % ethylformate, 95-97 % formic acid, glucose, MES and 

unlabeled emodin were purchased from Aldrlch Chemical 

Company, Inc. The Triton-X-100 was obtained from Rohm and 

Haas Company. The Orion 601 pH meter was obtained from Orion 

Research Company. The neopeptone and agar were purchased 

from Difco Laboratory. NADPH was purchased from United States 

Biochemical Corporation. The liquid scintillation vials were 

obtained from Research Products International Corporation. The 

Universal Cocktail was obtained from ICN Radiochemical 

Corporation. All solutions were prepared with double distilled 

water which was passed through a Sybron-Barnstead 

combination column. 3H-Emodin was prepared by the Wilzbach 

procedure (Groger et al., 1968) and was crystallized twice from 

ethanol. The specific radioactivity was 104 Cj/mole. Counting 
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efficiency was 0.47 cpm/dpm. One stock of ^H-emodin was used 

for all experiments. 

2-2- Methods 

2.2.1. Fermentation 

All cultures were incubated in Erienmeyer flasks at 25 ^C 

on a platform rotating at 220 rpm. Spores and mycelia of 

Pyrenochaeta terrestris grown on potato-dextrose-agar slants 

for at least 2 weeks were transferred to 100 ml of inoculum 

medium in a 500-ml Erienmeyer flask and incubated for 4 days. 

The mycelia were homogenized and 5-ml portions were used to 

inoculate 100-ml portions of production medium in 500-ml 

Erienmeyer flasks (Kurobane et al.. 1979). The cultures were 

harvested after 3 days. The cells were washed five times with 

H2O and once with 0.50 M sucrose, 50 mM potassium phosphate 

buffer, pH 7.4, and 1.0 mM EDTA. The cells were stored at - 20 OC. 

2.2.2. Protein Determination 

Protein was determined by the dye-binding method with 

bovine serum albumin as the standard (Bradford, 1976). 

2.2.3. Assay Procedure 

The assay system was composed of enzyme, ^H-emodin, 

NADPH, 2-mercaptoethanol, FeCl2, ATP or other factors. The 

volume was brought to 0.6 or 0.3 ml with buffer A or buffer B. 

The pH of incubation mixture was 7-4-
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Inoculating needles were inserted into a rubber stopper in a 

16 x 100 or 10 x 100 mm test tube that contained the incubation 

mixture and N2 was passed through the tube for 2 min in an ice 

bath. The needles were-removed and the tubes were shaken in a 

water bath at 25 OC or a Burrell wrist action shaker at room 

temperature. The reaction was stopped by the addition of 0.2 ml 

of 25 % HCl. The solution was extracted with ethyl ether and the 

ethyl ether layer was evaporated to dryness with a stream of 

N2. The residue was dissolved in methanol and the solution was 

applied to a silica gel TLC plate. Reference emodin and 

chrysophanol were applied on top of the sample. The plate was 

developed in petroleum ether (30-60 OC) : ethylformate : formic 

acid (95-97 %) (90 : 10 : 1). The regions containing emodin and 

chrysophanol were directly scraped into a liquid scintillation 

vial. Universal Cocktail was added, and the activity was 

measured with a Beckman L 200 liquid scintillation counter. The 

efficiency of counting was 47 %. 

2.2.4. Enzyme Preparation 

P.2-4.1- Crude Extract 

The frozen cells were mixed with buffer A. The mixture was 

homogenized for two 1-min periods with a VirTiz homogenizer 

"45" at maximum speed. The mixture was centrifuged in a 

Beckman Model J-21 B Centrifuge with a JA-20 rotor at a speed 

of 22,600 X g for 30 min. The supernatant was collected and 

kept frozen at - 20 ^C. 
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2.2.4.2- 65 % AmSQ^ Enzvme 

Solid ammonium sulfate (AmS04) was slowly added to crude 

extract to reach 65 % saturation (Jeso, 1968). The 65 % 

ammonium sulfate enzyme solution was stirred for 30 min in an 

ice bath, and then centrifuged at 7.800 x g for 30 min. The 

pellet was resuspended in the minimal volume of buffer C. The 

enzyme solution was stirred in an ice bath for 30 min and 

centrifuged at 31,000 x g for 90 min. The supernatant was 

collected. 

2.2.4.3. Dialvsis Enzvme or 
AmSOd-Dialvsis Enzvme 

Crude extract or AmS04 enzyme was dialyzed two times for 

8 h each against 500-ml buffer A. 

2.2.4.4. G-75 Enzvme 

Crude extract was applied directly to a G-75 column 

equilibrated with buffer A, and protein was eluted with buffer 

A. There were two major peaks, fraction 1 and fraction 2. 

monitored at 280 nm by UV detector. The fractions were assayed 

for emodin deoxygenase activity and protein. Fraction 1 (G-75 

enzyme) had emodin deoxygenase activity. Fraction 2 contained a 

group of small molecules and contained no emodin deoxygenase 

activity. 
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2.2.4.5- Ultrafilter Enzvme 

Crude extract was centrifuged at 3.800 x g to a minimal 

volume in an ultrafilter fitted with either a 10 K membrane 

(Centricon 10 microconcentrator) or a 30 K membrane 

(Centricon 30 microconcentrator). The ultrafiltrate was 

collected. A small amount of buffer A was added back to the 

material retained on the ultrafilter to dissolve the enzyme. 

2.2.4.6. AmSQ£-G75 Enzvme 

The AmS04 enzyme was applied to a G-75 column 

equilibrated with buffer B. The column was eluted with buffer B. 

The breakthrough fraction was collected and the nonprotein 

portion, as determined by Bio-Rad assay, was discarded. 

2.2.4.7. DE-52 Enzvme 

The AmS04-G75 enzyme was run through a DE-52 column 

equilibrated with 0.20 M KCI-buffer B. The enzyme also was 

eluted with 0.20 M KCI-buffer B. The breakthrough was 

monitored at 280 nm by a UV monitor and was collected. 

P 2.4.8. Green-Dve Enzvme 

The AmS04-G75 enzyme was applied to Matrex-gel green-A 

column equilibrated with buffer D (50 % buffer A + 50 % fraction 

2) or buffer E (buffer A + 0.1 % Triton X-100 + 7.7 |iM unlabeled 

emodin). The green dye column was washed with buffer D or E. 

The emodin deoxygenase was eluted from the column with 0.5 M 
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KCl in buffer D or E. The absorbance of the eluate was monitored 

at 280 nm by UV detector. 

2.2-4-9- Bio-Gel Enzvme 

The crude extract was brought to 0.6 % in protamine sulfate 

and the enzyme solution was continuously stirred for 30 min in 

an ice bath. The protamine sulfate enzyme solution was 

centrifuged at 31,000 x g for 20 min. The supernatant was 

collected and brought to 65 % ammonium sulfate as described 

above (section 2.2.4.2.). The AmS04 enzyme was applied to a 

Bio-Gel A-0.5 m column that had been previously equilibrated 

with buffer B and was eluted with buffer B. Fractions were 

monitored at 280 nm by UV detector. Active fractions were 

combined (Fig. 4). 

2.2.5. Effect of Trypsin on the Activity 

of Fraction 2 

Fraction 2 was incubated with trypsin at room temperature 

for 17 h. The mixture was heated in a 100 ^C water bath for 15 

min, and then centrifuged at 7,800 x g to remove the denatured 

protein. The activity of the treated fraction 2 was determined. 

2.2.6. Ether Extraction of the 30 K 
Membrane Ultrafiltrate 

The ultrafiltrate passed through the 30 K membrane of an 

ultrafilter was extracted three times with ethyl ether. The 

ethyl ether and aqueous phases were dried under a stream of 
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nitrogen. The residues were dissolved in buffer A. The activities 

of the ether and aqueous layers were assayed. 

2.2.7. Determination of Molecular Weight of 
the Active Component in Fraction 2 

The Bio-Gel P-2 column (0.9 x 54 cm) was equilibrated with 

50 mM sodium phosphate buffer, pH 7.4. Crude extract (0.7 ml) or 

standard compounds (0.7 ml) (N-2,4-DNP-glycine, M.W., 241 

daltons, FMN, M.W.. 455 daltons, FAD, M.W., 785 daltons, 

cytochrome c, M.W., 12,384 daltons) were applied to the 

P-2 column and eluted with 50 mM sodium phosphate buffer, 

pH 7.4. Fractions were collected with a LKB Bromma 2112 

Redirac fraction collector and the positions of standards were 

determined by measuring absorbance at 445 nm for 

N-2,4-DNP-gIycine, FAD and FMN and at 525 nm for 

cytochrome c. The position of activity in fraction 2 was 

determined by assaying the effect on emodin deoxygenase 

activity. 

2.2.8. Effect of Low pH or 4 M Formic 
Acid on Activity of Fraction 2 

The pH of fraction 2 was adjusted to pH 1 with 10 % HCl and 

the solution was left overnight at room temperature. The pH was 

then adjusted to pH 7 with 10 % KOH. Formic acid (95-97 %) 

was added to fraction 2 to a final concentration of 4 M. The 

solution was quickly frozen in acetone-dry ice and lyophilized 

overnight. The residue after lyophilization was dissolved in a 



24 

small volume of buffer A and the pH was adjusted to pH 7 with 

10 % KOH. The activity of treated fraction 2 was determined. 

