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CHAPTER I
INTRODUCTION

Ergochromes are light yellow-colored mycotoxins
produced by a number of fungi: Claviceps purpurea (Franck,
1964; Freeburn, 1912; Eglinton et_ ai. , 1958), Pyrenochaeta
terrestris(Kurobane and Vining, 1978), Aspergillus ochraceus
(Yamazake e^ al.. , 1971), Aspergillus aculeatus (Anderson ejt
al. , 1977), Parmelia entotheiochroa (Yosioka et_ al.. , 1968).
Penicillium oxalicum (Steyn, 1970), and Phoma terrestris
(Howard and Johnstone, 1973). According to the studies of
mycologists and physiologists, animals fed with corn meal
infected with ergochrome-producing fungi experienced
extensive liver necrosis (Steyn, 1970).
The ergochromes are of interest to both organic
chemists and biochemists, owing to their unusual chirality
and biosynthesis (Figure 1 ) . Chemical degradation with
spectroscopic investigation revealed that all the known
ergochromes are dimers of the

monoxanthones, linked at C-2

(Franck, 1964; Hooper et^ al,. , 1971). Oxanthones contain from
three to five chiral centers, so the occurrence of
diastereoisomers and enantiomers of oxanthones is possible.
Six naturally occurring diastereoisomers, oxanthones A-F
(Figure 2 ) , have been isolated from different fungi. The
combination of any two of the six monomers makes a large
number of ergochromes. Thus, a systematic nomenclature of

Figure 1. The structures of ergochrome AA and its
enantiomer, ergochrome DD, which has opposite
configurations at all its chiral carbon atoms.

Ergochrome AA

Ergochrome DD

Figure 2. The structures of monoxanthones A-F and their
absolute configuration at each chiral center.
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ergochromes is established by adding an additional
specification "AA," "AB," or "BB," according to the types of
their monomeric units A, B, etc. (Table 1, Franck, 1964,
Franck and Baumann, 1966).
The bio^nthetic pathway of ergochromes has been
investigated by feeding labeled precursors to the
ergochrome-producing fungi. Feeding experiments performeii
with Claviceps purpurea and Penicillium oxalicum provided
direct proof for the role of emodin, an anthraquinone
derived from an octaketide, in ergochrome biosynthesis
(Franck and Flasch, 1973; Groger e^ al.. , 1968). The specificincorporations of emodin into the four ergochromes (0.38 1.58%) are comparatively high, indicating that ergochromes
arise from emodin by ring opening (Figure 3 ) .
During ergochrome biosynthesis from emodin, its
hydroxyl group at C-6 has to be eliminated and an additional
hydroxyl group introduced at C-4. Therefore, not only emodin
but the natural products islandicin, catenarin, and
chrysophanol (Figure 4) whose arrangement of hydroxyl groups
corresponds partly or completely to that of an ergochrome
had to be taken into consideration. Since the incorporation
of the three additional anthraquinones might differ little
from that of emodin, competitive feeding experiments were
performed (Franck et. al.. , 1980). The specific incorporations
relative to emodin, ratio b/a, show that chrysophanol is
incorporated 3.56 times more effectively than emodin.

Table 1
Names, structures, and occurrence of pure ergochromes
Systemat:LC
name
Ergochrome
Ergochrome
Ergochrome
Ergochrome
Ergochrome
Ergochrome
Ergochrome
Ergochrome
Ergochrome
Ergo-Chrome
Ergoc nrome
Ergochrome
Ergochrome

AA
BB
AB
CC
AC
BC
AD
BD
CD
DD
EE
FF
BE

Original
name
Secalonic acid A
Secalonic acid B
Secalonic acid C
Ergoflavin
Ergochrysin A
Ergochrysin B
-

Secalonic acid D
Secalonic acid E
Secalonic acid F

Structure

0^ccurrence

A-A
B-B
A-B
C-C
A-C
B-C
A-D
B-D
C-D
D-D
E-E
F-F
B-E

a , b, c
a
a
d
a
a
a
a
a
a
e
f

Occurrences: a. Claviceps purpu rea of various orig m s

(Franck, 1964, Franck and Baumann 1966); b. Aspergillus
ochraceus (Yamazaki et. al_i 1971); c. Lichen Parmelia
entotheiochroa (Yosioka et. aJ, 1968); d. Claviceps purpurea
(Freeburn, 1912; Eglinton ejt al, 1958); e. Penicillium
oxalicum (Steyn, 1970); f. Phoma terrestris (Howard and
Johnstone, 1973); g. Aspergillus aculeatus (Anderson ejt al,
1977)

Figure 3. A proposed pathway of ergochrome biosynthesis.
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precursors because of their insignificant incorporation
in these experiments.
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whereas the other two are excluded as precusors because of
their insignificant incorporation (Table 2 ) . These results
indicate that ergochrome biosynthesis proceeds via
chrysophanol, with the introduction of the additional
hydroxyl group at C-4 after ring cleavage.
Examining the structure of the ergochromes and the
results of the above experiments, the biosynthetic reactions
which transform the anthraquinones to ergochromes are
predicted to involve:
(1) ring cleavage;
(2) reductive elimination of the hydroxyl group at C-o;
(3) hydroxylation at C-4;
(4) xanthone ring closure;
(5) reduction of the dienone system;
(6) dimerization.
Among these reactions, the study of the enzyme which
catalyzes the reductive elimination of the hydroxyl group at
C-6 is the topic of this dissertation. This reaction was
designated as deoxygenation (Anderson e_t al,. , 1988) to
specify the change of a phenolic hydroxyl group to a
hydrogen. The mechanism of deoxygenation is regarded as a
subject worth investigation, because the removal of the
hydroxyl group from an aromatic ring would require reduction
and subsequent dehydration. An understanding of this
reaction will help to resolve the mechanism of an analogous
reaction shown in Figure 5 that occurs during the formation

13

Table 2
Competitive incorporation of four anthraquinones in
ergochrome EE by Penicillium oxalicum

Experiment

Anthraquinone

Specific
incorporation
(%)

Ratio
b/a

i

(a) [U-^H]Emodin
(b) [U--^"*C]Emodin

0.418
0.432

I.03

2

(a) [U-^IJ]Emodin
(b) [U--^'*C]Islandicin

0.541
0.163

0.301

3

(a) [U-JH]Emodin

0.3 7

0.02 2

(b) [U-^'*C]Catenarin

0.008

(a) [U-^H]Emodin
(b) [U-^^C]Chrysophanol

0.96
3.42

4

3.5 6

Franck, B.,Bringmann, G.,and Flohr, G. (1980) Angew. Chem.
Int. Ed. Engl. 19:460

Figure 5. The removal of the hydroxyl group from an
aromatic ring during biosynthesis also occurs during
the formation of sterigmatocystin, a biogenetic
precursor of af latoxin B-^.
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of sterigmatocystin, an intermediate in aflatoxin Bj^
biosynthesis (Hsieh et, al. , 1964; Bollaz et, aJ. , 1968;
Vederas, 1982; Sankawa et al., 1982).
The enzymatic reduction of emodin to form chrysophanol
in a cell-free system from Pyrenochaeta terrestris was first
reported by Anderson (1986). In this reaction, the hydroxyl
group at the C-6 position of emodin is replaced by hydrogen
with the action of NADPH as a cofactor (Figure 6, Anderson
et_ ai. , 1988). This observation suggested that the NADPHdependent reductive reaction is the first reaction and the
resulting chrysophanol is undoubtedly the first intermediate
of the biosynthetic pathway which leads to the production of
ergochromes from emodin.
The work presented here is intended to expand the
understanding of the deoxygenation activity found in the
crude extract of Pyrenochaeta terrestris. To achieve this,
purification methods for the enzyme catalyzing the
deoxygenation reaction were probed, the reaction mechanism
was elucidated, and the stereospecificity of oxidation of
NADPH of this enzyme was also determined.

