
Phymchmiwy, Vol. 26, No. 6, pi. 1645-1650. 1987. 003 I -9422/87 53.00 + 0.00 
Printal in Great Britain. Q 1987 Pzrgamon Journals Ltd. 

ENZYME ACTIVITIES IN CELL-FREE EXTRACTS OF SHIKONIN- 
PRODUCING LITHOSPERMUMERYTHRORHIZON CELLSUSPENSION 

CULTURES 

LUTZ HEIDE and MAMORU TABATA 

Faculty of Pharmaceutical Sciences, Kyoto University. Kyoto, Japan 

(Recked recebed 19 November 1986) 

Key Word Idex-LithospPrmum eryrhrorhizon; Boraginaccae; cell culture;naphthoquinones; shikonin; chorismate 
mutast; shikimate dehydrogenase. 

Abstract-Lithospermum erythrorhizon cell cultures excrete large quantities of naphthoquinone pigments, viz. sbikonin 
derivatives, which have made enzymatic studies impossible so far. This paper describes methods for the removal of 
shikonin derivatives from the cells with liquid paraffin during culture growth and for the preparation of active enzyme 
extracts. Chorismate mutase and shikimate dehydrogenase activities were used as indicators for the preparation of 
active extracts. The efficacy of the methods developed was proved by the demonstration of the enzymatic formation of 
m-geranyl-phydroxybenzoic acid from geranylpyrophosphate and p-hydroxybenzoic acid in cell-free extracts of 
L. ervthrorhizon cultures, the first detection of a key enzyme of shikonin biosynthesis. 

INTRODUCTION 

Cell cultures of Lithospermum erythrorhizon Sieb. et Zucc. 
(Boraginaceae) are capable of producing large amounts of 
shikonin derivatives (sue [1] for a review), which show 
antibacterial [2], antiinflammatory and wound-healing 
[3] activities. By the selection of stable high-yielding 
strains [4] and the adoption of a two-stage culture system 
[S, 63, the yield of shikonin derivatives could be increased 
to 4 g per 1. medium in two weeks. This biotechnological 
process is now used for the industrial production of 
shikonin in Japan [l]. 

The biosynthetic pathway leading to alkannin and its 
enantiomer shikonin has been elucidated by Schmid and 
Zenk [7] and by Inouye et al. [8] and various physical and 
chemical factors influencing the production of shikonin 
have been investigated by Tabata et al. [9-141. It has also 
been shown that shikonin formation is linked to the 
development of characteristic swellings of the rough 
endoplasmic reticulum, suggesting the ER as the site of 
the biosynthesis [15]. Biochemical studies on the regu- 
lation of shikonin biosynthesis. however, have been 
hampered by the technical difficulty of detecting the 
enzymes involved in this pathway. Shikonin derivatives. 
which have been used for dyeing silk since ancient times, 
bind irreversibly to proteins and are powerful enzyme 
inactivators. Previous attempts in this laboratory to 
demonstrate the activity of enzymes related to shikonin 
biosynthesis have therefore been unsuccessful. 

This paper describes methods for the removal of 
shikonin derivatives from pigment-producing L. erythror- 
hizon cell suspension cultures and for the preparation of 
active enzyme extracts. The activity of chorismate mutase 
(EC 5.4.99.5) and of shikimate dehydrogenase (EC 
1.1.1.25), both sensitive to inactivation by inhibitors 
present in shikonin-producing cultures, were used as 
parameters for the successful preparation of active 

enzyme extracts. The application of this method has made 
it possible, for the first time, to detect the activity of 
geranylpyrophosphate:phydroxybenzoate geranyltrans- 
ferase, a key enzyme in shikonin biosynthesis. 

RESULTS AND DlSCUS!SlON 

Demonstration of enzyme inhibition in extracts of shikonin- 
producing cultures 

Enzyme extracts were prepared from two cell lines, the 
shikonin-producing strain Ml8 in M9 medium and the 
shikonin-free strain LY in LS medium [4-6]. DlT 
(0.2 mM) was used as the sole enzyme-protective reagent. 
Extracts from shikonin-producing cells were strongly 
coloured, suggesting the presence of phenolic or quin- 
onoid compounds in these extracts. When alkaline buffers 
were used, the extracts showed the typical purple colour of 
shikonin bound (0 proteins. Activities of the primary 
metabolic enzymes chorismate mutase and shikimate 
dehydrogenasc were barely detectable in these extracts, 
whereas both enzymes were present in preparations from 
shikonin-free cultures (Table 1). Mixtures of shikonin- 
producing and shikonin-free cells in a ratio of 1: 1 also 
yielded extracts with a very low activity (see Table l), 
showing that even the enzymes present in the shikonin- 
free cells were inactivated by contact with substances from 
the shikonin-producing cells. 