2.2.9. Dowex-50 or Dowex-1 
Breakthrough Peak 

Fraction 2 was applied to either a Dowex-1-chloride or a 

Dowex-50-sodium ion exchange column equilibrated with buffer 

A and buffer A was passed through the column. The breakthrough 

peak of Dowex-1 was determined from the position of 

cytochrome c (red color) run through the same column and the 

eluted fractions were collected by fraction collector. The 

breakthrough peak (brown solution) of Dowex-50 was collected 

with a fraction collector. The activity of the breakthrough peak 

from the Dowex-1 or Dowex-50 column was measured. 

2.2.10. Thin Layer Chromatography of 

Fraction 2 

Fraction 2 was spotted on 3-mm Whatman chromatography 

paper. The paper was developed with the solvent system 
70 % ethanol : 30 % H2O. Five regions of developed paper were 

cut off and the compounds in the paper were eluted with H2O. 

The activity of fraction 2 was assayed. NADPH, NADP and ATP 

standards were spotted on 3-mm Whatman chromatography 

paper and developed with the same solvent system. The spots of 

NADPH, NADP and ATP were located by a phosphate spray reagent 

(Bandurski and Axelrod, 1952). The Rf of each compound was 

determined. 
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Rf » distance traveled by solute / distance traveled by solvent 
front 

2.2.11. Determination of Emodin 
Deoxygenase Activity vs. pH 

Bio-Gel enzyme (2 ml) at pH 7.6 was put into the ultrafilter 

containing a 10 K membrane (Centricon 10 microconcentrator). 

The ultrafilters were centrifuged at 3,800 x g until the minimal 

enzyme residues were left on the membrane of the filters. Then 

2 ml of the appropriate pH buffer (MES: 5.5, 6.0, MOPS: 6.5, 7.0, 

Tris-HCl: 7.5, 8.0, 8.5) was added and mixed to dissolve the 

retained enzyme residue. The buffer concentration was 50 mM 

and contained 0.1 % (v/v) 2-mercaptoethanol. The pH of the 

added buffers was adjusted with a Beckman 0-71 pH meter. 

2.2.12. Molecular Weight Determination 

The DE-52 enzyme was concentrated with an Amicon 8050 

concentrator fitted with a 30 K membrane. Sephacryl-200 

(2 X 99 cm) was equilibrated with 0.20 M KCI-buffer B 

(Belew et al., 1978). Before the DE-52 enzyme or standard 

proteins were applied to the Sephacryl-200 column, the protein 

solution was centrifuged at 7,800 x g for 20 min. After 0.5 ml 

protein solution was applied, the Sephacryl-200 column was 

eluted with 0.20 M KCI-buffer B and monitored at 280 nm by UV 

detector. The standard proteins were cytochrome c (M.W., 12,400 

daltons), trypsinogen (M.W., 24,000 daltons), egg albumin (M.W., 

45,000 daltons), bovine albumin (M.W., 66,000 daltons), alcohol 
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dehydrogenase (M.W., 150,000 daltons) ando^amylase (M.W., 

200.000 daltons). The elution volume (Ve) of each standard 

protein was collected with a LKB Bromma 2112 Redirac fraction 

collector. The eluted position of emodin deoxygenase was 

determined by assaying the eluted enzyme fractions (Whitaker, 

1963; Andrew, 1964). 

2.2.13. DTT Effect 

Bio-Gel enzyme that did not contain 2-mercaptoethanol or 

DTT was prepared according to the procedure described above 

(section 2.2.4.9). Different concentrations of DTT were added to 

the Bio-Gel enzyme and incubated at room temperature for 25 

min before assaying for emodin deoxygenase activity. 

2.2.14. Thiol Modifier Reagents Effect 

Bio-Gel enzyme that contained 0.50 or 1.0 mM DTT was 

prepared according to the procedure described above (section 

2.2.4.9). The thiol-modifier reagents (3.0 mM) diamide, 

N-ethylmaleimide, or Cd+2 were added to the Bio-Gel enzyme 

containing 0.50 mM DTT and preincubated at room temperature 

for 25 min in the darkness. p-Hydroxymercuribenzoate or 

Cu+2-1 jo-phenanthroline (1.0 mM) was added to the Bio-Gel 

enzyme containing 1.0 mM DTT and preincubated at room 

temperature for 25 min. Emodin deoxygenase activity was 

measured in the presence or absence of DTT. 
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CHAPTER III 

RESULTS 

Emodin deoxygenase catalyzes the conversion of emodin to 

chrysophanol (Anderson, 1986). Characterization and regulatory 

study of crude extract and partially purified enzyme were 

investigated in this study. 

3.1. Effect of ATP on Emodin 
Deoxvgenase Activity 

3.1.1. Effect of Nucleotides on Emodin 
Deoxygenase Activity in 

Crude Extract 

The activation of emodin deoxygenase by ATP, ADP, AMP, 

CTP, GTP or UTP in crude extracts was investigated. ATP and 

ADP activated emodin deoxygenase activity in crude extracts. 

but AMP. CTP, GTP and UTP did not (Fig. 5). The activation of 

emodin deoxygenase activity in crude extract by ADP was also 

observed in three other experiments. 

3.1.2. Effect of ATP at Different 
Concentrations of Crude Extract 

Emodin deoxygenase activity was determined in the 

presence or absence of ATP at three different concentrations of 

crude extract. It was observed that ATP was a more potent 

activator at higher crude extract concentrations than at lower 

concentrations (Table 1). 

29 
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3.1.3. Effect of Different ATP or ADP 
Concentrations on Emodin 
Deoxygenase Activity in 

Crude Extracts 

The ATP or ADP concentration which resulted in the best 

activation of emodin deoxygenase activity of crude extract was 

50 mM (Fig. 6) or 8.3 mM (Fig. 7), respectively. 

3.1-4. ATP effect at Different Protein 
Concentrations of G-75 Enzyme 

Emodin deoxygenase activity was determined at different 

concentrations of G-75 enzyme in the presence or absence of 

ATP (Table 2). ATP had negligible effect on activity at 0.3 and 

0.9 mg/ml and produced small activation at 1.5 mg/ml of 

protein. It was concluded that ATP had a greater effect on 

enzyme activity at higher protein concentrations. However, the 

increased effect at higher protein concentration of G-75 enzyme 

(1.5 mg/ml, 1.23 fold) was less than crude extract (0.63 mg/ml, 

2.46 fold). 

3.2. Preparation of Fraction 2 and Effect 
on ATP Activation 

3.2.1. Preparation of Fraction 2 

The crude extract applied to a G-75 column (3 x 45 cm) 

separated into two major peaks, G-75 enzyme and a lower 

molecular weight fraction 2, monitored at 280 nm by UV 

detector. G-75 enzyme contained the emodin deoxygenase 
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activity- Fraction 2 did not have emodin deoxygenase activity 

and did not contain protein as determined by Bio-Rad reagent. 

3.2.2. Activation of G-75 Enzyme by 
Fraction 2 and ATP 

Fraction 2 produced a slight inhibition of G-75 enzyme in 

the absence of ATP (Table 3). When ATP and fraction 2 were 

added together, there was a 3-fold activation of emodin 

deoxygenase activity of G-75 enzyme. The stimulation elicited 

by ADP was much less than that by ATP (Table 3). The activation 

of emodin deoxygenase activity by fraction 2 and ATP was 

consistently found in many repeated experiments. The range of 

variation of the increased activity were between 25 % and 400 

%. The concentrated protein from ultrafiltration (30 K cut-off) 

added with fraction 2 or ultrafiltrate in the presence or absence 

of ATP also showed a similar effect. 

3.2.3. Characterization of Active Component 

in Fraction 2 

3.2.3.1. Effect of Trvpsin 

Fraction 2 was incubated with trypsin at room temperature 

for 17 h, and then heated at 100 OC in a water bath for 15 min. 

It was found that the activity of fraction 2 was still present 

(Table 4). 
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3.2.3.2- Temperature Fffert 

The activation effect of fraction 2 boiled at 100 OC in a 

water bath for 15 min was decreased to 79 % of the unboiled 

control. Therefore, the active component of fraction 2 was 

moderately stable at 100 OC for 15 min (Table 4). Fraction 2 

was stable at room temperature for 2 days. The moderate 

stability of the active component in fraction 2 was also 

observed in another experiment. 

3.2.3.3. Effect of Metal Ion 

The metal ions (Mg+2, Co+2, Zn+2, Ca+2, MO+6, Mn+2, Cu+2, 

Ai+3^ B+3) clj(j not substitute for fraction 2 when fraction 2 was 

replaced with each metal ion. Co+2, Zn+2^ B+3 and Mo+^ were 

found to inhibit emodin deoxygenase activity of G-75 enzyme. 

Cu+2 and Mn+2 activated G-75 enzyme by 53 % and 19 %, 

respectively (Table 5). 

3.2.3.4. Effect of 10 K Membrane Ultrafiltrate 

The crude extract was centrifuged in a Centricon 10 

ultrafilter (from Amicon) at 3,800 x g and the filtrate was 

collected. The filtrate was added to G-75 enzyme in the 

presence or absence of ATP. It was found that the ultrafiltrate 

activated the G-75 enzyme in the presence of ATP, but not in the 

absence of ATP (Table 6). Therefore, the small molecules in the 

ultrafiltrate contributed to the activation of emodin 
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deoxygenase by ATP. It can be inferred that the active 

component had a molecular weight smaller than 10,000 daltons. 