Figure 6. An enzymatic reduction of emodin to form
chrysophanol by emodin deoxygenase. NADPH is required
as a cofactor in this reaction.
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CHAPTER II
LITERATURE REVIEW

Schultzen and Naunyn (1867) were the first to
demonstrate that benzene was converted to phenol in man and
the dog. Enzymatic hydroxylation of aromatic compounds in
the animal body has been known for more than a century. The
reverse reaction, dehydroxylation, was first reported in
vivo by Booth et, ai. in 1957. Rabbits fed 3,4-dihydroxyphenylacetic acid excrete increased ra-hydroxyphenylacetic
acid in the urine. It was suggested that the m-hydroxyphenylacetic acid arose by loss of the p-hydroxyl group of
3,4-dihydroxyphenylacetic acid. The dehydroxylation reaction
was confirmed by Scheline e^ al.. (1960) with 3,4-di hydroxyphenylacetic acid labeled with carbon-14. Since then t)ie
excretion of increased amounts of m-hydroxyphenyl acids has
been observed after the administration of caffeic acid (3,4dihydroxycinnamic acid) to man, rabbits and rats (DeEds et^
al. « 1957, Booth e_t aJ. , 1957) and after administration of
3,4-dihydroxyphenylalanine

(dopa) to the rabbit and the rat

(DeEds et al., 1957 ) .
The enzymatic dehydroxylation has also been observed in
the quinoline series, for 4-hydroxyquinoline-2-carboxyIic
acid (kynurenic acid) is partly excreted as quinoline-2carboxylic acid (quinaldic acid) in man and the rat
(Takahashi e^ al.. , 1956), and 4,8-dihydroxyquinoline-2-
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carboxylic acid (xanthurenic acid) is excreted as 8-hydroxyquinoline-2-carboxylic acid in the rat (Takahashi and Price,
1958). However, the hydroxyl group in the 4-position of
quinoline is not strictly phenolic, and the mechanism of its
dehydroxylation may not be the same as the removal of the
phenolic group in the catechol acids (Scheline et, al. ,
1960) .
Shaw ejb al,. (1961) found that if human beings or rats
were given neomycin orally prior to the ingestion of caffeic
acid, then the m-hydroxyphenyl acids disappeared from the
urine. Later, Benjafield (1962) showed that dehydroxylation
of caffeic acid was also prevented by the addition of the
intestinal antiseptic, 'Dimol,' to the rat diet. These
observations suggested that the dehydroxylation was a
reaction of microorganisms in the cecal extracts. The
isolation of a strain of Pseudomonas sp. from rat feces
which has the ability to dehydroxylate caffeic acid yielding
m-hydroxyphenyl acids was reported by Perez-Silva e_t al.
(1966). A mechanism for the dehydroxylation of catechol acid
has been suggested as:
HO^ H
+2H

COOH

and
GOGH

COOH

The change of the phenolic hydroxyl group into a
hydrogen

occurring in the biosynthesis of melanin is

COOH

21
another example. The biosynthetic pathway (Figure 7) arising
in a number of fungi has been partially elucidated, and the
intermediates and melanin were found to be derived from a
pentaketide (Aldridge et. al. , 1974). By using mutants of the
fungi the main intermediates in the pathway were established
to be: (+)-scytalone, 1,3,8-trihydroxynaphthalene

(1,3,8-

THN), (-)-vermelone, and 1,8-dihydroxynaphthalene

(DHN ) .

1,3,6,8-Tetrahydroxy-naphthalene

(1,3,6,8-THN ) has been

proposed as an intermediate (Sankawa et, ai. , 1977; Seto and
Yonehara 1977; Ten et ai., 1980; Tokousbalides and Sisler,
1979; Wheeler and Stipanovic, 1979).
The incubation of the dialyzed homogenates of
Verticillium dahliae, a melanin-producing fungus, with
1,3,6,8-THN and 1,3,8-THN under anaerobic condition caused
the enzymatic reduction of 1,3,6,8- THN and 1,3,8-THN to
form scytalone and vermelone, respectively, which then were
dehydrated enzymatically to 1,3,8-THN and DHN (Figure 7,
Wheeler, 1982). The deoxygenation of the 1,3,6,8-THN and
1,3,8-THN to form scytalone and vermelone is catalyzed by
two steps with two enzymes, oxidoreductase and dehydratase,
in the cell-free system. The reductive reaction was found to
be heat sensitive and to require specifically NADPH as a
cofactor. The dehydration reaction, which has been reported
by Bell et. ai. (1976), and Stipanovic and Bell (1976) does
not require pyridine nucleotides and is apparently more heat
stable than the oxidoreductase enzyme.

Figure 7. A proposed pathway of melanin biosynthesis in
V. dahliae. P. oryzae. and T\_ basicola. 1,3,6,8-THN and
1,3,8-THN are enzymatically reduced to scytalone and
vermelone, respectively, which then were dehydrated
enzymatically to 1,3,8-THN and DHN.
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CHAPTER III
MATERIALS AND METHODS

Materials
Pyrenochaeta terrestris Culture
Pyrenochaeta terrestris strain T-66 (ATCC 16993) was
purchased from the American Type Culture Collection,
Rockville, Maryland.

Radiochemicals
[ H]Emodin was prepared by reacting unlabeled emodin
with tritium gas in a gas tight vessel for three weeks
(Wilzbach conditions; Wenzel and Schulze, 1962). After
exchange of the labile tritium and intensive purification,
[ H]emodin was dissolved in methanol with a concentration of
0.145 mM and specific radioactivity of 91.4 Ci/mol.

Chemicals
Unlabeled emodin was purchased from Aldrich Chemical
Company, Milwaukee, Wisconsin. Deuterium oxide and 6ddeuterated isopropanol were purchased from Cambridge Isotope
Laboratories, Woburn, Massachusetts. Universol cocktail and
ammonium sulfate were purchased from ICN Biomedicals, Costa
Mesa, California. Diethyl ether and glycerol were purchased
from

J.T.Baker, Inc., Phillipsburg, New Jersey. Methanol

was purchased from Mallinckrodt, Paris, Kentucky. KH2PO4,
24
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ATP, NADP"*", NADPH, Tris base, (3-mercaptoethanol, and protein
molecular weight standards for the SDS-polyacrylamide gel
electrophoresis (SDS-6) were purchased from Sigma Chemical
Company, St. Louis, Missouri. Other chemicals not mentioned
here were all reagent grade and were used without further
purification.

Methods
Culture of Pyrenochaeta terrestris
The culture was maintained on a potato-dextrose agar
slant upon delivery.
Media
The potato-dextrose agar was prepared by boiling 300 g
finely diced potatoes in 500 ml of distilled water until
thoroughly cooked; filtering through cheesecloth and adding
water to filtrate to 1.0 liter. Fifteen grams agar were
dissolved in the filtrate by heating, and 20 g of glucose
were added prior to sterilization (Jong and Gantt, 1987).
The inoculum medium consisted of (per liter): D-glucose
(Sigma Chemical Company, St. Louis, Missouri), 10 g;
Neopeptone (Difco Laboratories, Detroit, Michigan), 5 g; and
corn steep liquor (Sigma Chemical Company), 5 ml (Kurobane
and Vining, 1979) .
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Production medium for this fungus contained (per
liter): soluble starch (Fisher Scientific, Fair Lawn, NewJersey), 50 g; and Neopeptone, 10 g (Kurobane and Vining,
1979) .

Fermentation
All media were sterilized in an autoclave and cooled to
room temperature before inoculation. For aerobic growth, two
pieces of lawn grown on potato-dextrose agar slant for two
weeks were transferred to 100 ml of inoculum medium in a 500
ml Erlenmyer flask and incubated at 24*C on a platform
rotating at 220 rpm for four days. The mycelium was
homogenized and 5 ml portions were used to inoculate 100 ml
portions of production medi'um in 500 ml Erlenmyer flasks.
The cultures were incubated on a rotating platform at 24"C.

Harvest
After three days the fungus growing in the production
medium started to produce pigments and the cells were
harvested before the growth rate slowed. The mycelium
gathered by filtering the mother liquor through doublelayered cheesecloth were washed five times with distilled
water and once with sucrose phosphate buffer containing
0.5 M sucrose, 0.1 M KH2PO4, and 1 mM EDTA, pH 7.4.
Additional mother liquor was removed by vacuum filtration
using a Buchner funnel. Then the mycelia were wrapped in
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aluminum foil and stored at -20°C until they were needed.
The mycelia kept by this method did not lose activity after
six months of storage. The yield of fungus was about 100 g
per liter of production medium.