From the data presented in Table 2, it appears that 
some enzyme inhibitors were still present in the crude cell- 
free extract from shikonin-producing cultures. When an 
extract from shikonin-producing cells (Table 2; B) was 
added to an active enzyme preparation from shikonin-free 
cells (A), the resulting mixture (C)showed an activity much 
less than the mean value between the activities of A and B. 
The inhibitor seems lo be a low-molecular weight, soluble 
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Table 1. Inactivation of primary metabolic enzymes in cell-free extracts of 
shikonin-producing cell cultures of Urhospermum erythrorhiron 

Enzyme 
activity 
(nKat/mg protein) 

Extract from mixture 
Extract from Extract from of shikoaia-producing 
shikonin-free shikonin-produ- and shikonin-free 

culture cing culture culture (1: 1) 

Shikimate 3.29 0.32 
dehydrogenase (100%) (9.7 %I 
Chorismate 0.376 0.027 0.032 
mutasc (100%) (7.2 %I (8.5 %) 

Extracts were prepared, gel-filtered and assayed as described in the Experimental. 
The homogenization buiTer contained DTT (0.2 mM) as the sole enzyme-protective 
reagent. The protein contents were 1.15 mg/ml (shikonin-free cultureX 0.80 mg/ml 
(shikonin-producing culture) and 1.05 mg/ml (mixture of cells from both cultures). 

Table 2. Shikimate dehydrogenase activity in extracts from shikonin-free and 
shikonin-producing cells, before and after gel-filtration through Sephadex G-25 

Shikimate Shikimate 
dehydrogenase dehydrogenase 

Crude enzyme activity Gel-filtered activity 
extract from: (nKat/mg protein) extract from: (nKat/mg protein) 

A: 2.43 D: 3.29 
shikonin-free cells (100%) shikonin-free cells (135.4 %) 

0.04 
B: 0.02 E: 
shikonin-producing (0.8 %) shikonin-producing (Y& 
cells alla 
c: 0.31 F: 1.57 
mixture of (12.8%) mixture of (64.6 %) 
extracts A extracts D 
and B (1: 1) and E (1: 1) 

Extracts were pteparcd and assayed as described in the Experimental. Protein 
contents of the extracts were: A = 1.63 mg/ml. B = 1. I5 mg/ml, D = I. 1 I mg/ml and 
E = 0.80 mg/ml. 

compound, which can be removed by gel-filtration. When 
a gel-filtered extract from a shikonin-producing culture 
(E) was mixed with an extract from a shikonin-free culture 
(D), the activity of the mixture (F) corresponded ap- 
proximately to the mean value between the activities of D 
and E. However, even after gel-filtration the extract of the 
shikonin-producing cells (E) was inactive, suggesting that 
an irreversible enzyme inhibition had taken place prior to 
filtration. These findings may be explained by assuming 
that shikonin derivatives, which are water-insoluble, cause 
the irreversible inhibition by binding to enzyme protein 
during homogenization, whereas an additional water- 
soluble inhibitor can be removed by gel filtration. 

Removal of shikoninji-om cell cultures with liquid parafin 

Shikonin derivatives are excreted by L. eryrhrorhizon 
cells through the plasma membrane to accumulate on the 
outside of the cell wall [IS]. Experiments carried out in 
the Bioscience Research Centre of Mitsui Petrochemical 
Industries showed that the pigments may be removed 
from the cells during culture growth by the addition of 

liquid paraffin to the liquid medium [Y. Fujita, personal 
communication]. We have investigated whether this 
method might yield cells accumulating only small 
amounts of shikonin derivatives on the cell wall while 
actively secreting these pigments, and whether the enzyme 
inactivation described above could be avoided if such cells 
were used for the preparation of extracts. 