3.2.3.5. Fffect nf Fther-Extracted Aqueous 
Layer of 30 K Membrane Ultrafiltrate on 
Emodin Deoxvgenase Activity of G-75 Enzvme 

The 30 K membrane ultrafiltrate was extracted by ethyl 

ether. It was found that the component responsible for 

activation was in the aqueous layer (Table 7). Therefore, the 

active component is polar. 

3.2.3.6. Molecular Weight of the 
Active Component in Fraction 2 

The molecular weight of the active component of fraction 2 

was determined by Bio-Gel P-2 gel filtration and estimated to 

have a molecular weight around that of FAD (M.W., 785 daltons) 

(Table 8). 

3.2.3.7. Effect of Acetyl Co A. Coenzyme A 
and FAD on Emodin Deoxygenase Activity 

Acetyl Co A and coenzyme A are the common precursors of 

biosynthesis in secondary metabolism (Lynen, 1967; Malik, 

1980). FAD is a common cofactor in many enzyme reactions. 

Acetyl Co A, coenzyme A (Table 9) or FAD (Table 10) did not 

function as an activator in place of fraction 2. 
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3.2.3.8. Effect of Low oH or 4 M Formic 
Acid on Fraction 2 Activity 

Fraction 2 was stable at pH 1 at room temperature and in 4 

M formic acid lyophilized overnight (Table 11). The stability of 

fraction 2 in 4 M formic acid was also observed in another 

experiment. 

3.2.3.9. Charge of Active Component 
in Fraction 2 at oH 7.4 

Fraction 2 was passed through Dowex-50 (cation exchange) 

or Dowex-1 (anion exchange) columns (Table 12). The 

breakthrough peak was collected to determine the activity of 

fraction 2. It was found that the activity of fraction 2 passed 

through the Dowex-50 column, but not the Dowex-1 column. The 

observation that the active component of fraction 2 did not pass 

through a Dowex-1 column was also seen in two other 

experiments. It was concluded that the active component has a 

negative charge at pH 7.4. 

3.2.3.10. AmSQ^ Enzvme with Fraction 2 

The activity of fraction 2 was determined with AmS04 

fractionated enzyme desalted by dialysis (Table 13) or 

G-25 chromatography (Table 14). It was found that the emodin 

deoxygenase activity of the AmS04 enzyme was not activated in 

the presence of ATP and fraction 2. 
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3.3. Purification Procedure for Fraction 2 

Fraction 2 was applied to a Dowex-1-chloride or 

Dowex-1-formate column equilibrated with buffer. The column 

was washed with buffer- and 0.4 M formic acid was passed 

through the column. The 0.4 M formic acid eluted fraction was 

collected, quickly frozen, and lyophilized. The residues were 

dissolved with a small volume of water and applied to 3-mm 

Whatman chromatography paper. The paper was developed with 

the 70 % ethanol : 30 % H2O solvent system. The Rf values of the 

active component in fraction 2, NADPH, NADP and ATP are shown 

in Table 15. 

3.4. Characterization of Emodin Deoxvgenase 

3.4.1. Optimum pH 

Emodin deoxygenase had a pH optimum of pH 6.5 (Fig. 8). 

3.4.2. Molecular Weight Determination 

The molecular weight of emodin deoxygenase estimated by 

Sephacryl-200 gel filtration was 103,000 daltons (Fig. 9). 

3.4.3. Effect of NADPH Concentration on Emodin 
Deoxygenase Activity of Crude Extract 

3.4.3.1. Approximate K^ of NADPH 
in Crude Extract 

The approximate Km of emodin deoxygenase for NADPH in 

the crude extract was 2.9 ± 0.7 iiM and the Vmax was 

2.6 ± 0.2 pmol/min (Fig. 10). The double reciprocal 
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Lineweaver-Burke plot is shown in Fig. 11. 

3.4.4. Effect of NADPH Concentration on Emodin 
Deoxygenase Activity of G-75 Enzyme 

3.4.4.1. Krĵ of NADPH in G-75 Enzvme 

The Km of emodin deoxygenase for NADPH in the 

G-75 enzyme was 1.5 ± 0.1 mM and the Vmax was 

1.6 ± 0.1 pmol/min (Fig. 12). The double reciprocal 

Lineweaver-Burke plot is in Fig. 13. 

3.4.5. Aerobic and Anaerobic Condition 

The emodin deoxygenase activity incubated under aerobic 

conditions was less than that under anaerobic conditions in 

crude extract. However, as the enzyme became more purified, 

the effect of oxygen on emodin deoxygenase activity was 

decreased (Table 16). 

3.4.6. Time 

The Bio-Gel enzyme fraction was incubated with substrate 

for various times at 25 ^C. A nearly linear relationship for the 

amount of product versus time was observed. The emodin 

deoxygenase activity reached a plateau after 2 h (Fig. 14). 

3.4.7. Stability of Emodin Deoxygenase 
Activity in Bio-Gel Enzyme 

The specific activity of Bio-Gel enzyme purified by Bio-Gel 

A-0.5 m chromatography was initially 6.9 pmol/min/mg. Then 

the Bio-Gel enzyme was frozen at -20 oC. After 24 h at -20 oc. 
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the Bio-Gel enzyme specific activity was 2.7 pmol/min/mg. 

However, the crude extract from 6-month-oId mycelia of 

Pvrenochaeta terrestris still retained most of the emodin 

deoxygenase activity. -

The Bio-Gel enzyme was preincubated at 25 oC for 45 min. 

This enzyme lost 67 % of its activity during preincubation at 

25 OC compared to the control treatment kept at 0 oc during the 

preincubation period (Table 17). The Bio-Gel enzyme is therefore 

somewhat unstable at room temperature. NADPH stabilized the 

Bio-Gel enzyme during preincubation (15 % loss of activity). 

Emodin gave a small amount of stabilization (55 % loss of 

activity). The specific activity of each enzyme preparation is 

reported in Table 18. The crude extract had a higher specific 

activity than that of the other more purified fractions. The 

decreased specific activity in more purified enzyme may be 

partially due to enzyme instability. The standard deviation in 

specific activity of each enzyme preparation was large. 

Instability of the enzyme might contribute to the variation. 

3.5. Relationship among NADPH. ATP 
and Fraction 2 

3.5.1. Activation of Emodin Deoxygenase 
Activity at 0.83 mM and 1.7 mM NADPH 

Fraction 2 stimulated the emodin deoxygenase activity 

associated with the G-75 enzyme plus ATP 28 % at 1.7 mM 

NADPH and 124 % at 0.83 mM NADPH (Table 19). Emodin 
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deoxygenase activation by fraction 2 was therefore greater at a 

lower concentration of NADPH. 

3.5.2. Interaction of ATP and Fraction 2 with 
G-75 Enzyme at 1.7 mM NADPH 

The activity of G-75 enzyme with fraction 2 was 

determined at different ATP concentrations (0.83 mM, 4.2 mM 

and 8.3 mM) in the presence of 1.7 mM NADPH. In this 

experiment, 4.2 mM and 8.3 mM ATP decreased enzyme activity. 

However, this decreased activity was almost fully recovered 

when fraction 2 was added (Table 20). 

3.5.3. Interaction of ATP and Fraction 2 with 
G-75 Enzyme at 5.0 mM NADPH 

The activity of G-75 enzyme with fraction 2 was 

determined at different ATP concentrations in the presence of 

5.0 mM NADPH. Fraction 2 in the presence of 0.83 mM ATP did 

not activate the G-75 enzyme significantly (5 % increase). ATP 

decreased emodin deoxygenase activity of the G-75 enzyme to 

the extent of 77 % at 8.3 mM ATP. The addition of fraction 2 

resulted in a doubling of activity with 8.3 mM ATP and 5.0 mM 

NADPH, but the activity was still only 44 % of the activity 

without ATP or fraction 2 (Table 21). 

3.6. Activity vs. Concentration of Crude 
Extract or Bio-Gel Enzvme 

Emodin deoxygenase activity was determined at different 

protein concentrations of Bio-Gel enzyme. There was a nearly 
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linear relationship between enzyme activity and protein 

concentration of Bio-Gel enzyme (Fig. 15). With crude extract, 

the activity was very low at low concentrations of crude 

extract and increased rapidly at a certain concentration 

(0.043 mg/ml in Fig. 16). Comparing the two curves, it is 

inferred that some factor(s) which contributed to the upward 

curvature in Fig. 16 in the crude extract was/were removed by 

gel filtration and resulted in the disappearance of the upward 

curvature in the Bio-Gel enzyme (Fig. 15). These results are 

consistent with the effect of fraction 2 on emodin deoxygenase 

activity. Alternatively, a regulatory domain of emodin 

deoxygenase may have been damaged during Bio-Gel enzyme 

preparation. Therefore, the function of enzyme regulation was 

lost and the upward curvature effect disappeared. 

3.7. Fe±S Requirement 

3.7.1. Enzyme Activity with Various Fe+2 
Concentrations in Crude Extract 

Fe+2 ( 1 0 - 2 0 mM) produced the most activation of emodin 

deoxygenase in crude extracts. Concentrations of 40 mM Fe+2 or 

above inhibited the enzyme in the crude extract (Fig. 17). 

