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Abstract --lncubatlon of a all-fra extract from Pyrenochoero terreuris with [‘H)emodin gave a single major product 
which was putiai and identified as chrysophanol by mass spcctromctry. Maximum conversion of [‘HJemodin 10 
[‘H)chrysophanol was obtained with anaerobicconditionsand NADPH, ATP, mcrcap~octhanol, iron(lI glycerol. 
Tbc apparent K, for emodin in the crude extract was 1.0 f 0.2 PM. At 4.2 PM. the conversion of emodin was 17 times 
the conversion of emodinanthrone 10 chrysophanol plus chrysophanolanthrone. It is proposed rhat chrysophanol is 
synthaual in plant and fungal species primarily by dchydroxylation of emodin. 

INTRODUCllON 

The polyhydroxyanthraquinoncs cmodin and chryso- 
phanol cuzur in several plant species [l] and have been 
isolated from fun@ [2, 33. These anthraquinona arc 
usually isolated together with the anthronu emodin- 
enthrone and chrysophanolanthrone [4). Emodin is 
derived from accta1c [S] via an assumed C,& polyketide 
interwdiate. 

The saalonic acids, mycotoxins produced by 
Pennicillium sp. and by P. rerreswis, are also derived from a 
C,, polykctide precursor 161. The structure of the 
secalonic acids suggests that chrysophanol is an inter- 

maliate in their biosynlhesis and this role of chryso- 
phanol is supported by the observation that 
[‘H)chrysophanol is etintly incorporated into scca- 
Ionic acid D in P. oxdicum [7]. Radioactively lab&d 
emcdin and cmodinanthrone are also incorporated into 
sccalonic acid D. but with lower e%ckncy than chryso- 
phanol [7, 81. 

Thra possibk pathways for the biosynthesis ofchryso- 
phanol are (Fig. 1 )z (1) direct dehydroxylation of emodin; 
(2) dehydroxylation of emodinanthronc to chrysophanol- 
anthrone and oxidation of cmphanolathrone 10 
chrysophanol; and (3) reduction of an intenacdiatc in 
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polykctidc biosynthesis, release of chrysophanol- 
anthrone. and oxidation of chrysophanolanthronc to 
chrysophanol. In support of the latter pathway, reduction 
during addition of C, units to the growing polyketide 
chain results in the absence of a hydroxyl group in tbc 
structure of bmcthysabcyclic acid 19, IO]. 

[‘H]Emodin and [‘H)cmodinanthronc were incu- 
bated with a cell-free system from P. rerrcuris and the 
conversion of the substrates to chrysophanol and chryso- 
phanolanthrone was determined. 

RESLLTS 

Identiftcation of producl 

A single radioactive product was observed in the 
radioactivity scan of extracts after incubation of 
[‘Hjemodin with the cell-fret system from P. wrrestris. 
The product cochromatographcd with chrysophanol in 
thra TLC systems. After reduction and formation of the 
adduct with pnitrosodiphcnylaniline or after acctylation. 
the radioactive derivative cochromatographal with the 
corresponding derivative of chrysophanol. 

The ctystallizad prduct from an incubation with 
unlabeled emodin was analyscd by electron impact mass 
spectrowtry (EIMS). The spectrum was identical to that 
of reference chrysophanol: EIMS (direct insertion probe) 
70eV.m/t(rel.int.):255[M+l]* (12),254[M]+ (100). 
237 

5 
M-OH]+ (28).226[M-CO]+(l6),22S[M-CO 

-H + (12), 198[M-ZCO]+ (S), 197[M-2CO-H]’ 
(l2), 152 [M- lO2]+ (4). ISI [M- 1031’ (60). 

Conditions for enzynw activity 

Activity in the frozen mycelia and crude extracts was 
stable for over 4 months at - 20”. When meraptocthanol 
was omitted from the homogenization buffer, addition of 
mcrcaptocthanol to the incubation mixture &reascd 
activity 3.5 fold. Addition of 20 “/a v/v glycerol gave 80 y0 
recovery of activity after 4 hr dialysis against Buffer A 
compared to 65 ?,, recovery without glycerol. 

