
Phyrochemrstry, Vol 21, No 4, pp 979-982. 1988 0031 9422/88 $300+000 
Pruned I” Great Brltam CCC 1988 Pergamon Journals Ltd 

PURIFICATION AND CHARACTERIZATION OF (S)- 
TETRAHYDROBERBERINE OXIDASE FROM CULTURED COPTIS 

JAPONZCA CELLS 

NAOSUKE OKADA, ATSUHIKO SHINMYO,* HIROSUKE OKADA* and YASUYUKI YAMADA 

Research Center for Cell and Ttssue Culture, Kyoto Umversrty, Kyoto 606, Japan, *Department of Fermentatron Technology, 
Osaka Umverstty, Osaka 565, Japan 

(Recerved 3 March 1987) 

Key Word Index-Coptts ~aponrca, Ranunculaceae, cultured cells, berberrne, (S)-tetrahydroberberme, (S)- 
tetrahydroberberme oxtdase 

Ahstract+S)-Tetrahydroberberme (THB) oxtdase was purtfied to homogeniety from cultured Copt~s~aponzca cells by 
DEAE-Sepharose chromatography, gel filtratron, and HPLC The enzyme catalysed the removal of four hydrogen 
atoms from one mol of (S)-THB and produced two mol of hydrogen peroxide and one mol of berberme m the presence 
of molecular oxygen The purified enzyme had neither the yellow fluoresence charactertsttc of flavm dertvattves nor an 
absorntton snectrum showmg the presence of haem. The enzyme had a M, of 58 000 and conststed of two identical 
sub&s of 28000 each 

INTRODUCTION 

Cultered plant cell lines that produce large quantrttes of 
anthocyamns [l], alkalotds [2-51, steriods, or ubtqum- 
one-10 [6] have been isolated by repetmve selection 
These cell lines provtde materials suitable for analysts of 
biosynthettc pathways One example 1s the cell line of 
Copt~~~aponica, which produces berberme at a yield of 8 
to 10% of the dry cell weight [2, 7, 81. Berberme bto- 
synthesis m intact plants (Hydrastts canadensrs, [9]) has 
been studied by means of feeding experiments and seems 
to have the spectfic dehydrogenatton of (S)- 
tetrahydroberberme (THB, 1) as the final step (Ftg 1) A 
cell-free extract prepared from cultured C ~apon~ca cells 
catalyses the stereospectfic dehydrogenation of (S)-THB, 
but not the enanttomer [lo], dthydroberberine, a hy- 
pothetical intermediate, was not detected durmg the 
reaction. These results mdtcate that the removal of the 
four electrons from the substrate is catalysed by a single 
enzyme or two enzymes operating m tandem. 

We report here on the purtficatton and charactertstrcs 
of (S)-THB oxtdase, an enzyme which catalyses the fo’ur- 
electron oxidation of (S)-THB to form berberine (Ftg 1). 

RESULTS 

PurQicntzon of(S)-THB oxtdase 

The enzyme was purtfied from the crude enzyme pre- 
paration by CM-Sephadex and DEAE-Sepharose 
chromatography, gel filtration on Sephadex G-100, and 
size-exclusion HPLC. Purification steps l-4 (Table 1) 
were completed within 60 hr because of the mstabthty of 
the enzyme. The crude enzyme solution contamed much 
berberme, which interfered with measurement of the 
enzyme acttvtty. Step 1 removed the cattomc yellow 
substances, including berberine. The enzyme sample at 
step 4 had increased 10 times m specific activity, at a 
yield of 5% from the starting sample The enzyme sample 

after HPLC gave a single protein band m both PAGE 
(Ftg 2, lane 1) and SDS-PAGE (Fig 2, lane 2). The gel of 
the parallel run of PAGE (Fig 2, lane 1) was sliced mto 
5 mm lengths, crushed, and extracted wtth 75 mM 
phosphate buffer (pH 7.0) for 16 hr at 4”. The (S)-THB 
oxidase acttvtty m the extract was measured The smgle 
shce with the enzyme activity corresponded to the slice 
contammg the protein band The enzyme acttvity m both 
the crude and purified enzyme solutton was unstable; the 

OMe 

OMe 

(S) -Tetrahydroberberme (I) 

I 

Berberrne (2) 

Ftg 1 Reactton catalysed by (S)-tetrahydroberberme oxtdase 
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Table 1 Purlficatlon of (S)-THB oxldaw 

Step Protem Actlwty Sp dct k’leld Enrichment 

(mg) (nkat) (nkdt;mg) (“I;) (-fold) 