3.7.2. Effect of Addition of ATP and Fe+2 to 
Crude Extract and Bio-Gel Enzyme 

on Activity 

Although Fe+2 and ATP activated emodin deoxygenase in 

crude extracts, the emodin deoxygenase activity of the 
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Bio-Gel enzyme was inhibited by Fe+2 and was unaffected by the 

addition of ATP (Table 22). The experiment to determine the 

effect of ATP or Fe+2 on activity of the Bio-Gel enzyme was run 

once, but the experiment was run several times in crude extract. 

3.7.3. Requirement of Different 
Enzyme Preparations for Fe+2 

The Fe+2 requirement of emodin deoxygenase was 

investigated in enzyme preparations that had undergone 

different purification procedures. The Fe+2 inhibited emodin 

deoxygenase activity in Bio-Gel enzyme and AmS04-G75 

enzyme, but increased emodin deoxygenase activity in crude 

extract (Table 23). 

Green-dye enzyme containing fraction 2 was activated by 

Fe+2. However, the activity of the Green-dye enzyme without 

fraction 2 was independent of Fe+2. jhis suggests that fraction 

2 contains a component involved in the activation of emodin 

deoxygenase by Fe+2 in crude extracts. 

3.8- Thiol Group of Emodin Deoxvgenase 

3.8.1. Effect of DTT 

The Bio-Gel enzyme prepared in the absence of DTT or 

2-mercaptoethanol had minimal emodin deoxygenase activity. 

The emodin deoxygenase activity was partially recovered when 

DTT was added. The activation of emodin deoxygenase reached a 

plateau at 1.0 mM DTT (Fig. 18). 
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3.8.2. Effect of Thiol Modifying Reagents 

The emodin deoxygenase activity of Bio-Gel enzyme was 

inhibited by p-hydroxymecuribenzoate, Cu+2-i,i0-phenanthroline 

(Table 24) , diamide, N-ethylmaleimide and Cd+2 (Table 25). The 

diamide-treated emodin deoxygenase activity was partially 

recovered with addition of DTT, but recovery was only 20 %. The 

activity was not recovered by addition of DTT after treatment 

with the other thiol reagents. 
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Table 1. Effect of ATP on emodin deoxygenase activity at 
various protein concentrations of crude extract. 

pmol chrysophanol 
Crude extract 

(mg) - ATP + ATP + ATP/- ATP 

0.057 14 13 0.93 

0-114 41 67 1.63 

0.38 154 379 2.46 

The assay mixture was composed of 1.5 mM NADPH, 
15 mM FeCl2, 4.2 mM ATP, 12 mM 2-mercaptoethanol and 
6.1 p.M 3H-emodin. Incubation time: 40 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run once. 
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Table 2. Effect of ATP on emodin deoxygenase activity at 
various concentrations of G-75 enzyme. 

pmol chrysophanol 
G-75 enzyme 

(mg) - ATP + ATP + ATP/- ATP 

0-18 30 28 0.93 

0.54 79 86 1.09 

0.9 171 211 1.23 

The assay mixture was composed of 1.7 mM NADPH. 
15 mM FeCl2, 12 mM 2-mercaptoethanol, 1.7 mM ATP and 
6.1 |iM 3H-emodin. Incubation time: 40 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run once. 
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Table 3. Effect of ATP, fraction 2 and ADP on emodin 
deoxygenase activity of G-75 enzyme. 

pmol relative activity 
chrysophanol (%) 

G-75 enzyme 31 (4)^ 100 

G-75 enzyme + ATP 31 (1) 100 

G-75 enzyme + Fraction 2 29 (1) 94 

G-75 enzyme + Fraction 2 100 (8) 323 
+ ATP 

G-75 enzyme + Fraction 2 38 (3) 123 
+ ADP 

The assay mixture was composed of 3.3 mM NADPH. 
15 mM FeCl2, 12 mM 2-mercaptoethanol and 7.6 )iM 8H-emodin 
The ATP or ADP concentration was 0.83 mM. The volume of 
fraction 2 added was 75 jil. Protein added: 0.19 mg. 
Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
a average. Number in parentheses is the difference between 
higher and lower of duplicate values. 
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Table 4. Effect of trypsin and heat on activation of 
emodin deoxygenase activity of G-75 enzyme by fraction 2. 

pmol relative activity 
chrysophanol (%) 

G-75 enzyme + ATP 10 (3)^ 1 00 

G-75 enzyme + Fraction 2 + ATP 29 (6) 290 

G-75 enzyme + Fraction 2 (boiled) 23 (5) 230 
+ ATP 

G-75 enzyme + ATP + 25 (1) 250 
Fraction 2 (trypsin, boiled) 

The assay mixture was composed of 1.7 mM NADPH. 
15 mM FeCl2, 12 mM 2-mercaptoethanol and 5.0 jiM ^H-emodin. 
The ATP concentration was 0.83 mM. The volume of added 
fraction 2 was 100 p.1. Protein added: 0.03 mg. 
Incubation time: 120 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run twice. 
2 average. Number in parentheses is the difference between 
higher and lower of duplicate values. 
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Table 5. Effect of metal ion on emodin deoxygenase 

activity of G-75 enzyme and ATP. 

pmole relative activity 
chrysophanol (%) 

G-75 enzyme + ATP 

G-75 enzyme + Fraction 2 + ATP 

G-75 enzyme + Cu"**̂  + ATP 

G-75 enzyme + Mn"̂ ^ + ATP 

G-75 enzyme + Ca"̂ ^ + ATP 

G-75 enzyme + Mg"*"̂  + ATP 

G-75 enzyme + AI+3 + ATP 

G-75 enzyme + Co"̂ ^ + ATP 

G-75 enzyme + Zn"*"̂  + ATP 

G-75 enzyme + B"*"̂  + ATP 

G-75 enzyme + Mo"̂ ^ + ATP 

96 

219 

147 

114 

94 

92 

80 

56 

30 

27 

27 

100 

228 

153 

119 

98 

96 

83 

58 

31 

28 

28 

The metal compounds were MgCl2-6H20, CoCl2-6H20, CaS04, 
ZnS04-7H20, (NH4)6M07O24-4H2O, MnCl2-4H20. CuS04-5H20. 
AICI3-6H20, Na2B4O7-10H2O and each concentration was 3.3 mM. 
The assay mixture was composed of 1.7 mM NADPH. 
15 mM FeCl2, 0.83 mM ATP, 12 mM 2-mercaptoethanol and 
7.6 îM 3H-emodin. The volume of added fraction 2 was 95 |il. 
Protein added: 0.22 mg. Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run once. 
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Table 6. Effect of 10 K membrane ultrafiltrate on 
activity of G-75 enzyme. 

G-75 enzyme 

G-75 enzyme + ATP 

G-75 enzyme + Fraction 

G-75 enzyme + Fraction 
+ ATP 

G-75 enzyme + Filtrate 

pmol 
chrysophanol 

19 

16 

2 13 

2 
56 

17 

relative activity 
( % ) 

100 

84 

68 

295 

89 

G-75 enzyme + Filtrate 
+ ATP 54 284 

The assay mixture consisted of 3.3 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol and 7.6 |iM ^H-emodin. The ATP 
concentration was 0.83 mM. The volume of fraction 2 or 
ultrafiltrate added was 95 jil. Protein added: 0.16 mg. 
Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run once. 
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Table 7. Effect'of ether extract and aqueous layer after 
ether extraction of 30 K membrane ultrafiltrate on emodin 
deoxygenase activity of G-75 enzyme. 

pmol relative activity 
chrysophanol (%) 

G-75 enzyme 

G-75 enzyme + ATP 

G-75 enzyme + Filtrate (ether) 

G-75 enzyme + Filtrate (ether) 
+ ATP 

G-75 enzyme + Filtrate (aqueous) 

G-75 enzyme + Filtrate (aqueous) 
+ ATP 

12 

10 

7 

6 

7 

100 

83 

58 

50 

58 

26 217 

The assay mixture was composed of 3.3 mM NADPH, 
15 mM FeCl2, 12 mM 2-mercaptoethanol and 7.6 |iM ^H-emodin. 
The ATP concentration was 0.83 mM. The volume of the ether or 
aqueous layer after extraction of the ultrafiltrate added was 
100 III. Protein added: 0.16 mg. Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run once. 
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Table 8. Apparent molecular weight determination of 
emodin deoxygenase activator in fraction 2 by Bio-Gel P-2 gel 
filtration. 

N-2,4-DNP-glycine 

nviN 

FAD 

Activity of fraction 2 

Cytochrome c 

no. of tube 

46 

27 

24 

22 

1 1 

M.W. 