The conversion after thra hours of incubation was 
I.2 nmol [‘Hjchrysophanol (817; conversion) with 
I.16 mg/ml protein compared to 0.006 nmol 
[‘Hjchrysophanol with boiled control. Addition of 
NADPH, iron(H), and ATP to the incubation mixture 
increased the conversion of [‘Hlemodin to 

Trbk 1. EtTcct of additrons on canwnlon of [‘H’janodm to 

[ ‘H$dUysOphnol. 

component added 

NADPH, Fe(lI), ATP 

NADPH. Fe(H). AfP (In au) 

NADPH. Fe(U) 

NADPH. ATP 

Fe(ll). ATP 

[‘H]Chrywphnol 

(nmd) 

1.00 

0.49 

0.60 

0.31 

0.28 

See Experimental sectron for assay condrIlon5. The crude 

extract was ddyscd for 8 hr agust ButTer A. The mix~urc 

containad 0.44 mg prolcm and 1.52 nmol cmodm. The incub 

rtton tome wa.s 35 mm. 

[‘H)chrysophanol (Tabk 1). The thra fold increase in 
conversion with addition of NADPH indicates that 
NADPH is the cosubatrate for the raktive 
dchydroxyhtion. Iron(H) was a metal ion activator and 
inacasai Bctivity three fold. The function of ATP, which 
increased the conversion 40%. is mt known. Twice the 
conversion was obtained when the tube was Bushed with 
Ns before incubation. A component is therefore sensitive 
to air. 

Effkcr oj cmnrrarion oj [‘H]emudin on ocriciry 

The rate krcascd rapidly with incraUcinconcen- 
tration of emodin (0.64 mg protein, 0.38-3.05 nmol 
[‘H]cmodin, IS min). Tbc data gave a linear plot of 
the integrated MichaelU+Mentcn equation [I I]. The 
co&cicnt of correlation was 0.91. The K, and V_ 
were l.Of0.2~1M and 1.26 nmol/lS min (22 pkat/mg), 
respectively. 

Compari.um oj ocriviry with [3H)cmodin Md 
[‘H]cmodincvuhrcm 

The conversion of [‘Hlemodin was I7 times the 
conversion of [‘H]emodinanthrone tochrysophanol plus 
chrysophanolanthronc at 4.2 JIM concentration (Table 2, 
average of IS min and 30 min incubations). 

DCXUSSIOW 

The low K, and reasonably good activity with anodin 
support emodin as the natural substrate for the 
dchydroxylasc in P. terresrris. A similar enzyme may 

catalyze the conversion of emodin to chrysophanol in 
other fungi and in plants. 

incorporation of [‘Hjcmodin was much greater than 
the incorporation of [‘H)emodinanthrone into chryso- 
phanol plus &yqhanolanthrone in tarto. However, in 
in viuo radioactive incorporation experiments with P. 
oxolicwn more [‘H]cmodinanthronc was incorporated 
into sccalonic acid D than [‘Hlcmodin [8]. If chryso- 
phanol is the precursor of the sccalonk acids, as indicated 
by the efficient incorporation of labelkd chrysophanol 
into the socaionic acids 7 , the much greater conversion 
of [‘Hlcmodin than [ H jj cmodinanthrone observed in 
the cell-free system should result in a greater amount of 
lab&d sccalonic acids from [‘Hjemodin than from 
[‘H)emodinanthrone. Further in viw and in citro studies 

Tabk 2. Convaxion of [ ‘Hjcmodm and [ ‘H)cmodrnnnthronc 

IO chrywphanol pius chrysophanolanthrone 

‘H-LPklkd 

SUbSlfXlC 

Incub8tlon 

llmc 

(mm) 

Chrysophanol 

plus chryso- 

phanolanthronc 

tnmoll 

Emadm I5 0.55 

Emodirunthronc I5 0.038 

Emodin 30 I .27 

Emodirunthronc 30 0.065 

See Expcrimntal x&on for usay condruons. ‘Ihe tncubnuon 
mixture contained 0.M mp protein and 2.5 nmol [ ‘Hlcmodin 

or [‘Hjeamdinanthronc. 
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should be carribd out concerning this difference in rchtivc 
&&ncy of conversion of cmodin and cmodinanthrone 
intochrysophmol in thcceu-free system from P. rmesrris 
and into saalonic crid D in cultures of P. OX&WR 

The only previous all-free system wh& catalysai the 
biosynthesis of a natuml product with a missing aromatic 
hydroxyl wax bmcthylsahcyclic rid synthctase in which 
the reduction resulting in tbc a& of a hydroxyl took 
place during synthesis of the polykctidc [9, lo]. The 
results of this investigation indicate that in P. terresfris the 
missing hydroxyl in chrysophrno I is removed after 
formation of the anthraquinone emodin. It is likely that 
aromatic dchydroxylations oazur in the biosynthetic 
pathways of other natural products. 