Preparation of Buffers
All buffers and solutions used for experiments were
prepared with deionized glass double distilled water.
Extraction buffer contained 20% (V/V) glycerol, 50 mM
KH2P0^, 0.1% C-mercaptoethanol, and 1 mM EDTA. The pH was
adjusted to 7.4 by titrating with concentrated potassium
hydroxide solution. Buffer A contained 50 mM Tris-HCl, 0.1%
B-mercaptoethanol, and 1 mM EDTA. The pH was adjusted to 7.6
by titrating with concentrated HCl. Buffer B was prepared by
dissolving 1% (W/V) Triton X-100 in buffer A. Buffers were
stored in the cool room (5*C).

Preparation of Crude Extract
of Pyrenochaeta terrestris
Frozen mycelia (20 g) were suspended into 60 ml of
extraction buffer. The suspension was kept cool in an ice
bath and disrupted with a Virtiz homogenizer for one minute
at maximum speed. After one minute cooling the mixture was
homogenized one additional minute. Nitrogen gas was bubbled
through the mixture during the homogenization. The mixture
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was centrifuged (Beckman J-21B, JA-21 Rotor) at 8,000 rpm
for 20 minutes at 5°C to remove whole cells and large cell
fragments. The supernatant was collected and stored at
-20'C.

Enzyme Assay
Emodin deoxygenase activity was routinely assayed by
determining the radioactivity of the [ "^H ] chrysophanol
reduced by a NADPH-dependent reaction from ['^H]emodin. One
unit of activity is defined as the amount of enzyme required
to convert 1 nmol of [3H]emodin to chrysophanol per minute
at 24*C. The incubation mixture of the standard assay
consisted of 0.75 umol NADPH, 25 jul [ Hjemodin and enzyme
preparation. The final volume was brought to 0.6 ml with
buffer A. Nitrogen gas was passed through two inoculating
needles inserted into a rubber stopper in a 16 x 100 mm
culture tube that contained the incubation mixture. The tube
was flushed with nitrogen for 90 seconds with shaking in an
ice bath. The needles were removed and the tubes were shaken
on an incubator at 25°C for 30 minutes. The reaction was
terminated by addition of 0.2 ml of 3.0 M HCl. The
incubation mixture was extracted with 2 ml diethyl ether
three times with a vortex mixer. The diethyl ether layer
extracts were transferred and combined to a test tube and
evaporated to dryness with a stream of nitrogen gas. The
residue was dissolved in 0.2 ml of methanol and the solution
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was applied to a K6 silica gel TLC plate (Whatman Biosystems
Ltd. Maidstone, Kent, England). A small amount of reference
emodin and chrysophanol dissolved in methanol were applied
on top of the sample for locating the region of the emodin
and chrysophanol on the plate after developing in petroleum
ether : ethyl formate : 88% aqueous formic acid (v/v;
90:10:1; solvent system I ) . The regions of emodin and
chrysophanol were scraped directly into a liquid
scintillation vial, Universol cocktail (ICN Biomedicals) was
added, and the cpra were measured with a liquid scintillation
counter (Beckman LS-7000). The efficiency of counting
determined by internal standardization method was 35%. The
same amount of [ Hjemodin used in the incubation was added
to an incubation mixture after addition of 0.2 ml 3.0 M HCl.
Extraction, separation on TLC and counting was carried out
as described for the incubated samples. The nmol
chrysophanol was calculated from the equation:
cpm chrysophanol
nmol chrysophanol =

x nmol emodin
cpm emodin (no incubation)
added

Isolation of Emodin Deoxygenase
All isolation procedures described below were carried
out at 5*C unless otherwise stated.
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Ammonium Sulfate Fractionation
The crude extract (105 ml) obtained as described above
was brought to 65% saturation by the addition of solid
ammonium sulfate. The solution was stirred for 15 minutes
and supernatant was removed by centrifugation at 10,000 rpm
for 20 minutes. The red pellet thus obtained was dissolved
in a minimal volume (31 ml) of buffer B and the enzyme
preparation was gently stirred for 30 minutes before
ultracentrifugation at 50,000 rpm for 90 minutes (Beckman
L7-65, Ti 60 Rotor). The brownish supernatant was carefully
removed from the ultracentrifuged tube, leaving behind a
firmly packed pellet.

Sephadex G-75 Chromatography
The supernatant obtained was immediately applied to a
Sephadex G-75 (Sigma Chemical Company) column (2.5 x 30 cm)'
that had been equilibrated in buffer A containing 25 mM KCl.
The column was eluted with the same buffer and the fractions
(5.0 ml each) containing emodin deoxygenase activity were
pooled. This procedure was used to remove residual ammonium
sulfate and it also separated abundant brownish yellow
materials of unknown nature that were retarded by the
column. The enzyme solution prepared after this step was
used for most experiments unless stated otherwise.
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DE-52 Chromatography
The enzyme solution collected from the Sephadex G-75
column was applied to a DE-52 cellulose (Whatman Biosystems
Ltd.) column (2.5 x 15 cm) that had been equilibrated with
buffer A containing 25 mM KCl. After the column had been
washed with 150 ml of the same buffer, the remaining
proteins were eluted with a linear salt gradient (25 mM 300 mM KCl in buffer A, 150 ml of each), and 10.0 ml
fractions were collected. The fractions containing emodin
deoxygenase activity were pooled and concentrated on an
Amicon concentrator (PM-50 membrane) to 5.0 ml.

Sephacr:1 S-200 Chromatography
The concentrated enzyme solution from the DE-52 column
was applied to a Sephacryl S-200 (Sigma Chemical Company)
column (2 X 37 cm) that had been equilibrated in buffer A.
The column was eluted with the same buffer and 1.0 ml
fractions were collected. The fractions containing emodin
deoxygenase were collected.

Dye Matrex Gel Green A Chromatography
The enzyme solution pooled from Sephacryl S-200 was
purified further by chromatography on Dye Matrex Green A
(Amicon, Danvers, Massachusetts) column (1 x 15 cm) that had
been equilibrated in buffer A. After applying the sample,
the column was washed with 40 ml of buffer A, and the emodin
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deoxygenaae activity eluted with 50 mM KCl in buffer A was
collected (2.0 ml for each fraction). The fractions that
contained emodin deoxygenase activity were pooled. At this
point, the purity of the enzyme preparation was tested on
SDS-polyacrylamide gel electrophoresis.

SDS-Polyacrylamide Gel Electrophoresis
SDS-polyacrylamide gel electrophoresis was performed on
a 10 - 15% gradient Phast Gel (Pharmacia, LKB, Piscataway,
New Jersey) using a Phastsystem electrophoresis apparatus
(Pharmacia). The molecular weight markers, Dalton Mark VI
(Sigma Chemical Company), were used. Protein bands were
visualized with Coomassie stain supplied by Bio-Rad.

Incubation of Emodin Deoxygenase in
Medium Containing 50% Deuterium Oxide
Unlabeled emodin (1 mg) purified by TLC through two
different solvent systems was dissolved in 0.6 ml of
methanol. The emodin solution was then mixed in a 125 ml
Erlenmyer flask with 31.5 ml of crude extract which was
prepared in the extraction buffer with 50% D2O. NADPH (34
umol), 0.14 mmol ATP and 0.15 mmol FeCl2 were added into the
incubation mixture for better enzymatic conversion
(Anderson, 1986). The flask was flushed with nitrogen gas
with shaking for one minute and incubated at 25°C for two
hours.
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Isolation and Purification of
Emodin and Chrysophanol from
Incubation Mixture
The incubation mixture described above was transferred
to a 125 ml separatory funnel. The chrysophanol and emodin
were extracted three times by vigorously shaking 25 ml of
diethyl ether added into the separatory funnel each time.
The upper layer which contains both chrysophanol and emodin
was removed into a round bottom bottle and the diethyl ether
was evaporated on a rotatory evaporator to dryness. The
brown colored residue sticking on the inner wall of the
bottle was dissolved in a minimal volume of methanol and the
solution was applied onto 20 x 20 cm silica gel G TLC
plates. Two prominent bands appeared on the plates after
developing in the solvent system I, indicating the complete
separation of two compounds. Chrysophanol (upper yellowband) scraped from each plate into a test tube was
extensively extracted from the silica gel by diethyl ether.
The solvent was evaporated under nitrogen gas and the
residue redissolved in methanol was applied to a second TLC
plate. The separation and extraction procedure was performed
a second time in solvent system II. Emodin absorbed on the
first TLC plates (lower yellow band) was treated in the same
fashion as chrysophanol. Both the chrysophanol and emodin
recovered from the second set of TLC plates were pure enough
for NMR and mass spectrometric analysis.
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Mass Spectrometric Analysis of
Chrysophanol and Emodin
Chrysophanol and emodin dissolved in methanol were
analyzed on a Hewlett-Packard 5995 B/C-GC-MS Spectrometer.
The sample was introduced into the mass analyzer directly
through a probe. The sample was heated from 26°C to 250'C at
30*C/min. The ionization potential was maintained at 70 eV
in the scan mode. The system was under the control of 59974
MSD-GS/MS operating software (Version 1.3) scanning at
500 a.m.u./sec over a mass range of 10 to 400, or in the
Selected Ion Monitoring (SIM) mode. In the SIM mode, m/z 254
(m), 255 (m+1), and 256 (m+2) for chrysophanol and 270 (m),
271 (m+1), and 272 (m+2) for emodin