241 

455 

785 

-

12,384 

M.W.: molecular weight. 
See Methods section for procedure. 
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Table 9. Effect of acetyl Co A or coenzyme A on emodin 
deoxygenase activity of G-75 enzyme. 

pmol relative activity 
chrysophanol (%) 

G-75 enzyme + ATP 7 100 

G-75 enzyme + Fraction 2 
+ ATP 

G-75 enzyme + Co A + ATP 

G-75 enzyme + Acetyl Co A 
+ ATP 

15 

5 

5 

214 

71 

71 

Acetyl Co A or coenzyme A (3.3 mM) was added to G-75 enzyme 
with ATP. 
The assay mixture consisted of 1.7 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol and 5.0 jiM ^H-emodin. The ATP 
concentration was 0.83 mM. The volume of added fraction 2 was 
100 jil. Protein added: 0.22 mg. Incubation time: 150 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run twice. 
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Table 10. Effect of acetyl Co A or FAD on emodin 
deoxygenase activity of G-75 enzyme. 

pmol 
chrysophanol 

G-75 enzyme + ATP 

G-75 enzyme + Fraction 2 
+ ATP 

G-75 enzyme + Acetyl Co A 
+ ATP 

G-75 enzyme + FAD + ATP 

32 

95 

14 (0)^ 

15 (4) 

relative activity 
( % ) 

100 

297 

44 

47 

The 1.0 mM acetyl Co A or 0.1 mM FAD was added to 
G-75 enzyme with ATP. The effect of acetyl Co A or FAD was 
determined. 
The assay mixture consisted of 1.7 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanoI and 5.0 |iM ^H-emodin. The ATP 
concentration was 0.83 mM. The volume of added fraction 2 was 
100 |il. Protein added: 0.17 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run twice. 
a average. Number in parentheses is the difference between 
higher and lower of duplicate values. 
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Table 11. Effect of exposure of fraction 2 to low pH on 
activation of G-75 enzyme by fraction 2. 

G-75 enzyme 

G-75 enzyme + ATP 

G-75 enzyme + Fraction 

G-75 enzyme + Fraction 2 + 

G-75 enzyme + ATP + 

2 

pmol 
chrysophanol 

ATP 

49 

18 

34 

91 

97 (3)^ 

relative activity 
( % ) 

100 

37 

69 

186 

198 
Fraction 2 (low pH) 

G-75 enzyme + ATP + 85 1 73 
Fraction 2 (4 M formic acid) 

The activity of fraction 2 that was treated with low pH or 
4 M formic acid (see Methods section) was measured with 
G-75 enzyme in the presence of ATP. 
The assay mixture was composed of 1.7 mM NADPH, 
15 mM FeCl2, 12 mM 2-mercaptoethanol and 5.0 jiM ^H-emodin 
The ATP concentration was 0.83 mM. The volume of added 
fraction 2 was 100 jil. Protein added: 0.15 mg. 
Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
a average. Number in parentheses is the difference between 
higher and lower of duplicate values. 
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Table 12. Effect of Dowex-50 or Dowex-1 breakthrough 
peak from fraction 2 on activity of G-75 enzyme. 

pmol relative activity 
chrysophanol (%) 

G-75 enzyme + ATP 

G-75 enzyme + Fraction 2 + ATP 

G-75 enzyme + ATP 
+ Dowex-50 Breakthrough 

G-75 enzyme + ATP 
+ Dowex-1 Breakthrough 

9 

29 

27 (5)̂  

7 
14 
12 
1 1 

100 

322 

300 

78 
156 
133 
122 

The assay mixture contained 1.7 mM NADPH, 15 mM FeCl2, 

12 mM 2-mercaptoethanol and 5.0 |iM ^H-emodin. The ATP 
concentration was 0.83 mM. The volume of fraction 2 or 
breakthrough peak added was 95 jil. 
Protein added: 0.03 mg. Incubation time: 120 min. 
Four consecutive eluted tubes with fractions of Dowex-1 
breakthrough peak were measured. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
a average. Number in parentheses is the difference between 
higher and lower of duplicate values. 
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Table 13. Effect of fraction 2 on emodin deoxygenase 
activity of AmS04-fractionated enzyme desalted by dialysis. 

pmol chrysophanol 

- ATP + ATP 

AmS04 enzyme 154 123 

AmS04 enzyme + Fraction 2 132 135 

The assay mixture consisted of 3.3 mM NADPH, 15 mM FeCl2. 
12 mM 2-mercaptoethanol, and 7.6 \xM ^H-emodin. The ATP 
concentration was 0.83 mM. The volume of added fraction 2 was 
95 |il. Protein added: 0.14 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run once. Assay was run in one replicate. 
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Table 14. Effect of fraction 2 on emodin deoxygenase 
activity of AmS04-fractionated enzyme desalted by G-25 
chromatography. 

pmol chrysophanol 

- ATP + ATP 

AmS04 enzyme 96 106 

AmS04 enzyme + Fraction 2 83 103 

The assay mixture contained 1.7 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol and 5.0 )iM ^H-emodin. The ATP 
concentration was 0.83 mM. The volume of added fraction 2 was 
75 jil. Protein added: 0.12 mg. Incubation: 30 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run once. 
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Table 15. Rf of active component in fraction 2. 

G-75 enzyme + ATP 

G-75 enzyme + ATP 
+ Fraction 2 

Band 1 

Band 2 
(Activity of fraction 2) 

Band 3 

Band 4 

Band 5 

NADPH 

NADP 

ATP 

pmol chrysophanol 

31 

42 

24 

53 

21 

16 

15 

Rf 

1.00-0.78 

0.78-0.58 

0.58-0.39 

0.39-0.19 

0-19-0.00 

0.17 

0.08 

0.00 

Methods of separation and identification were described in 
Materials and Methods section. 
The assay mixture was composed of 1.7 mM NADPH, 
15 mM FeCl2, 12 mM 2-mercaptoethanol, and 
5.0 jiM ^H-emodin. The ATP concentration was 0.83 mM. The 
volume of fraction 2 added was 100 jil. 
Protein added: 0.15 mg. Incubatuion time: 60 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run three times. 
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Table 16. Effect of oxygen on emodin deoxygenase 
activity of crude extract or Bio-Gel enzyme. 

pmol chrysophanol 
Enzyme 

Preparations aerobic anaerobic anaerobic/aerobic 

Crude extract 25 96 3.84 

Bio-Gel enzyme 46 65 1.41 

The emodin deoxygenase activity was measured under aerobic 
condition or after flushing with nitrogen. 
The assay mixture of crude extract contained 0.75 mM NADPH, 
5.0 mM FeCl2, 12 mM 2-mercaptoethanol, 4.2 mM ATP and 
6.1 |LiM 3H-emodin. Protein added: 0.049 mg. 
Incubation time: 30 min. 
The final volume of the incubation mixture was 0.6 ml. 
The assay mixture of Bio-Gel enzyme contained 3.3 mM NADPH, 
12 mM 2-mercaptoethanol and 5.0 ^M ^H-emodin. 
Protein added: 0.1 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.3 ml. 
The emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run three times. 
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Table 17. Stability of emodin deoxygenase activity of 

Bio-Gel enzyme. 

Treatment 1 

Treatment 2 

Treatment 3 

Treatment 4 

Treatment 5 

pmol 
chrysophanol 

11 (5)^ 

33 (2) 

1 (1) 

15 (1) 

28 (4) 

relative activity 
( % ) 

33 

100 

3 

45 

85 

Treatment 1: The enzyme was preincubated at 25 ^C for 45 min. 
Treatment 2: The enzyme was set in an ice bath during 
preincubation. 
Treatment 3: The ^H-emodin was added to the enzyme and 
preincubated at 25 oC for 45 min. The assay mixture did not 
contain NADPH. 
Treatment 4: The ^H-emodln was added to the enzyme and 
preincubated at 25 ^C for 45 min. The assay mixture, but not 
the preincubation mixture, contained NADPH. 
Treatment 5: The NADPH was added to enzyme and preincubated 
at 25 OC for 45 min. 
The assay mixture was composed of 1.7 mM NADPH, 10 mM DTT 
and 5.0 jiM ^H-emodin. Protein added: 0.10 mg. 
Incubation time: 120 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run twice. 
a average. Number in parentheses is the difference between 
higher and lower of duplicate values. 
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Table 18. Specific activity of each enzyme preparation, 

Enzyme preparation specific activity no. of observations 

Crude extract 

G-75 enzyme 

G-75 enzyme + ATP 

G-75 enzyme + ATP 
Fraction 2 

AmSO-G75 enzyme 

Bio-Gel enzyme 

20.77±18.53 

7.54 ± 9.00 

4.53 ± 3.40 

11.32 ± 7.28 

10.07 ± 6.45 

12.13 ± 4.48 

26 

17 

27 

43 

9 

15 

Crude extract: The assay mixture was composed of 0.75 mM 
NADPH, 15 mM FeCl2, 4.2 mM ATP, 12 mM 2-mercaptoethanol and 
6.1 jiM 3H-emodin. 
G-75 enzyme: The assay mixture was composed of 
1.7 mM NADPH, 15 mM FeCl2, 12 mM 2-mercaptoethanol and 
5.0 }iM ^H-emodin. 
G-75 enzyme + ATP: The assay mixture was composed of 
1.7 mM NADPH, 15 mM FeCl2, 0.83 mM ATP. 
12 mM 2-mercaptoethanol and 5.0 îM ^H-emodin. 
G-75 enzyme + Fraction 2 + ATP: The assay mixture was 
composed of 1.7 mM NADPH. 15 mM FeCl2, 0.83 mM ATP. 
12 mM 2-mercaptoethanol. 5.0 jiM ^H-emodin and fraction 2. 
AmS04-G75 enzyme: The assay mixture of was composed of 
1.7 mM NADPH, 12 mM 2-mercaptoethanol and 
5.0 jiM 3H-emodin. 
Bio-Gel Enzyme: The assay mixture of was composed of 3.3 mM 
NADPH, 12 mM 2-mercaptoethanol and 5.0 )iM ^H-emodin. 
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Table 19. Effect of ATP and fraction 2 on emodin 
deoxygenase activity of G-75 enzyme at 0.83 mM and 1.7 mM 
NADPH. 