Preparation o/ m~~enals. Emodin was purified by 
crystallization from EtOH. Chr)rophnol (Pfdtz and bus) yu 
purified by prep. TLC xnd crystauited from ErOH. [‘H]Emndin 
was M by the Wilztnch procedure [ 121 md vu 
cryxUi& ~wia from EIOH. The sp. rxlio rtivity was 
72 Ci/md. A mixture of IO mgof [‘H-in. IO mp unlxkllcd 
anodin. 1.89 g HOAc. xnd 0.80 ml 55% 4. HI wu rduxal for 
3 hr [Fmnk. B.. private communuation]. Tbc predpiutd 
[‘Hjcmodkanrhronc was f~lrcral and drial under vxuum. The 
yield was I3 mg and the sp. radio rtivity was 30 Ci/mol. 

Culture melhods. P. rmrsrris strain T-66 wxx -inal from the 
Amcnun Type Culture Collection. Tbc growth of sbts. 
prcculturcx. and production cultures was cprriad out ax danibal 
in ref. [ 131. 

Prepumion oj emzymr cxrracrs. The cultures grown in 
production mallurn were hmrtai &a 3 by. Tbc ah were 
w&al five limes with H 1O UK! OKT with 0.5 M su~oxe. 0. I M 
K-R buffer. pH 7.4, and IO- ’ M EDTA. ‘Ibc aLb were stored II 
-2iP.TlufroxcnallswcfcmixalwiLh2O~(v/v)gl~ol.O.l M 
K-Pi buffer, pH 7.4. IO-’ M EDTA, 0.020 M EISH (Buffer A). 
The mixture wu homogenized for 2 one-min pcriodr with x 
Vlrtix homogcnizr I( muimum sp&. N, WII bubbkd through 
the mixture during homogmuation. Tbc mixture wxx centrifuged 
at 25 Ooo g for 30 mm. Tbc supenulrn~ wu cdkctcd xnd kept 
frozenat -m. 

Protein was dctcrmincd by the dye-binding method [II] with 
bovine serum olbunun ax the standud. 

AS.UI~ pr0ccdure. Tbc uuy sptcm was composed of enzyme. 
[‘Hjcmodm (72 C~jmol) or [‘H)emcdinanthronc (30 C~/md). 
2.5 & ATP. 0.45 ~KBI NADPH. 7.1 jnnol EtSH UXI 3.0 -1 
FcCl~. The vol. was broughl to 0.6 ml nth Buffer A. 

tnnculating ncedks were inserted into a tubber stoppa in a I6 
x 100 mm test tube that contuned the incubrtion nuxtufe and 
N, wax pxxxcd through the tube for 90 scs with shaking in an ice 
brth. The needles were removed xnd rbc lubes were sticn on I 
water both PI 25”. 

The r-ion was stopped by the addnion of 0.2 ml of 3.0 M 
HCI. The soln wax extrwzted with El,0 xnd the Et,0 lqcr wax 
evaporated IO drynexs with a strum of NI. The residue wax 
dissotvad in McOH md rhc soln was q+icd 10 x silim gel G TLC 
plate. Reference cmndin and chtysophxnd were appbad on top of 
the umpk. The plrte wax developed m pcrd (3@JjOY 
H.COGEt-88% 4. HCO,H (90: IO: I; Sys~au I). 