were monitored and

recorded. The intensities shown in the table were corrected
for natural abundance 13C, 170,and 18O.

NMR Analysis of Chrysophanol
The

H NMR spectra were obtained on a Burk AM-500

nuclear magnetic resonance spectrometer equipped with a
Fourier transform system. The samples were dissolved in
acetone-d6. These determinations were carried out at Texas A
& M University by Professor A. Ian Scott and Dr. Howard J.
Williams.
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Incubation of Emodin Deoxygenase
with a NADPH-Generating System
Alcohol dehydrogenase (80 units) purified from
Thermoanaerobium brockii (Sigma Chemical Company) was
incubated with 42 ;imol NADP"^ and 5.4 mmol of 6d-isopropanol
in the extraction buffer in a total volume of 7.5 ml for one
hour at 35°C. Purified emodin (1 mg) in 0.5 ml of methanol,
0.10 mmol FeCl2 0.10 mmol ATP, and 12 ml of enzyme
preparation (after the step of Sephadex G-75 column) were
then added to the above incubation mixture. The final volume
was brought to 22.5 ml with double distilled water and
incubated at 25'C for 30 hours. Chrysophanol purified by
preparative TLC was subjected to NMR analysis.

Preparation of r4R--HlNADPH
[4R-^H]NADPH was prepared by reducing 80 yumol of NADP"*"
with 400 JAI of 6-d isopropanol and 24 units of alcohol
dehydrogenase from Thermoanaerobium brockii in the presence
of 10 mM of Tris-HCl, pH 8.5, in 25 ml of water. The
solution was incubated at 35°C in a 125 ml Erlenmyer flask.
The reaction was judged to be complete when the increase of
the absorbance at 340 nm reached a plateau. The mixture was
applied to a DEAE-Sephadex A-25 column (2 x 25 cm) that had
been equilibrated with 10 mM Tris-HCl buffer, pH 9.2.
Elution of [4R-^H]NADPH was at approximately 0.3 M NaCl with
a 500 ml gradient of 0 - 0.5 M NaCl in the same buffer.
Fractions having A25Q/A34Q ratio less than 2.4 were pooled
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and lyophilized. To remove the salt the residue was
dissolved in a minimal amount of water, and applied to a
Biogel P-2 column (3 x 100 cm) equilibrated with water. The
NADPH was eluted with water. The water was then removed by
lyophilization.

Preparation of r4S-%lNADPH
NADP

(80 ^mol) was reduced by Thermoanaerobium brockii

alcohol dehydrogenase to [4R-^H]NADPH in 10 mM of Tris-HCl
buffer as described above. The alcohol dehydrogenase was
then removed from the incubation mixture by ultrafiltration
through a PM-10 membrane. The [4R-^H]NADPH in the filtrate
was oxidized to [4-2H]NADP + by incubation with 200 units of
glutamate dehydrogenase, a pro-S-specific dehydrogenase, in
the presence of a-keto-glutarate (120 ^mol) and 120 ^mol
ammonium sulfate, pH 7.6, as described by Hermes et, aJL(1982). The reaction was monitored at 340 nm, and when a
2
plateau was reached, the [4- HjNADP

+
was purified on a DEAE-

Sephadex A-25 column (2 x 25 cm) previously equilibrated
with 10 mM Tris-HCl buffer, pH 7.6. The [ 4-2H JNADP"*" was
eluted with a 500 ml gradient of 0 - 0.5 M NaCl. Fractions
that absorbed at 260 nm were pooled and freeze dried. The
residue was dissolved in a minimal amount of water, and
desalted on a Biogel P-2 column (3 x 100 cm). The solvent
was removed by lyophilization again. A portion of the
[4- 2HjNADP + was subjected to NMR analysis in order to
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determine the per cent of residual H hydrogen at the
4-position. The isotopically substituted NADP"*" was then
reduced by alcohol dehydrogenase in the presence of an
excess amount of unlabeled isopropanol. When the reaction
was complete, alcohol dehydrogenase was removed by
9

ultrafiltration. Samples containing [4S- HJNADPH were pooled
and concentrated by lyophilization and used for kinetic
studies without further purification.
NMR Analysis of f4R-^HlNADPH
To remove H2O from the [4R-^H]NADPH, 18 mg of sample
was redissolved in 5 ml of 99.8% D2O and lyophilized again.
This procedure was repeated two times to replace most of the
exchangeable protons, and finally the sample was taken up in
0.5 ml of 100% D2O. The pD of the solution was adjusted to
8.5 with diluted NaOD. Spectra were taken at 23'*C with a
Bauker 300 nuclear magnetic resonance spectrometer
interfaced to a Fourier transform system. The trace amount
of HOD in the solution which gave a peak at 4.6 ppm was used
as an internal reference. Figure 8 shows the NMR spectra of
the sample and a reference. The disappearance of the peaks
of pro-R hydrogen of the sample indicates that alcohol
dehydrogenase from Thermoanaerobium brockii
stereospecifically transferred deuterium from 6d-isopropanol
to the pro-R position at N-4.

Figure 8. NMR spectra of the upfield region of NADPH
(A)

and

[4R-2H]NADPH

( B ) in

D2O,

pD

8.5

and

23''C

(concentration 40 mM). The per cent of deuteration at
N-4 of the sample was estimated to be 100 because of
the complete disappearance of the peaks of pro-R
hydrogen.
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Determination of the Stereospecificity
of Oxidation of NADPH Catalyzed by
Emodin Deoxygenase
2
A reaction mixture containing 25 jumol [4R- HjNADPH or
[4S-^H]NADPH and 1 mg unlabeled emodin in 20 ml of buffer A
was incubated at 24*'C for 12 hours with enzyme which had
been ammonium sulfate fractionated and desalted by Sephadex
G-75. Chrysophanol was then isolated and purified from the
incubation mixtures in the same manner described previously.
The samples obtained were subjected to NMR analysis for the
investigation of deuterium incorporation at the C-6 position
of chrysophanol.

Determination of Deuterium
Kinetic Isotope Effects on
Steady-state analyses of NADPH-dependent emodin
deoxygenase activity were performed in 50 mM Tris-K^Cl
buffer, pH 7.6 containing 1 mM EDTA, and 0.1% (v/v)
fi-mercaptoethanol at 25 °C for 10 minutes. Normal amounts
(25 ul) of radioactive emodin were used for assay and the
concentrations of NADPH were varied between 0.25 mM to
1.0 mM. The concentrations of NADPH were determined and
standardized from measurements of their UV spectra by using
an extinction coefficient at 340 nm of 6180 M~ cm" .
Oxidation of [4S-^H]NADPH and undeuterated NADPH purchased
from Sigma Chemical Company were then compared by using the
same enzyme preparation under the same conditions. The
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calculation of the kinetic parameters was accomplished with
a nonlinear regression program (Duggleby, 1981), written in
BASIC language for use on a microcomputer.
Measurements of the deuterium kinetic isotope effect
associated with oxidation of [4R-^H]NADPH were performed
under conditions identical with those utilized for
measurements of the primary deuterium kinetic isotope
effect. The kinetic isotope effect was expressed as
^^^max/Kn,) ^^^ ^(V^^^) (Northrop, 1977).