pmol relative activity 
chrysophanol (%) 

G-75 enzyme + ATP 
(1.7mMNADPH) 47 100 

G-75 enzyme + Fraction 2 + ATP 
(1.7mMNADPH) 60 128 

G-75 enzyme + ATP 
(0.83 mM NADPH) 25 53 

G-75 enzyme + Fraction 2 + ATP 
(0.83 mM NADPH) 56 119 

The emodin deoxygenase activity of G-75 enzyme was measured 
at 0.83 mM NADPH and 1.7 mM NADPH in the presence of ATP. 
The assay mixture contained NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol, 0.83 mM ATP and 
5.0 }iM 3H-emodin. The volume of added fraction 2 was 100 jil. 
Protein added: 0.15 mg. Incubation time: 60 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
The experiment was run once. The assay was run in one 
replicate. 
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Table 20. Effect of ATP and fraction 2 on emodin 
deoxygenase activity of G-75 enzyme at 1.7 mM NADPH. 

pmol chrysophanol 

ATP G-75 Enzyme + ATP G-75 Enzyme + ATP 
(mM) + Fraction 2 

0.0 110 104 

0.83 85 135 

4.2 43 126 

8.3 23 98 

The assay mixture contained 1.7 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol and 5.0 p.M ^H-emodin. The volume of 
added fraction 2 was 100 )il. Protein added: 0.15 mg. 
Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run once. Assay was run in one replicate. 
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Table 21. Effect of ATP and fraction 2 on emodin 
deoxygenase activity of G-75 enzyme at 5.0 mM NADPH. 

pmol chrysophanol 

ATP G-75 enzyme + ATP G-75 enzyme + ATP 
(mM) + Fraction 2 

0.0 80 72 

0.83 76 84 

2.5 64 72 

4.2 38 53 

8.3 18 35 

The assay mixture contained 5.0 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol and 5.0 jiM ^H-emodin. The volume of 
added fraction 2 was 100 |il. Protein added: 0.15 mg. 
Incubation time: 45 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run once. Assay was run in one replicate. 
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Table 22. Effect of Fe+2 and ATP in crude extract or Bio-
Gel enzyme. 

- Fe+2, - ATP 

- Fe+2, + ATP 

+ Fe+2, - ATP 

+ Fe+2, + ATP 

pmol 

Crude extract 

46 

217 

214 

303 

chrysophanol 

Bio-Gel enzyme 

42 

39 

2 

2 

The assay mixture of crude extract contained 1.7 mM NADPH. 
12 mM 2-mercaptoethanol. and 5.0 )iM 3H-emodin. The ATP 
concentration was 4.2 mM. The Fe+2 concentration was 15 mM. 
Protein added: 0.44 mg. Incubation time: 30 min. 
The assay mixture of Bio-Gel enzyme contained 1.7 mM NADPH, 
12 mM 2-mercaptoethanol, and 5.0 jiM ^H-emodin. The ATP 
concentration was 4.2 mM. The Fe+2 concentration was 15 mM. 
Protein added: 0.13 mg. Incubation time: 60 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
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Table 23. Effect of Fe+2 on emodin deoxygenase activity 
of various enzyme preparations. 

Enzyme Preparations 

Crude extract 

Bio-Gel enzyme 

AmS04-G75 enzyme 

Green-dye enzyme 
+ Fraction 2 

Green-dye enzyme 

pmol 

- Fe+2 

217 

39 

260 
329 

9 
10 

81 

chrysophi 

+ 

anol 

Fe+2 

303 

2 

85 
184 

24 
17 

79 

Methods of preparation of enzyme fractions are described in 
Materials and Methods section. 
The assay mixture contained 1.7 mM NADPH, 
12 mM 2-mercaptoethanol, 4.2 mM ATP and 5.0 }iM ^H-emodin. 
For the crude extract, the Fe+2 concentration was 15 mM. 
Protein added: 0.44 mg. Incubation time: 30 min. 
For the Bio-Gel enzyme, the Fe+2 concentration was 15 mM. 
Protein added: 0.13 mg. Incubation time: 60 min. 
For the AmS04-G75 enzyme, the Fe+2 concentration was 5.0 mM. 
Protein added: 0.51 mg or 0.37 mg. Incubation time: 60 min. 
For the Green-dye-fraction 2 enzyme, the Fe+2 concentration 
was 5.0 mM. Protein added: 0.26 mg. 
Incubation time: 120 min. 
For the Green-dye-no fraction 2 enzyme, the Fe+2 concentration 
was 5.0 mM. Protein added: 0.038 mg. 
Incubation time: 300 min. 
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Table 23. Continued 

The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. The Fe+2 effect in AmS04-G75 enzyme was run 
twice. The Fe+2 effect in Green-dye enzyme with fraction 2 
was run twice and Green-dye enzyme was run once. 
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Table 24. Effect of thiol reagents on emodin deoxygenase 
activity of Bio-Gel enzyme. 

pmol chrysophanol 

Preincubation mixture - DTT + DTT 

28 Control. N2 

Control, air 

p-Hydroxy-
mecuribenzoate. N2 

Cu+2-1,10-
phenanthroline. air 

30 

24 

2 

2 

Control: Bio-Gel enzyme was preincubated under anaerobic or 
aerobic condition at 25 oC for 25 min. The concentration of 
added DTT to the incubation mixture was 2.0 mM. 
The concentration of p-hydroxymercuribenzoate and 
Cu+2-1,10-phenanthroline were 1.0 mM. 
The assay mixture contained 1.7 mM NADPH and 
5.0 |iM 3H-emodin. Protein added: 0.075 mg. 
Incubation time: 120 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run twice. 
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Table 25. Effect of thiol reagents on emodin deoxygenase 
activity of Bio-Gel enzyme. 

Thiol Reageant 
pmol chrysophanol 

DTT + DTT 

Control 23 30 

Diamide 2 6 

N-ethylmaleimide 2 2 

Cd+2 2 3 

The emodin deoxygenase activity of Bio-Gel enzyme containing 
0.50 mM DTT was measured with diamide, N-ethylmaleimide and 
Cd+2 in the presence or absence of 10 mM DTT. 
The assay mixture was composed of 3.3 mM NADPH, 
3.0 mM reagent and 5.0 p-M ^H-emodin. 
Protein added: 0.11 mg. Incubation time: 120 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
This experiment was run once. Assay was run in one replicate. 