TheregionxofuBodinandchryqhum I were xcrqxd diractly 
mto x lquid scinttiuon VLL Monoluor (Nxriorul Dixgno6tia) 
WPrddad,udl&cpa,WerCmeuUradwilb~~~LMO 
lquid dnlillxtion counter. TIK &ir&ncy of counting wU 35 Y& 
The LURK amount of [‘H-in urrd in I& mcubUionr YLI 
xided IO an incubation mixture afkr addition of 0.2 ml 3.0 M 

HCI. Extrwrion, qualion on ‘Iu: & aunlmg yu curiul 
out~dacribcdforthciluXlbUdnmplcs.Tbcnmolc~ 
phuml w8s cak&tal from the cqurlion: 

cpm chd-ol nmol 
nmol chryxophand - ---- &led 

cpm emodin (no incuhtion) emOdIn 

Cbrywphanotanthro~ if-t, ir indudcd in tbc nlue for the 
nmol chrysoptund sina these IWO compounds did not separate 
III TLC ~olvcnr Syskm 1. 

TLC sysfnrrr. The migration of the rakactiw poduct and 
nfcrclKz chrysopbnol in thra TLC systaIts was masural. The 
adsorbent. sotvenr systan. and R, vdues of emodin UMI chryso- 
pbxnol were (I) xiba gd G. Syxacm 1. 0.16, 0.54; (2) OUA- 
dozylxiLnc bondad IO s&a. Me,C&H,O (3:2). 0.43.0.299; (3) 
silica gel G impregnated with art&t acid. petrol 
(WwHCl J (I : I), 0.06.0.73. Tbc anthrone did na aquratc 
from the lnthmquincec in tbac TLC systems. 

D&wrixatfon oj 3H-bbzlled prafucf. Tlx amount of incub 
rtion mixture was increased to 31.5 ml containing 34 mg protein. 
0.52 ml [‘H-in. 5.0 ml MIXIIUC A,and 0.15 mmol FcCt, 
in 2.5 ml HxO. The mixture was incubated for 3 hr. acid&al and 
extractal with EI,O. Tbc cx~rmzt was conal IO dryness and rhc 
r&due was dxssotvul in 5.0 ml MeOH. An wuot we rcpurtai 
byTLC.Thc ~convcrxionof[‘H)cmodinto[‘H)chrysoplunel 
wu 987. bescd on the radioectivirics of the cmodin UKI 
chrysophnnol hnbc recovered from the TLC p&ate. 

An diquot of the radtiin product wxx mixed with 2 mg 
unlxbelkd chrysqhxnol xnd reduction IO the an&one vu 
arriod out [Frmnk. B.. p&ate cemmuniation]. Tbt ukiuzt of 
t& enthrone with pnitroeodipbmyhniline yu preprad [l5]. 
Tbc pnitrosodiphcnyl8nilinc derivative of chryxop&nol- 
urtbrone bd UI R, nlw of0.77 on siba gel G with diisopropyl- 
ether [ 141. Another xliquot with I.5 mg unlbclkd chryxophsnol 
wu mylxtad with AC,0 [l6]. The raylr~al product from 
chtyqhnnol hd m R, valw of 0.74 on siba gd G with 
cycbhcunc EtOAc (I : I). TIC plates were xannu! for rxiio- 
activity and the locations oltbc ndioactive peaks and derintiva 
of chrysophxnd were compfad. 

incubtion mixture contining 43 mg auyme. 7.4 ~UIKJI anndin. 
34& NADPH, 0.14 mmol ATP. 0.36 mmol EtSH. and 
0.15 mmol F&l, m a final volume of 31.5 ml yu incu~rcd for 
5 hr at 25” under N1. The auxture wxs cxtmcted u dsribad 
above, the ext~ wxx applied IO x TLC plxtc. ud tbc plrte wxs 
developad with !jotvcnc 1. Tbc conversion of cmodin IO chryse 
*noI cstinutod from the intcnsitk of the hnd~ of chryao- 
phnol and emodin was 67%. Tbe chrywqbanol was extracted 
from the silka gel with MeOH. The MeOH extract was 
mponkd IO drynar and the rudue was dissotval in ErOH. 
Tk poduct was cqstallited from EtOH. The cqsulline product 
VII anxlysal by EIMS. 

Ac~&+menrs-The tcchnial xxsis~~~ of Shu-Wcn Cben. 
Pat&ix Kim mntl Keith Akunder ix rlrnowkdged. Thix 
work was wpponal by the Robert A. Wckh Foundation Granl 
No. D117. 
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