Determination of Deuterium
Solvent Isotope Effects on
The solvent isotope effect on the V_-^/K„ and V„^^. for
NADPH in the emodin deoxygenase catalyzed reaction was
determined by the same method used for the kinetic isotope
effect determinations with 4-D labeled NADPH except the
reactions carried in the H2O buffer was compared with those
in the D2O buffer. For this experiment, buffer A in D2O was
prepared by dissolving the appropriate amount of Tris-base,
EDTA, and I3-mercaptoethanol in 99.8% D2O; the pD of the
buffer was adjusted by addition of concentrated HCl (in
water), the pD was determined using the equation pD = pH^^^g^^
+ 0.4 (Glasoe and Long, 1960), where pH^^g^^ is the pH of the
buffer as measured with a standard pH electrode. The final
content of D2O in the incubation mixture was 92%.

CHAPTER IV
RESULTS

Deoxygenation of Emodin
The time course for the deoxygenase-catalyzed formation
of chrysophanol from emodin with NADPH as the cofactor is
shown in Figure 9. Under the conditions described
previously, the rates of formation of chrysophanol were
linear for at least 30 minutes at 25"C. The rate measured
within this period is considered to be the initial velocity
in the kinetic measurement. Extended incubation of the above
mixture to four hours resulted in a lomplete reduction of
the radioactive substrate in the incubation mixture to
chrysophanol.

Isolation of Emodin Deox'genase from
Pyrenochaeta terrestris
An NADPH-dependent emodin deoxygenase from Pyrenochaena
terrestris was purified 17-fold in an overall yield of 11%
(Table 3 ) . The 0-65% ammonium sulfate fractionation of the
crude extract was resuspended in buffer A and centrifuged at
250,000 X g (50,000 rpm in Ti-60 rotor) for 90 minutes. The
supernatant was applied to a Sephadex G-75 column preequilibrated with buffer A containing 25 mM KCl. The enzyme
was eluted with the same buffer and appeared immediately
after the void volume (Figure 10). The fraction of the first
peak of absorbance at 280 nm was collected, leaving behind
42

Figure 9. Time-course of the reaction catalyzed by
emodin deoxygenase from Pyrenochaeta terrestris. The
enzyme used for this experiment was used after Sephadex
G-75 chromatography and incubated in 50 mM Tris-HCl
buffer (containing 0.1% I3-mercaptoethanol and 1 mM EDTA
and pH 7.6) for various time intervals. The results are
the average of duplicate experiments.
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Figure 10. Sephadex G-75 column chromatography of
emodin deoxygenase. Ammonium sulfate fractionated
enzyme (71.3 mg) was applied to the column. The
proteins were eluted with buffer A containing 25 mM
KCl, and fractions of 5.0 ml each were collected.
Relative concentration of the protein for each fraction
is shown as the absorbance at 280 nm (-0-4 ) , and the
enzyme activity of each fraction (-•-!) was assayed as
described under "Methods."
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in the column ammonium sulfate and brown yellowish small
molecular compounds. Following the desalting step the enzyme
preparation was applied to the DE-52 column and eluted with
a 25 to 300 mM KCl linear gradient in buffer A. Figure 11
shows the protein peak that exhibited the deoxygenase
activity, which came off the column at 100 mM KCl. These
fractions were concentrated on an Amicon concentrator with a
PM-5 membrane to a small volume followed by chromatography
on Sephacryl S-200 performed in buffer A. This step. Figure
12, was used for removal of the salt from the solution as
well as separation of the proteins. The most active
fractions eluted from Sephacryl S-200 column were pooled and
loaded directly onto a Dye Matrex Green A chromatography
column which was pre-equilibrated with buffer A. After
washing off the unbound proteins with the same buffer,
emodin deoxygenase was eluted with buffer A containing 2 mM
NADP

(Figure 13). The Green A column yielded the greatest

single purification in the procedures.
B-Nicotinamide adenine dinucleotide phosphate-agarose
and adenosine 2',5'-diphosphate-agarose

(Sigma Chemical

Company) are two affinity chromatography gels often used to
isolate NADPH-dependent reductases. Tests of these two gels
showed that they do not bind to emodin deoxygenase; thus,
these gels could not be used for purification.

Figure 11. DE-52 chromatography profile of emodin
deoxygenase. Fractions collected from Sephadex G-75
were applied to a DE-52 column previously equilibrated
in buffer A containing 25 mM KCl. Unbound proteins were
first washed from the column with the same buffer and
then the column was eluted with a gradient of 25 - 300
mM KCl (
) in buffer A. Fractions (10.0 ml) were
collected and assayed for deoxygenation activity ( —^- )
and the relative protein concentration was shown as the
absorbance at 280 nm (-«-).
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Figure 12. Sephacryl S-200 column chromatography of
emodin deoxygenase. The pooled active fractions from
the DE-52 column were concentrated with an
ultraconcentrator to 5 ml (31 mg total protein) and
applied to this gel filtration column. The column was
eluted with buffer A, and fractions of 1.0 ml each were
collected. Relative concentration of the protein for
each fraction is shown as the absorbance at 280 nm
(-IK- ), and the enzyme activity of each fraction
(-•-)
was assayed as described under "Methods."
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Figure 13. Dye Matrex Gel Green A column chromatography
of fractions from the Sephacryl S-200 column exhibiting
emodin deoxygenation activity. The fractions (7.8 mg of
protein) from the Sephacryl S-200 column showing enzyme
activity were pooled and applied to a Matrex Gel Green
A column. The column was washed with 20 ml of buffer A
and eluted with 50 mM KCl prepared in buffer A.
Relative protein concentration is shown as the
absorbance at 280 nm ( —•- ) and fractions of 2.0 ml each
were collected. Emodin deoxygenase activity ( —•-) of
each fraction was measured as described under "Methods.'
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SDS-Polyacrylamide Gel Electrophoresis
The final enzyme preparation from Amicon Dye Matrex
Green A was analyzed by SDS-polyacrylamide gel
electrophoresis on a 10-15% gradient Phast Gel (Pharmacia).
After Coomassie blue staining, a major protein band which
had the same mobility as egg albumin showed the highest
intensity. Intensities of the other bands are much less
(Figure 14). Attempts to further purify the enzyme were not
successful.

Estimated Molecular Weight
Accor^Hng to the position of the major band on the SDSpolyacrylaiiide gel electrophoresis, the molecular weight of
the protein which has the highest intensity band was
estimated to be 45,000 daltons, the same molecular weight as
egg albumin. Since the molecular weight of emodin
deoxygenase was 103,000 daltons, determined by the gel
filtration method (Wang and Anderson, unpublished results),
emodin deoxygenase may be a dimer with two identical
polypeptide chains. The 45,000 molecular weight peptide
would be a subunit of the native enzyme.

Stability of the Enzyme
The deoxygenase was found to be very unstable after
elution from the DE-52 anion exchange column. Figures 15 and
16 illustrate and compare the stability, in terms of enzyme

Figure 14. SDS-polyacrylamide gel electrophoresis of
partially purified emodin deoxygenase of Pyrenochaeta
terrestris on a 10-15% gradient Phast Gel (Pharmacia).
Lane A, molecular weight markers (bovine albumin,
66,000; egg albumin, 45,000; pepsin, 34,700;
trypsinogen, 24,000; fi-lactoglobu^in, 18,000; and
lysozyme, 14,300). Lane B, 5 ug of partially purified
emodin deoxygenase after Dye Matrex Gel Green A
chromatography.
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Figure 15. Stability of emodin deoxygenase from
Pyrenochaeta terrestris. Enzyme solution eluted from
Sephadex G-75 was used for this experiment. The above
enzyme solution (100 ul, 1.6 mg protein/ml) was
dispensed and sealed into 22 culture tubes. Ten tubes
were kept in the deep freezer at -20°C, 10 tubes were
kept in a cool room at 5°C, and 2 tubes left were
assayed instantly as the enzyme activity at 0 day.
After every 24 hours two tubes from each group were
taken out and assayed. The results shown on the graph
( -•— , cool room; -^^ , deep freezer) were the average
-' of duplicate determinations.
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Figure 16. Stability of emodin deoxygenase from
Pyrenochaeta terrestris. Enzyme solution eluted from
DE-52 was used for this experiment. The above enzyme
solution (100 ul, 1.2 mg protein/ml) was dispensed and
sealed into 22 culture tubes. Ten tubes were kept in
the deep freezer at -20°C, 10 tubes were kept in a cool
room at 5°C, and 2 tubes left were assayed instantly
as the enzyme activity at 0 day. After every 24 hours
two tvibes from each groups were taken out and assayed.
The results shown on the graph (-«- , cool room; —•- ,
deep freezer) were the average of duplicate runs.
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activity, of the enzyme after the steps of Sephadex G-75 and
DE-52 chromatography and stored under two different
conditions. The enzyme after Sephadex G-75 consistently lost
about one third of its activity for every 24 hours when it
was stored in the cool room at 5°C, but lost almost all its
activity after freezing. The enzyme after DE-52 possessed
the same characteristic instability as Sephadex G-75 but
lost its activity even more rapidly. For this reason, the
enzyme preparation processed after Sephadex G-75
chromatography was used for almost all the experiments,
unless otherwise stated.