68 



Fig. 5, Effect of ATP, ADP, AMP, GTP, CTP or UTP on emodin 
deoxygenase activity of crude extract. 
The assay mixture contained 0.24 mM NADPH. 15 mM FeCl2, 
12 mM 2-mercaptoethanol, 42 mM Mg+2 and 6.1 uM ^H-emodin. • 
The 4.2 mM ATP, ADP, AMP, GTP, CTP or UTP was added to the • 
assay mixture except control treatment. 
Protein added: 0.4 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was repeated 
twice. 
The height of the bar is the average value. The limit line is the 
deviation of duplicate values from the average value. 
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Fig. 6. Effect of ATP concentration on emodin deoxygenase 
activity of crude extract. 
The emodin deoxygenase activity was measured at different ATP 
concentrations as follows: 
0: 0.0 mM, 1.9, 4.4 pmol: 1: 4.2 mM, 11.3, 13.2 pmol; 2: 8.3 
mM, 21.1, 18.4 pmol; 4: 17 mM, 22.1, 27.5 pmol: 6: 25 mM, 20, 
27.7 pmol; 8: 33 mM, 28.1, 31.7 pmol; 'lO: 42 mM, 36.7, 40.9 
pmol: 12: 50 mM. 40.7 pmol; 14: 58 mM, 23.7, 36.1 pmol; 16: 
67 mM. 28.5. 34.2 pmol. 
The assay mixture consisted of 0.24 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol. 42 mM Mg+2^ 6.1 \iM 3H-emodin and 
ATP concentration indicated above. 
Protein added: 0.4 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was repeated 
twice. 
The height of the bar is the average value. The limit line is the 
deviation of duplicate values from the average value. 
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Fig. 7. Effect of ADP concentration on emodin deoxygenase 
activity of crude extract. 
The emodin deoxygenase activity was measured at different ADP 
concentrations in crude extract as follows: 
0: 0.0 mM. 2.6, 2.6 pmol; 1: 4.2 mM, 10.9, 8.5 pmol; 2: 8.3 mM, 
16.9, 10.8 pmol; 4: 17 mM. 11.7, 13.7 pmol; 6: 25 mM. 9.5. 10.7 
pmol; 8: 33 mM. 9.2, 15.2 pmol; 10: 42 mM. 14.2, 9.6 pmol; 12: 
50 mM. 10.5, 7.6 pmol: 14: 58 mM. 7.6, 1.9 pmol; -16: 67 mM, 
6.1, 2.5 pmol. 
The assay mixture consisted of 0.24 mM NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol, 42 mM Mg+2^ s.l jiM 3H-emodin and 
ADP concentration described above. 
Protein added: 0.4 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was repeated 
once. 
The height of the bar is the average value. The limit line is the 
deviation of duplicate values from the average value. 
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Fig. 8. Activity of emodin deoxygenase vs. pH in Bio-Gel enzyme. 
The buffer concentration was 50 mM (see Methods section). 
The assay mixture contained 3.3 mM NADPH. 
12 mM 2-mercaptoethanol and 5.0 |iM 3H-emodin. 
Protein added: 0.012 mg. Incubation time: 120 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was repeated 
three times. 
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Fig. 9. Molecular weight determination of emodin deoxygenase. 
See Methods section for procedure. 
Sephacryl 200 column (2 x 99 cm) equilibrated with 0.20 M 
KCI-buffer B. The emodin deoxygenase activity of eluted 
fraction was determined. 
The assay mixture contained 1.7 mM NADPH, 
12 mM 2-mercaptoethanol and 5.0 \iM ^H-emodin. 
Incubation time: 120 min. 
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Fig. 10. Emodin deoxygenase activity of crude extract as a 
function of NADPH concentration. 
The assay mixture was composed of NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol. 4.2 mM ATP and 6.1 jiM ^H-emodin. 
Protein added: 0.4 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was repeated 
three times. 
Curve is best fit to Michaelis-Menten equation (Duggle, 1981). 
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Fig. 11. Double reciprocal Lineweaver-Burke plot 
(1/chrysophanol vs. 1/NADPH in crude extract). 
Data is from Fig. 10. 
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Fig. 12. Emodin deoxygenase activity of G-75 enzyme as a 
function of NADPH concentration. 
The assay mixture contained NADPH, 15 mM FeCl2, 
12 mM 2-mercaptoethanol, 4.2 mM ATP, 9.1 |iM ^H-emodin. 
Protein added: 0.034 mg. Incubation time: 45 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was repeated 
three times. 
Curve is best fit to Michaelis-Menten equation (Duggle, 1981) 
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Fig. 13. Double reciprocal Lineweaver-Burke plot 
(1/chrysophanol vs. 1/NADPH in G-75 enzyme). 
Data is from Fig. 12. 
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Fig. 14. Emodin deoxygenase activity of Bio-Gel enzyme as a 
function of time. 
The assay mixture contained 3.3 mM NADPH, 
12 mM 2-mercaptoethanol and 5.0 )iM 3H-emodin. 
Protein added: 0.10 mg. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was run once. 
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Fig. 15. Emodin deoxygenase activity as a function of protein 
concentration of Bio-Gel enzyme. 
The assay mixture was composed of 3.3 mM NADPH, 
12 mM 2-mercaptoethanol and 5.0 jiiM ^H-emodin. 
Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was run once. 
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Fig. 16. Emodin deoxygenase activity as a function of protein 
concentration of crude extract. 
The assay mixture was composed of 0.75 mM NADPH, 
15 mM FeCl2, 6.3 mM ATP, 12 mM 2-mercaptoethanol and 
6.1 |j.M 8H-emodin. Incubation time: 15 min. 
The final volume of the incubation mixture was 0.6 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was run several 
t imes. 
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Fig. 17. Effect of Fe+2 concentration on emodin deoxygenase 
activity in crude extract. 
The assay mixture contained 0.75 mM NADPH, 
12 mM 2-mercaptoethanol. 4.2 mM ATP and 6.1 |iM 3H-emodin 
Protein added: 0.065 mg. Incubation time: 30 min. 
The final volume of the incubation mixture was 0.6ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assays were run in duplicate. This experiment was run once. 
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Fig. 18. Effect of DTT on emodin deoxygenase activity of 
Bio-Gel enzyme. 
The Bio-Gel enzyme was prepared without DTT or 
2-mercaptoethanol. The Bio-Gel enzyme was preincubated at 
various concentration of DTT at 25 oC for 25 min and the 
emodin deoxygenase activity was measured. 
The assay mixture was composed of 1.7 mM NADPH, and 
5.0 jiM 3H-emodin. Protein added: 0.097 mg. 
Incubation time: 90 min. 
The final volume of the incubation mixture was 0.3 ml. The 
emodin deoxygenase activity was expressed as pmol 
chrysophanol. 
Assay was run in one replicate. This experiment was run once. 
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CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

4.1. Discussion 

in crude extracts prepared from Pyrenochaeta terrestris. 

the activity of emodin deoxygenase was low at low 

concentrations of crude extract and increased rapidly at higher 

concentrations (Fig. 16). The activation of emodin deoxygenase 

activity in crude extract has been previously reported 

(Anderson, 1986). The effect of NADPH concentration, ATP 

addition, and fractions derived from the crude extract on the 

activity of crude and partially purified extracts provide 

information about the cause of the upward curvature effect. 

First, the effect of ATP was investigated in the crude 

extract. The ATP did not activate the enzyme at lower protein 

concentrations of crude extract as much as it did at higher 

protein concentrations of crude extract (Table 1). This increase 

elicited by ATP at higher concentrations of crude extract 

contributes to the upward curvature in the activity versus 

concentration of crude extract curve. The activity increases 

much more with increased concentration of crude extract with 

ATP than without added ATP (Table 1). 

The activation by ATP of the G-75 enzyme was much less 

than that for the crude extract (Table 2) and, in most samples, 

there was no activation (Table 3) or activity was inhibited 

(Tables 6, 7, 11, 20, 21). Why was activation by ATP observed 

96 
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with crude extract, but was generally not observed with G-75 

enzyme? Why did ATP have a greater effect at higher 

concentrations than at lower concentrations of the crude 

extract? The observation that a low molecular weight fraction 

(fraction 2) restored the activation of G-75 enzyme by ATP 

(Tables 3, 6, 11) accounts for both observations. The upward 

curvature effect is due to the increased concentration of active 

component in fraction 2 required as a coactivator with ATP. The 

decrease or loss of activation of G-75 enzyme by ATP is due to 

the removal of this factor during gel filtration. 

The fraction 2 component involved in the activation of 

emodin deoxygenase was characterized by different methods. 

Activity of fraction 2 was stable to trypsin treatment. The 

component was stable at low pH. The activity was largely 

retained after exposure to 100 oC for 15 min and at room 

temperature for 2 days. It has a negative charge at pH 7-4 since 

it was bound to an anion exchange column. It is a polar compound 

because it was not extracted by ethyl ether. It has a molecular 

weight around that of FAD (M.W., 785 daltons). Low molecular 

weight and stability of the active component of fraction 2 

indicate that the component is not a protein. However, the 

active component could be a small peptide that does not contain 

an arginine or lysine carboxyl peptide bond. 

ADP also activated emodin deoxygenase in crude extracts. 

However, the concentration that gave the best stimulation of 

emodin deoxygenase activity was 8.3 mM for ADP and 50 mM for 

ATP. The ADP increased the emodin deoxygenase activity in the 
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presence of G-75 enzyme and fraction 2 only 23 % in contrast to 

223 % stimulation by ATP. Therefore, the activation of emodin 

deoxygenase by ADP and ATP are thought to be through different 

mechanisms. 

Another observation was that fraction 2 could not activate 

AmS04 enzyme in the presence of ATP when fraction 2 was 

added to the AmS04 enzyme desalted by dialysis or G-25 

chromatography. This implies that another protein or small 

molecule that is bound to emodin deoxygenase in addition to ATP 

and the active component in fraction 2 may be involved in the 

activation of emodin deoxygenase. The unknown protein or small 

molecule may be lost, dissociated or denatured during 

ammonium sulfate treatment. Alternatively, the emodin 

deoxygenase contains regulatory domains. The regulatory domain 

was damaged by high salt ammonium sulfate fractionation and 

the regulatory function was lost. Therefore, fraction 2 and ATP 

can not increase the emodin deoxygenase activity. 

C-methyltransferase catalyzes the transfer of a methyl 

group from S-adenosylmethionine to position 3 of the aliphatic 

side chain of indolepyruvate in indolmycin biosynthesis in 

Streotomvces griseus (Speedie et al., 1975). The enzyme 

activity in the crude extract was inhibited by indolmycin or 

L-tryptophan. However, these effects were not observed after 

the enzyme had been passed through the Sephadex G-150 column 

during purification. A possible explanation for the loss of 

inhibition was proposed that a regulatory subunit dissociates 

during the gel filtration step (Speedie et al., 1975). A similar 
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loss of a regulatory protein may have occurred during the 

ammonium sulfate fractionation of our crude extract. 

NADPH is a substrate for emodin deoxygenase and is 

required for emodin deoxygenase activity (Table 17). It was 

impressive that the requirement for NADPH by the crude extract 

was very low (Km, 2.9 ^M) (Fig. 10) compared to that of the 

G-75 enzyme (Km, 1.5 mM) (Fig. 12). Endogenous NADPH could 

contribute to some extent to the estimate of the approximate 

Km of NADPH in crude extract. However, even with the 

uncertainty in the Km for NADPH in the crude extract, the 

difference between the NADPH requirement of crude extracts 

and G-75 enzyme is nevertheless very large. The effect of 

endogenous NADPH could not account for this observation. What 

factors contribute to the big difference between the NADPH 

requirements of the crude extract and the G-75 enzyme? 