Crude enzyme 600 100 

(I) CM-Sephadex 470 360 0 75 60 1 
(2) 1st DEAE-Sepharose 36 5 210 58 35 71 

(3) 2nd DEAE-Sepharose 13 72 55 I’ 7 3 

(4) Sephadex G-100 31 30 81 s 10 8 

Enzyme actlwty wds measured ds descrlhed In Experlmentd) 

crude enzyme solutton had lost half of tts acttvrty after 
20 hr at 4’- 

Charactmstccs of (S)-THB oxldase 

The opttmum pH for (S)-THB oxtdase was 8 8 m 
50 mM phosphate buffer (pH 5 0 to 8 0) and borate buffer 
(pH 8 0 to 10 0) The enzyme had an opttmum tempera- 
ture at 37” for a one hr reaction pertod It lost 40 and 
90% of tts acttvtty m one hr at 45 and 50”, respecttvely 
Only (S)-THB was converted to berberme by thts en- 
zyme The I<,,, value wtth (S)-THB, 6 5 ,uM. was obtained 
.fr-rm-r ,&>u:$e_~~c~:c& $os of &e >+u&?&m m e:Tnc”TrJr- 
-SC*2 && -& rr;?!$$ re&!y_y; &oci’ry _ CO ;LLr.Ti ;;if 

~purr&n enzvme was cotourress dno nan ?:ioZYon.-.. 4 . ,.... 

;ma at 215 and 280 nm. 
-- I Tax- 

The M, of the denatured (S)-THB oxidase protem was 
esttmated by SDS-PAGE to be 28 000 (Fig 2, lane 2) By 
srze-excluston HPLC on a TSK G-3000 SW column (Ftg 
3), the M, of the native (S)-THB oxrdase was found to be 
58000 We concluded that the enzyme consisted of two 
tdenttcal subunits each wtth an M, of 28000 

The enzyme reaction required oxygen (Table 2). and 
produced hydrogen peroxide (H,O,) Quantttattve anal- 
ysts of the reactron products showed that 2 0 mol of 
H,O, were produced for each mol of berberme formed 
The kmetrc relattonshtp between the reaction products 
showed that berberme and H,O, were formed srmultan- 
eously and stotchtometrtcallly We concluded that four 
hydrogen atoms from the substrate were transferred to 
two mol of oxygen to produce two mol of H,O, and one 
.mo! of _berberr.ne 

DISCLJSSIOh 

(S)-THB oxtdase was purified to homogeneity from 
cultured C laponrca cells The enzyme catalyses the 
converston of (S)-THB to berberme by removal of four 

hydrogen atoms No product other than berberme was 
detected by HPLC analysrs of the enzyme reactton mtx- 
ture [IO] The enzyme reaction requires oxygen, and 
produces two mol of H,OZ per mol of berberme formed 
Thus, we concluded that (S)-THB oxtdase either catalyses 
the srmultaneous removal of four hydrogen atoms from 
(S)-THB, or catalyses two sequential dehydrogenattons 
of the substrate wtthout dtssoctatton of the mtermedtate 
from the enzyme molecule All of the oxtdases exammed 
so far catalyse the removal of two hydrogen atoms, so (S)- 

Fig 2 PAGE of the (S)-7HH ovtddbe flom cultured C ,cr\pcw 
KU cciis Lure i EieutmpiirorctlL dn-,liy>ls of tire (S)-TtiB ox,- 

dase dt step 5 (6 @ of protein) ud\ done as reported clsxvhere 

ii4j 017 d 7 5% piydLTqtidiTil-i;c sid’ugci idm 2 SDS-PAGE of 

the rame sample as lane i( 12 jig of protein) wds done. on J 10% 

polyacrylamlde si,tb gel In the presence of 0 I”6 SDS 1151 

Arrow mdlcnte the po\ltton of marher protcms 21 K for trypsm 

mhlbltor (MM, 21 0001. 39K for RN4 polqmerasc x-subunrt 
(190001 hXK for hovme serum ~lhumm (68 000) IL55K for RNA- 



(S)-THB oxtdase from Coptu Japomca 981 

I I I 
20 40 60 
Time (mln) 

Ftg 3 HPLC chromatogram of the enzyme sample from step 4. 

3 &Xl> O---O, (S)-THB oxtdase acttvtty The elution 

times (mm) of marker proteins were as follows glutamate dehy- 

drogenase (290 000) 34; lactate dehydrogenase (142 000) 39, enol- 
ase (67000) 46, adenylate kmase (32ooO) 51; cytochrome c 

(12400) 58 

Table 2. Effect of mhtbttors on (S)-THB oxtdase 

Inhtbitor 

None 

EDTA 

2,2’-Btpyrtdyl 

Bathocuprome sulphomc actd 

Bathophenanthrohne sulphomc acid 

Anaerobtc condtttons 

Cone Activtty 

(mM) (%) 

0 100 

20 96 

2.0 100 

20 90 

01 83 

20 55 

10 20 

10 

THB oxtdase should be classified as a new kmd of 
oxtdase. 