Effect of Ionic Strength
on Enzyme Activity
The enzyme was assayed in the presence of several
concentrations of NaCl and KCl. Figure 17 shows that the
enzyme activity was decreased with increasing ionic strength
in the incubation medium. No difference was observed between
the effects of NaCl or KCl on the enzyme activity.

Incorporation of Deuterium
in the Chrysophanol
Incubation of Emodin Deoxygenase and
Substrates in the Medium Containing
50% Deuterium Oxide
Crude extract prepared from Pyrenochaeta terrestris was
incubated for 24 hours with unlabeled emodin and NADPH in a
medium containing 50% D2O under the same conditions as

Figure 17. Effect of salts on the activity of emodin
deoxygenase from Pyrenochaeta terrestris. Enzyme
solution eluted from Sephadex G-75 was assayed in
buffer A with varied KCl (-•- ) and NaCl ( -•- )
concentration. The results were the average of
duplicate determinations in a single experiment.
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described previously. The product, chrysophanol, extracted
from the incubation mixture and purified twice on
preparative TLC through two solvent systems, was subjected
to mass spectrometric analysis. Figures 18 and 19 show the
relative intensities of ions at m/z 254, 255, and 256 of the
chrysophanol specimen after incubation in D2O and those
obtained from natural chrysophanol. The relative intensity
of ions at m/z 254, 255 and 256 of the chrysophanol specimen
revealed the presence of non-, mono-, and dideuterated
species in the ratio of 1:0.8:0.3 (Table 4 ) , after the
intensity of the peaks were corrected for natural abundance
^^C, ^^0, and ^^O.
The

positions labeled by deuterium on the chrysophanol

were determined by examining the same sample used for the
mass spectra with proton NMR. The assignment of the peaks of
chrysophanol are shown in Figure 20. The unlabeled
chrysophanol has singlets at 7.636 and 7.206, doublets at
7.806 and 7.366, and triplets at 7.836 (Figure 21-A). The
peak of hydrogens of the methyl group at the C-3 position is
not shown on the spectra because its chemical shift is far
upfield from the peaks of interest. Integration indicated
that all hydrogens on the nondeuterated chrysophanol are of
equal intensity. Integration of the spectrum of the
deuterated sample (Figure 21-B) indicated that the peaks at
7.636 and 7.206 from the right ring were equal in area. The
area of the triplet at 7.836 was 95% of the areas of the

Figure 18. Mass spectrum of reference chrysophanol. The
relative intensity of ions at m/z 254, 255, and 256 are
in a ratio of 1:0.19:0.03.
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Table 4
Percent mono- and dideuterated chrysophanol and emodin
after incubation of emodin with a crude extract
from Pyrenochaeta terrestris in 50% D2O
Substance
recovered
Chrysophanol
Emodin
Emodin
Emodin

Incubation
medium

1 D/mol

(a) complete
(50% D2O)
As (a)
As (a) - NADPH
As (a), boiled
extract

38

15

17
8
6

4
2
1

2 D/moi
(%)

Figure 20. Assignment of the NMR chemical shifts of
chrysophanol.
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Figure 21. The NMR spectra of (A) natural chrysophanol,
(B) chrysophanol produced in medium containing 50% D2O.
These spectra were determined by Dr. Howard J. Williams
and Dr. A. Ian Scott, Texas A & M University.
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7.636 and 7.206 peaks and the areas of peaks at 7.366 and
7.806 were 75% and 87% of the 7.636 and 7.206, respectively.
Reduction of the areas under the peaks reveals 5% of
deuterium replacement of the hydrogen at C-6, 13% at C-5,
and 25% at C-7 positions.

Incubation of Emodin Deoxygenase with
Emodin and a NADPH-Generating System
Based on NMR spectra of deuterated NADPH (Figure 8 ) ,
NADP -specific alcohol dehydrogenase (Sigma Chemical
Company) from Thermoanaerobium brockii. the enzyme is Rstereospecific which can effectively reduce the NADP"'' to
NADPH by transferring the hydride of an alcohol to the pro-R
side of the pyridine ring of NADP"*". This alcohol
dehydrogenase plus NADP

was used as a NADPH-generating

system. Alcohol dehydrogenase, NADP , and 6d-isopropanol
were preincubated in buffer at 35*0 for 60 minutes. After
preincubation, the deuterated NADPH reduced from NADP

was

mixed with emodin and the enzyme preparation. The mixture
was then incubated at 24"C for 24 hours. Deuterated NADPH
consumed by emodin deoxygenase for the reduction of emodin
would be rapidly reduced again by the action of the alcohol
dehydrogenase in the system.
Mass spectrometric analysis of the chrysophanol
isolated and purified from the incubation mixture showed a
very high relative intensity at m/z 255 (40% enrichment with
deuterium. Figure 22).

Figure 22. Mass spectrum of the chrysophanol isolated
from the incubation mixture coupled with a deuterated
NADPH-generating system. The relative intensity of ions
at m/z 254, 255, and 256 are in a ratio of 0.94:1:0.2.
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Inspection of the 500 MHz NMR spectrum of this specimen
(Figure 23) revealed that the area of the triplet for H-6 at
7.836 was decreased in size by 40%. This number matched the
amount of chrysophanol enriched with deuterium obtained from
mass spectrometry. The areas of the flanking hydrogens, H-5
and H-7 at 7.806 and 7.366, respectively, remained the same
but the doublets revealed large singlet components,
indicating the absence of coupling to the hydrogen at C-6.
This evidence proves that the regiospecific deuteration at
C-6 had taken place.

Effect of Carbonyl Reagents on the
Emodin Deoxygenation Reaction
The trapping of a keto intermediate of emodin
deoxygenation was attempted with the addition of either
semicarbazide or nitrophenylhydrazine to a reaction mixture.
Semicarbazide and nitrophenylhydrazine are very effective
ketone reactants that form oxime derivatives and are very
often used to detect the existence of ketone in a solution.
However, the addition of either of these reagents in the
incubation mixture of emodin deoxygenation did not inhibit
the formation of emodin. Additionally the oxime derivative
was not detected in the incubation mixture.

Figure 23. The NMR spectra of (A) natural chrysophanol,
(B) chrysophanol produced in medium containing
deuterated NADPH. These spectra were determined by Dr.
Howard J. Williams and Dr. A. Ian Scott, Texas A & M
University.
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Determination of Deuterium
Kinetic Isotope Effects
^^'max^^m^ ^^^

^ ^max ^ associated with the oxidation of

2
[4S- HJNADPH catalyzed by emodin deoxygenase were determined
to be 4.08 + 1.55 and 6.90 + 0.47, respectively. Figure 24
represents a Lineweaver-Burk plot (1934) and the results of
^max ^^^ ^m ^^^^ [ 4 S - 2 H ] N A D P H and with NADPH. A summary of
the results obtained from the determinations are given in
Table 5.
When [ 4 R - 2 H ] N A D P H oxidation and NADPH oxidation were
compared in the NADPH-dependent emodin deoxygenase reaction,
a value of 1.20 + 0.36 and 1.10 ± 0.11 were obtained for the
kinetic isotope effect on ^ ( V^^^,^ / K^^ ) and ^(Vj^^^^),
respectively. Figure 25 shows the Lineweaver-Burk plot and
the data points used to determine the kinetic isotope effect
which are summarized in Table 6.