ATP and fraction 2 decreased the NADPH concentration 

requirement of G-75 enzyme. NADPH was saturating at 5.0 mM 

with G-75 enzyme. Fraction 2 with ATP did not increase emodin 

deoxygenase activity of the G-75 enzyme with 5.0 mM NADPH 

(Table 21) whereas activity was increased 124 % with 0.83 mM 

NADPH (Table 19) and 26 % with 1.7 mM NADPH (Tables 19, 20). 

It can be inferred that ATP and fraction 2 activated emodin 

deoxygenase by decreasing the NADPH concentration 

requirement. This suggests that the lower Km for NADPH of the 

crude extract compared to that of the G-75 enzyme is due to the 

presence of the active component of fraction 2. 
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It was found that the upward curvature observed in the 

crude extract (Fig. 16) disappeared in the Bio-Gel enzyme 

(Fig. 15). Also the Bio-Gel enzyme activity was independent of 

ATP concentration (Table 22). The factors responsible for the 

regulatory mechanism do not exist in AmS04-treated enzyme 

preparations and can not interact with emodin deoxygenase. 

Alternatively, the regulatory domain of emodin deoxygenase was 

damaged during Bio-Gel enzyme preparation (AmS04-treated 

enzyme). Therefore, the activities versus concentrations of 

crude extract curve, i.e., the low activity at low concentration 

and upward curvature, were absent in the AmS04-treated 

enzyme preparation. 

According to these experimental observations, the 

following explanation is proposed. Emodin deoxygenase binds to 

an uncharacterized protein or a small molecule. ATP and the 

active component in fraction 2 interact with this regulatory 

protein or molecule and cause the emodin deoxygenase to 

undergo a conformational change. The change in the emodin 

deoxygenase conformation results in the exposure of the binding 

site for NADPH. Therefore, the concentration of NADPH required 

to activate the emodin deoxygenase is decreased. Alternatively, 

fraction 2 and ATP, but not for fraction 2 or ATP alone, interact 

with the regulatory domain of emodin deoxygenase resulting in 

an appropriate protein conformational change which exposes the 

NADPH binding site and decreases the NADPH Km. 

The possible increase of enzyme activity by phosphorylation 

of emodin deoxygenase was investigated. Although the results 
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were inconclusive, it is possible that the regulation mechanism 

involves phosphorylation of emodin deoxygenase or of the active 

component of fraction 2. The possibility of regulation by 

phosphorylation should be investigated further. 

The stability of the- enzyme is often a big problem for the 

purification and isolation of enzymes of secondary metabolism 

(Forrester and Gaucher, 1972; Jones and Westlake, 1974; 

Gaucher, 1975; Hollander et al., 1984). Emodin deoxygenase 

fortunately is very stable in the crude extract. However, this 

enzyme became unstable as purification proceeded. The emodin 

deoxygenase in the crude extract was stable at least for 6 

months at - 20 oc. But the Bio-Gel enzyme lost 61 % of its 

specific activity in 24 h at this temperature. NADPH stabilized 

the Bio-Gel enzyme. The question is, why is the emodin 

deoxygenase very stable in the crude extract, but not in the 

partially purified form? It can be inferred that some factor(s) 

existed in the crude extract that maintained the active protein 

conformation of emodin deoxygenase. Endogenous NADPH may 

stabilize enzyme activity in the crude extract. In one case, 

iodoacetamide was added to Bio-Gel enzyme and the treated 

enzyme activity doubled compared to untreated enzyme. 

Chemical modification may be a good approach to find a way to 

stabilize the emodin deoxygenase conformation. If the more 

purified emodin deoxygenase can be stabilized by chemical 

modification, the purification and isolation of emodin 

deoxygenase can proceed. 
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The effect of Fe+2 is different with enzyme preparations 

purified by different procedures. The Fe+2 activated emodin 

deoxygenase in crude extracts (Table 23) and inhibited the 

activity of the Bio-Gel enzyme and the AmS04-G75 enzyme. 

AmS04-G75 enzyme further purified with green-dye affinity gel 

was not affected by Fe+2. in the presence of fraction 2, 

however, the green-dye purified enzyme was activated by Fe+2. 

The activation of emodin deoxygenase in crude extracts by Fe+2 

therefore may involve a component in fraction 2. 

The role of thiol groups in emodin deoxygenase was 

investigated. Emodin deoxygenase had almost no activity in the 

absence of DTT (Fig. 19). It is proposed that a pair of SH-groups 

was oxidized to a disulfide bond by air and this caused the loss 

of enzyme activity. This oxidation reaction was reversible. 

Emodin deoxygenase activity was recovered by adding DTT back. 

Diamide inhibited emodin deoxygenase activity. The inhibition by 

diamide was reversed by DTT. However, the recovery was only 

20 %. The instability of the diamide-modified enzyme might 

contribute a major factor to the poor recovery. Diamide, an 

oxidizing reagent, was shown to oxidize a pair of free -SH 

groups to disulfide bonds (Kosower et al., 1969). DTT could 

reduce the disulfide bond back to the free -SH groups. The DTT-

reversible effect of inhibition by diamide-treated ATP synthase 

has been reported (Yagi and Hatefl, 1984; Lippe et al., 1988). The 

thiol modifiers p-hydroxymercuribenzoate, Cu+2- l , l0 -

phenanthroline, N-ethylmaleimide (Means and Feeney, 1971) and 
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Cd+2 inhibited the emodin deoxygenase activity. The inhibition 

was not reversed by DTT. 

In the last experiments, which attempted to purify the 

active component in fraction 2, the effect of fraction 2 and ATP 

on the activity of G-75 enzyme decreased and it was hard to 

distinguish the fractions which had fraction 2 activity. It may 

be due to batch cell variation. The fermentation conditions of 

Pvrenochaeta terrestris for maximum fraction 2 activity should 

be investigated. The amount of active component in fraction 2 

may or may not be parallel with maximum production of emodin 

deoxygenase. Limiting a certain nutrient may induce active 

component formation. 

The most common regulatory mechanisms of enzymes 

involved in secondary metabolism are growth rate control 

regulation, enzyme induction, feedback inhibition, feedback 

repression and catabolite regulation (carbon, nitrogen and 

phosphate) (Demain, 1986). In this study, the emodin 

deoxygenase is activated by ATP plus an unidentified substrate 

coactivator acting at the enzyme level. The emodin deoxygenase 

activity is increased due to a decrease in the NADPH Km- This 

study demonstrates the first example of an enzyme involved in 

secondary metabolism regulated in this manner. 

4.2- Summarv and Conclusions 

Emodin and chrysophanol are important intermediates of 

biosynthesis in secondary metabolism. Emodin deoxygenase 

catalyzes the conversion of emodin to chrysophanol. The 
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regulatory mechanism and characterization of this enzyme were 

investigated in this study. The crude extract was separated into 

low molecular weight (fraction 2) and high molecular weight 

(G-75 enzyme) fractions by Sephadex G-75 column 

chromatography. ATP had little or no effect on the emodin 

deoxygenase activity of the G-75 enzyme. Fraction 2 restored 

the activation of emodin deoxygenase in G-75 enzyme by ATP. 

The activity in the crude extract was very low at low enzyme 

concentrations and increased very rapidly with increased 

enzyme concentrations. This effect was not observed after 

ammonium sulfate fractionation and Bio-Gel A-0.5 m gel 

filtration chromatography (Bio-Gel enzyme). Fraction 2 retained 

79 % of its activity at 100 oc for 15 min and 100 % of its 

activity at room temperature for 2 days. The active component 

of fraction 2 has a polar structure, is negatively charged at pH 

7-4, is stable at low pH, and has a molecular weight around that 

of FAD (M. W., 785 daltons). The approximate Km of NADPH was 

2.9 JJ.M in crude extract. The Km of NADPH was 1.5 mM with G-75 

enzyme. It is proposed that the ATP and active component in 

fraction 2 interact with a regulatory protein or small molecule 

which is bound to emodin deoxygenase or, alternatively, interact 

with a regulatory domain of emodin deoxygenase. In either case, 

the increase in emodin deoxygenase activity is proposed to be 

due to a decrease in NADPH Km- The active component may be 

involved in the regulation of emodin deoxygenase in vivo. The 

apparent molecular weight of emodin deoxygenase was 103.000 

daltons as determined by gel permeation chromatography. The 
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optimum pH was 6.5. The function (activation, inhibition or no 

influence) of Fe+2 was different with different partially 

purified enzyme preparations. The emodin deoxygenase of Bio-

Gel enzyme had almost no enzyme activity in the absence of DTT 

during enzyme preparation. However, the emodin deoxygenase 

activity was partially restored by the addition of DTT. The thiol 

modifier p-hydroxymercuribenzoate, Cu+2-l ,10-phenanthroline. 

diamide, N-ethylmaleimide and Cd+2 inhibited the Bio-Gel 

enzyme. The inhibition of emodin deoxygenase activity by 

diamide was partially restored by DTT. 

For further study, the isolation and purification of emodin 

deoxygenase is necessary to define clearly this enzyme 

property. However, the purification of emodin deoxygenase can 

not proceed further because of instability of the enzyme. The 

stability of emodin deoxygenase should be investigated. 

Chemical modification may be a way to stabilize the enzyme. 

The parameters such as pH, temperature and substrate should be 

systematically investigated to find the best conditions for 

maintaining the stability of the enzyme. 
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