The absorption spectrum of the enzyme showed that tt 
contams no haem-non and no flavm dertvattves such as 
FAD or FMN. (S)-THB oxtdase IS not Inhibited by 
bathocuprome sulphomc acid. This indtcates that the 
oxtdase IS not a Cu-oxtdase such as ascorbate oxidase. A 
spectfic chelator for Fez+ . ton, bathophenanthroline sul- 
phomc acid, weakly Inhibits the enzyme. 

More than 1OOOpM of the chelator IS required for 
50% inhrbitton of (S)-THB oxidase actrvity, when the 
concentratton of the enzyme is 0.3 PM The molecular 
ratio of the enzyme to the chelator is 1: 3000 From these 
results, we suspect that a non-haem non such as an iron 
acrd labile sulphur cluster IS bound firmly to the enzyme 
molecule. One example of an oxtdase that does not con- 
tam haem non and does produce H,O, is the secondary 
alcohol oxtdase of Pseudomonas Thts enzyme IS reststant 
to spectfic chelators for non atoms [l l] 

An (S)-THB oxtdase isolated from cultured Berbms 
wrkonae var subcauluxlata Schnetd cells has been re- 
ported [12] This enzyme doffers from the (S)-THB oxt- 
dase from cultured C. japonrca cells m the following ways 

The M, of the (S)-THB oxtdase from B wtlsonae IS 
100000, while that of the enzyme from C. yponica IS 
58000. The (S)-THB oxrdase from B wilsonae contams 
flavin, as Judged from Its yellow-green fluoresence, but 
flavin was not detected m the enzyme from C. japomca 
The oxtdase from B. wzlsonae produces one mol of H,O, 

and water per mol of substrate consumed, but the oxi- 
dase from C. ypontca produces two mol of H,O,. 

EXPERIMENTAL 

Cultured cells The ortgmal cultured C Japomca cells were 

induced from small fragments of rootlets of C Japonrca Makmo 

var dtssecta (Yatabe) Nakat (m Japanese, serlbaworen) 171. Small 

aggregates were used for the clonmg [2, 81 Fme cell aggregates 

were collected by filtratton and plated m Petri dishes wtth 

Lmsmater-Skoog suspension medium 1131 After clomng, cell 

lines producmg large amounts of berberme were selected 121. 
These cell lines were cultured on Lmsmaier-Skoog suspension 

medmm containing 10-s M I-naphthaleneacettc acid and 

10-s M 6benzylademne at 26” on a rotary shaker at 100 rpm m 

the dark 

Assay ofenzyme actrvrty The assay was carrted out m 60 mM 

PI buffer (pH 7 0) containing 0 423 mM (R, S)-THB, 10% N,N- 

dtmethylformamtde (DMF), and a suitably diluted enzyme soln 

at 30” for 1 hr The reaction was stopped by tmmerston of the 

reactton tube m a bothng water bath for 3 mm. The mcrease m 

the amount of berberme was assayed by the mcrease m absor- 

bance at 345 and 425 nm [lo]. The enzyme reaction was linear 

up to 2 hr, and consumed up to 40% of the substrate The 

amount of berberme formed increased linearly with mcrease m 

the amount of enzyme added to the reaction mixture 

When the enzyme reaction was carried out under anaerobic 
condtttons, the assay mixture (0 5 ml) was placed m a stoppered 

vial (14 x 35 mm) N, was bubbled through the soln for 5 mm, 

then was passed through the vial for another 15 mm The 
enzyme soln (0 1 ml) was mJected mto the vial The reactton was 

stopped by putting the vial ma boihng water bath for 3 mm, then 

the increase m absorbance at 425 nm was measured The protein 

was assayed from the absorption at 280 nm It was assumed that 
1 absorbance umt corresponded to 0 5 mgiml protein 