Determination of Deuterium
Solvent Isotope Effects
The substitution of D2O for H2O in the NADPH-dependent
emodin deoxygenase-catalyzed reduction of emodin to form
chrysophanol resulted in an inhibition of the reaction,
giving a solvent isotope effect of 2.17 +. 0.91 and 1.55 ±
0.91 for ^(Vjjj^^^/Kjjj) and ^(V^^^^,^), respectively. Figure 26
shows the Lineweaver-Burk plot of the initial rate of the
reaction in H2O and D2O, and the kinetic parameters and
solvent isotope effects are summarized in Table 7.

Figure 24. Lineweaver-Burk plot of the initial
velocities of the emodin deoxygenation carried out in
buffer with [4S-^H]NADPH (A) and [ 4S--^H ] NADPH (B).
All the data points correspond to the initial velocity
measurements at the indicated concentration of NADPH in
50 mM Tris-HCl buffer, pH 7.6, containing 1 mM EDTA,
0.1% 13-mercaptoethanol, and 0.06 mg of protein at 24 °C
for 10 minutes.
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Table 5
Kinetic deuterium isotope effects for emodin deoxygenase
catalyzed reaction supported by [4S-^H]NADPH
Substrate

V max'
/K"^m

max

[4S-^H]NADPH

2.98 + 0.50

1.52 + 0.09

[4S-2H]NADPH

0.73 + 0.25

0.22 + 0.0 2

Isotope effect

4.08 + 1.55

6.90 + 0.74

The reactions were run in 50 mM Tris-HCl buffer, pH or
pD 7.6, containing 1% 6-mercaptoethanol and 1 mM EDTA at
24 °C for 10 minutes. The enzyme activity, nmol of
chrysophanol formed in 10 minutes, was determined by
converting the cpm of the [ Hjchrysophanol to nmol. Vmax and
K were calculated by personal computer supported by a
program written by Duggleby (1981).

Figure 25. Lineweaver-Burk plot of the initial
velocities of the emodin deoxygenation carried out in
buffer with [4R-^H]NADPH (A) and [4R-^H]NADPH (B).
All the data points correspond to the initial velocity
measurements at the indicated concentration of NADPH in
50 mM Tris-HCl buffer, pH 7.6, containing 1 mM EDTA,
0.1% 6-mercaptoethanol, and 0.06 mg of protein at 24°C
for 10 minutes.
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Table 6
Kinetic deuterium isotope effects for emodin deoxygenase
catalyzed reaction supported by [4R-^H]NADPH
Substrate

max' m

max

[4R-^H]NADPH

4.60 + 1.15

1.93 + 0.15

[4R-^H]NADPH

3.83 + 0.62

1.76 + 0. 10

Isotope effect

1.20 + 0.36

1.10 + 0.11

The reactions were run in 50 mM Tris-HCl buffer, pH or
pD 7.6, containing 1% I3-mercaptoethanol and 1 mM EDTA at
24 *C for 10 minutes. The enzyme activity, nmol of
chrysophanol formed in 10 minutes, was determined by
converting the cpm of the [ Hjchrysophanol to nmol. ^ ^lax '^'^'^
K were calculated by personal computer supported by a
program written by Duggleby (1981 ) .

Figure 26. Lineweaver-Burk plot of the initial
velocities of the emodin deoxygenation carried out in
buffer prepared in H2O (A) and 92% D2O (B).
All the data points correspond to the initial velocity
measurements at the indicated concentration of NADPH in
50 mM Tris-HCl buffer, pH 7.6, containing 1 mM EDTA,
0.1% B-mercaptoethanol, and 0.06 mg of protein at 24 "C
for 10 minutes.
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Table 7
Solvent isotope effects on the kinetic
parameters for emodin deoxygenase
Condition

V^^^/K^

H2O

1.85 + 0.30

0.87 + 0.05

D2O

0.85 + 0.33

0.56 ± 0.09

Isotope effect

2.17 ± 0.91

V^^^

1.55 + 0.91

The reactions were run in 50 mM Tris-HCl buffer, pH or
pD 7.6, containing 1% B-mercaptoethanol and 1 mM EDTA at 24
'C for 10 minutes. The enzyme activity, n-^ol of chrysophanol
formed in 10 minutes, was determined by :onverting the cpm
of the [Hjchrysophanol to nmol. V^^^^^ and K^ were calculated
by personal computer supported by a program written by
Duggleby (1981 ) .

CHAPTER V
DISCUSSION

Radiometric Assay
Emodin deoxygenation activity was assayed by counting
the radioactivity of chrysophanol formed enzymatically from
tritium labeled emodin after incubating with NADPH and
enzyme preparation. The preparation of ["^Hjemodin was
carried out by treating unlabeled emodin with tritium gas
under Wilzbach conditions (Wenzel and Schulze, 1962). After
intensive purification, exchange of the labile tritium and
then crystallization in ethanol, the [Hjemodin was
dissolved in methanol for use.
The specific radioactivity of the [Hjemodin was
determined to be 91.4 Ci/mol. On inspection of the position
of the tritium in [ Hjemodin prepared on the Wilzbach
procedure (Evans, 1974), the tritium was found to be
predominantly located on the aromatic nucleus, and the Cmethyl radioactivity as evaluated by Kuhn-Roth oxidation
amounted to only 8.5% of the overall radioactivity.
The position of the tritium label on the structure has
some bearing on the enzyme assay. First, since there is no
tritium

on the hydroxyl groups, enzymatic removal of the

hydroxyl group at the C-6 position does not remove any

H

from emodin in forming chrysophanol. Second, the tritium
labeled on C-5 and C-7 are B positions to the carbon atom
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undergoing covalent change. In this situation the enzymatic
reaction rate of converting tritium labeled substrate is
possibly affected by the B-secondary tritium isotope
effects. Although secondary isotope effects are generally
small (Melander and Saunders, 1980), it is likely that a
fraction of the tritium label will be at the 5- or 7position, and this will have an undetermined effect on
initial velocity, K^^^, and all kinetic isotope parameters
determined using tritium labeled emodin.

Isolation of Emodin Deoxygenase
Emodin deoxygenase is a newly discovered enzyme in the
crude extract of Pyrenochaeta terrestris (Anderson, 1986).
The enzyme is found to be water soluble but part of the
enzyme activity of the crude extract was lost with the
pellet when the crude extract was subjected to
ultracentrifugation. After many attempts. Buffer A
containing 1% Triton X-100 (Buffer B) was found to be very
effective in solubilizing the enzyme from the pellet
resulting after precipitation with ammonium sulfate.
Using a combination of several procedures, the emodin
deoxygenase was partially purified 17.3-fold with a 11%
yield. The principal obstacles to purification have been the
instability of the soluble enzyme preparation and the
tendency of the enzyme to form intractable aggregates on the
columns once bound to the gel material. To overcome these
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problems, different buffer systems containing various
concentrations of B-mercaptoethanol, dithiothreitol, and
glycerol were tested for the stability, and buffer systems
containing different detergents such as Triton X-100 and
sodium chelate were tested to elute the enzyme from the ion
exchanger and affinity chromatography columns. The
instability of the enzyme could only be overcome by working
swiftly through the purification procedures step after step
without delay.
Emodin deoxygenase binds to Dye Matrex Gel Blue A, Red
A, and Green A, but does not bind to either Blue B or Orange
A when the enzyme was tested for purification by affinitv
chromatography. Among these three affinity gels, Blue A and
Red A bind to the enzyme so tightlt that the protein could
not be eluted from the gel even by using an extremely high
salt concentration (1 M NaCl) or NADP"** (100 mM) in the
elution buffer. However, the enzyme bound to the Green A
could be eluted from the column using the buffer containing
50 mM KCl or 2 mM NADP"*". Although the yield was not
completely satisfactory, it was the most effective single
purification step in the procedures.

Properties of Emodin Deoxygenase
Emodin deoxygenase in the frozen mycelia and crude
extracts was stable for over four months at -20°C (Anderson,
1986). The enzyme became unstable and started losing its
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activity after the first purification step. Figures 14 and
15 indicate that the enzyme rapidly lost its activity
regardless of storage temperature. The results also
indicated that the more purified the enzyme is the more
unstable it is. Emodin deoxygenase was apparently stabilized
by an unidentified low molecular weight compound or
compounds which were removed from the crude extract during
purification. The absence of the small molecules in the
partially purified enzyme appears to cause the loss of
enzyme activity (Figure 17).