Electrophoresls Polyacrylamtde gel (7 5%) electrophoresis 

(PAGE) was performed at pH 80 [14] Electrophorests under 

denaturated condtttons was performed by the procedure of ref 

[ 151. A polyacrylamtde gel (10%) was used for the estimation of 

the M, of the enzyme 

Preparatron oJcrude enzyme All procedures were carrted out 

at O-5” Cultured C lapomca cells (200 g fr wt) were crushed 

with quartz sand m 150 ml 100 mM PI buffer (pH 7 0) contammg 

1OmM dtthtothrettol DTT) m a chtlled mortar The bret was 

somcated ( x 4, 1 mm at 20 kHz) and after removal of debris m 

the resulting suspension, the protein that pptd at 0 7 saturatton 

of (NH&SO, was collected by centrtfugation The pellet was 

suspended m a munmal vol of 20 mM PI buffer (pH 7 0) contai- 

nmg 2 mM DTT The soln was dtalysed agamst the same buffer 
and centrtfuged at 30000 y for 15 mm The supernatant was 

used as the crude enzyme soln 

Enzyme purrficatron All steps were performed at O-5”. Step 1 

CM-Sephadex CC The crude enzyme soln (50 ml) was put on a 

CM-Sephadex C-50 column (4 x 60 cm), equthbrated wtth 

20 mM PI buffer (pH 7 0) contammg 2 mM DTT The column 
was washed with the same buffer Column fractions of 20ml 

each were collected and checked for (S)-THB oxtdase activity 
The fractions with the acttvity were free from yellow pigments, 

mcludmg berberme alkalotds 
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Step 2 Fust DEAE-Sepharose CC The combmed fractions 

wtth enzyme activity (120 ml) were adJusted to the concentration 

of 30 mM NaCl The resultmg soln was apphed to a DEAE- 

Sepharose CL-6B column (2 5 x 10 cm) equmbrated with 
20 mM PI buffer (pH 7 0) contammg 2 mM DTT and 50 mM 

NaCl, and eluted stepwise wtth the same buffer soln contaming 

50 mM (150 ml), 60 mM (60 ml), 75 mM (100 ml). or 100 mM 

(200 ml) NaCl at a flow rate of 75 ml,/hr The enzyme was eluted 
by 100 mM NaCl The fracuons wtth the enzyme actlvtty were 

pooled, desalted, and concentrated by ultrahltratton wrth a UK- 

10 filter to a volume of 40 ml 

Step 3 Second DEAE-Sepharose CC The concentrdted en- 

zyme from step 2 wds apphed to d DEAE-Sepharosc CL-6B 

column (1 8 x 10 cm) equthbrated with 20 mM PI buffer (pH 7 0) 

contammg 2 mM DTT and 50 mM NaCl The enzyme was 

eluted wnh 360 ml of the same buffer contammg NaCl m a hnear 

gradrent from 60 to 120 mM at a flow rate of45 ml/hr Fractions 

of 6 ml each were collected The acttve fracttons were pooled and 

concentrated by ultratiltratlon to 3 5 ml 

Step 4 Sephadex G-100 CC The enzyme soln from step 3 was 
applied to a Sephadex G-100 column (2 x 7 5 cm) equilibrated 

wtth 50 mM PI buffer (pH 7 0) contammg 2 mM DTT, and 

eluted with the same buffer at d flow rdte of 40 ml/hr Fractions 

of 2 5 ml each were collected The dctrve fracttons were pooled 

and concentrated by ultrafiltrdtton to 2 ml 

Step 5 HPLC The concentrated enzyme soln from step 4 was 

put on a TSK G-3000 SW column (7 5 x 600 mm) equtltbrated 

wtth 50 mM PI buffer (pH 7 0). and eluted with the same buffer 

at a flow rate of 0 4 ml/mm The absorption at 280 nm was 

momtored by a UV-\pectrophotometer The eluent wnh absorp- 

tlon al 280 nm wds fractrondted (0 5 to 1 5 ml) and checked for 
enzyme acttvlty The active fracttons were pooled and concen- 

trated by ultratiltratlon to 2 5 ml 

Atraq’ o/ H,O, The concentratton of H,O, m the reactton 
mixture was assdyed by a modmcatlon of the method of ret’ 

1161 The reaction mrxture (0 6 ml) m 100 mM PI buffer (pH 6 8) 

contdmed 0 423 mM (R, S)-THB. 10% N,N-dlmethylfor- 

mamlde, and d suitably diluted enzyme aoln After 1 hr at 30 , 

0 1 ml of 4 mM 4-amtnoantlplhne, 0 1 ml of 5 mM 2,4-dtchloro- 

phenol. and 0 2 ml of horseradtsh peroxtddse (26 U/ml) were 

added to the reaction mtxturc The mtxture wds tncub‘tted at 30’ 

for 3 mm, and 1 ml EtOH wds added to stop the reaction The 
dbsorptlon was measured at 505 nm 

Chcnrrtals (R, S)-THB wds synthestzed as described pre- 

v~ously [lo] Bnthophenanthrolme sulphomc dcld dnd bath- 
ocuprome sulphomc xld were purchased from DoJtn Labora- 

tortes (Kumamoto, Iapan) Horaeradtsh peroxtdase were pur- 

chased from Toyobo Co (Osakd Idpan) 
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