Chemical Mechanism of Emodin Deoxygenase
Mass spectrometric analysis of the chrysophanol which
was isolated from the incubation mixture containing 50% D2O
revealed the presence of non-, mono-, and dideuterated
species in the ratio 1:0.8:0.3 (Table 4 ) . The centers of
deuteration determined by NMR spectroscopy indicated that
the deuterated chrysophanol showed relative IH intensities
in accord with deuterium substitution at positions 5 (13%),
6 (5%),and 7 (25%) (Figure 21). A mechanism which would
account for deuterium enrichment at C-5 and C-7 positions
involves NADPH reduction of the keto-tautomers of emodin
(Figure 27-3 a,b and 4 a,b). Further evidence for phenol
keto-tautomerism was provided by mass spectral analysis of
emodin recovered from incubation of the cell-free extract in
50% D2O buffer (Table 4 ) . In all cases, significant

Figure 27. A proposed mechanism for deoxygenation of
emodin catalyzed by emodin deoxygenase.
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deuterium incorporation took place, but incorporation was
highest in the presence of active enzyme, indicating enzyme
stabilization of the keto-tautomers (Figure 27-3 a,b). The
presence of 5% deuterium enrichment at position 6 could
arise from exchange or from production of some NADPH-4-d in
the medium.
The mechanism was confirmed by incubation of emodin in
the cell-free system with a NADP"*" to NADPH-4-d regenerating
system consisting of alcohol dehydrogenase and its
deuterated substrate. Analysis of the resultant chrysophanol
by mass spectrometry showed 40% enrichment with deuterium.
Inspection of the 500 MHjZ NMR spectrum of the same specimen
revealed that the sharp triplet (for H-6) at 7.836 was
diminished in size by 40%, and the H-5 and H-7 doublets had
large singlet components indicating the absence of coupling
to H-6 (Figure 22-B). These results lead to the conclusion
that the oxidation of deuterated NADPH by the emodin
deoxygenase has directly transferred the deuterium to the
C-6 position of the substrate.
The chemical mechanism of deoxygenation which converts
emodin to chrysophanol is quite similar to that which
reduces 1,3,6,8-THN to form 1,3,8-THN in the biosynthesis of
melanin in fungi (Figure 7 ) , except the reductive and
dehydrative reactions in the biosynthesis have to be carried
out by two distinct enzymes with a very stable intermediate,
scytalone (Wheeler, 1982) being formed. In the case of
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emodin-chrysophanol conversion, the tautomerized
intermediate has never been observed, even the addition of
semicarbazide and nitrophenylhydrazine into the incubation
mixture during or before the incubation failed to trap any
ketones in the incubation mixture. This result implies that
the emodin could be very tightly wrapped into tlie activ^e
site of the enzyme throughout the reaction. In other words,
unlike the synthesis of 1,3,8-THN from 1,3,6,8-THN,
deoxygenation of emodin might be an action of one enzyme.

Stereospecificity of Oxidation of NADPH
Catalyzed by Emodin Deoxygenase
To provide information about the stereospecificity of
the oxidation of NADPH catalyzed by emodin deoxygenase,
2
[4R- HJNADPH was incubated with the enzyme. Chrysophanol
2
purified from the incubation mixture with [4R- HJNADPH did
not show deuterium incorporation as judged by NMR analysis.
The large deuterium kinetic isotope effect on the oxidation
of [4S-^HJNADPH (Table 5) suggests that the cleavage of a
bond to deuterium occurs in the rate determining step. The
results of these experiments suggest that emodin deoxygenase
catalyzes the stereospecific removal of the pro-S hydrogen
at the 4-position of NADPH.
Alcohol dehydrogenase which was determined as a pro-R
specific dehydrogenase (Figure 8) reduces NADP

to

[4R-^HJNADPH at the first cycle. If emodin deoxygenase has
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the same stereochemistry as alcohol dehydrogenase, the
deuterium on the [4R-^HJNADPH will be transferred

by

oxidation. If alcohol dehydrogenase and emodin deoxygenase
are in different stereochemistry, [4- HJNADP"*" oxidized by
emodin deoxygenase from the [4R-^HJNADPH will be reduced to
[4R,S- HJNADPH at the second cycle. The incorporation of
deuterium in chrysophanol with the isopropanol-6d-alcohol
dehydrogenase system, therefore, does not rigorously signify
the stereochemistry of H-transfer from NADPH to emodin.

Kinetic Deuterium Isotope Effects on the
Oxidation of NADPH by Emodin Deoxygenase
As we know, the primary isotope effect involves
isotopic substitution of an atom which undergoes bond
breaking or making during a chemical reaction. It usually
shows large values because at the transition state one of
the stretching frequencies is lost, and, thus, the
vibrational bonding is much looser in the transition state
than in either substrate or product (Cook e^ al^. , 1981).
Deuterium isotope effect having a value as great as 6.90 ±
0.74 is a sign of a primary isotope effect and it also
indicates that the actual cleavage of the bond to hydrogen
may be the rate-determining step (Northrop, 1975, 1981;
Jeffery, 1980). When [4R-^HJNADPH was used as substrate in
the NADPH-emodin deoxygenase reaction, the

(V_--./K_),

1.20 + 0.11, and ^(V^^^^^), 1.10 ± 0.11, suggest a small
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kinetic isotope effect. Since the standard deviation of 0.1
is close to the magnitude of the isotope effect, it is
difficult to conclude whether there is a small or no isotope
effect. However, an isotope effect of 1.1 is expected for
an a-secondary deuterium isotope effect. For example, the
a-secondary isotope effect associated with oxidoreduction of
[4R- HJNADH by yeast alcohol dehydrogenase has been found to
be 1.12 (Cook et, al. , 1980). In that case, the observed
secondary kinetic isotope effect associated with NADH
oxidation was presumably due to coupled motion of the
a-secondary hydrogen and the primary hydrogen in the
transition state for hydride transfer (Cook et_ aJ. , 1981).
The substitution of D2O for H2O in the emodin
deoxygenase catalyzed oxidation of NADPH was found to
produce solvent isotope effects of 1.55 ± 0.91 on

(V" ^^.)
max

and 2.17 ± 0.91 on ^i^ja&x^^^

°^ ^^® initial rate of the

reaction. The solvent isotope effect, which decreases the
rate of formation of chrysophanol, is most likely a
consequence of deuterium exchange with exchangeable H

on

the enzyme. The mechanism shown in Figure 27 illustrates
that in D2O the deuterium was incorporated into the ketotautomer at C-5 or C-7 during the tautomerization. The
solvent isotope effects may be partially caused by the
cleavage of the bonds to deuterium during the subsequent
dehydration.

CHAPTER VI
CONCLUSIONS

Based on the experimental results and observations, the
conclusions can be summarized as follows:
1. Emodin deoxygenase from Pyrencochaeta terrestris was
partially purified 17-fold in an overall yield of 11%.
2. The reaction mechanism of dehydrogenation of emodin
catalyzed by emodin deoxygenase is proposed that a ketotautomer of emodin is formed as an intermediate. The
reduction of the keto-tautomer by the enzyme transfers the
hydrogen of NADPH to the C-6 position of the emodin and the
subsequent dehydration reaction completes the conversion of
emodin to chrysophanol.
3. The kinetic isotope effects on the oxidation of
[4S- HJNADPH by emodin deoxygenase were determined to be
4.1 + 1.5 on ^i^ja&y^/^)

and 6.9 + 0.7 on ^(V^^ax'' ^ ° ^

[4R-^HJNADPH, ^(V^j^x/^m^ ^"^ ^^^'max^ ^^^^ determined to be
1.2 + 0.4 and 1.1 ± 0.1, respectively. The deuterium solvent
isotope effects have also been determined to be 2.2 ± 0.9 on
^(V^ax/Km) ^^d 1.6 ± 0.9 on ^(V^^^).
4. The stereospecificity of oxidation of NADPH catalyzed by
emodin deoxygenase is suggested to be pro-S.
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