Cells of strain M 18 were grown in 30 ml of the M9 
medium overlaid with different amounts of liquid paraf- 
fin, and the cell growth as well as the shikonin accumu- 
lation in the cells and in the paraffin layer were observed. 
As Fig. 1 shows, growth was not affected by the presence 
of 10 ml paraffin, and production of shikonin derivatives 
was only slightly reduced. Most-of the shikonin derivat- 
ives were found in the parafC~ layer, whereas the cells were 
nearly free of these pigments in the early growth phase. 
Even after 9 days of culture, the cells contained only 1.4 % 
of the total amount of shikonin produced. Similar results 
were obtained when 5 ml of paraffin were added per 
culture flask (data not shown), while the addition of 20 ml 
paraffin reduced shikonin production considerably, prob- 
ably owing to an inhibition of the gas exchange between 
the medium and the air. 
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Fig. 1. Growth and shikonin accumulation of L. eryrhrorhizon 
cell suspension cultures in the presence of par&n. Cells of strain 
M 18 were grown in 100 ml Erlenmcyer flasks, containing 30 ml 
of M9 medium or 30 ml of M9 medium plus 10 ml of liquid 

paraffin, respectively. 

Thus, this method proved to be useful for obtaining 
almost shikonin-free cells from shikonin-producing cul- 
tures. In contrast to other plant cell culture systems 
[16-183, the final yield of shikonin derivatives was not 
increased by the continuous removal of these meta- 
bolites. However, when the extracts of cultures grown in 
the presence of paraffin were examined for the activity of 
chorismate mutase and shikimate dehydrogenase, an 
enzyme inhibition was observed as in the case of shikonin- 
containing cells (see Fig. 2). It was not clear whether this 
effect was due to a small amount of shikonin remaining in 
the cells, or to another inhibitor not removable by 
paraffin. Therefore, further technical improvements had 
to be made in order to obtain active enzyme extracts. 

Eflect of enzyme-protective reagents 

Figure 2 shows the influence of different enzyme- 
protective reagents on the activities of shikimate de- 
hydrogenase and chorismate mutase in extracts prepared 
from mixtures of shikonin-producing and shikonin-free 
cultures. Cells in an early growth phase, i.e. with a rather 
low shikonin content, were used in these experiments in 
order to obtain an easily measurable enzyme activity. 

Attempts to trap shikonin with paraffin during homo- 
genization were unsuccessful,and also the inclusion of 1% 
bovine serum albumin (BSA) did not improve the enzyme 
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Fig. 2. Influence of enzyme-protective reagents on enzyme ac- 
tivities in cell-free extracts of L. erythrorhizon all cultures. 
Shikonin-producing cells were grown in the absence of pa&in 
unless indicated otherwise. Extracts were prepared, gel-filtered 
and assayed as described in the Experimental. In different 
experiments, the activities found in extracts of shikonin-free cell 
cultures were used for comparison. 100% activity corresponded 
10 co 3.5 nKal/mg protein shikimate dehydrogenase activity and 

0.4 nKat/mg protein chorismate mutase activity. 

activities significantly. However, the addition of high 
concentrations of thiol reagents, such as mercaptoethanol 
(EtSH), dithiothreitol (DTT) and diethyldithiocarbamate 
(DIECA), resulted in extracts with much higher activity, 
and polyvinylpolypyrrolidone (PVPP) was similarly ef- 
fective. An additional inclusion of the polystyrene resin 
Servachrome XAD 4 to absorb more lipophilic substances 
did not increase the activity any further. 

Subsequently, enzyme activities were compared in 
extracts from a shikonin-producing culture, a shikonin- 
free culture and a mixture of cells from both cultures in a 
ratio of 1: 1, all prepared using PVPP and 10 mM DTT 
(Table 3). The shikonin-producing culture showed much 
slower growth than the non-producing one, which may 
explain the lower activity of the measured primary 
metabolic enzymes. The extract obtained from the mix- 
ture of both cell types showed an activity similar to the 
mean value between the activities of the two cell types 
(Table 3), in contrast to the results obtained using low 
concentrations of DlT only (Table 1). This suggested 
that enzyme inhibition had largely been overcome. 
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Table 3. Eozyne activities in extwts of sbikoniu-producing and sbikonin-free c&s, 
prepared with PVPP and IO mM DTT 

E=W= Extract from 
WiVity sbikonin-free 
@cat/mg protein) cuttlue 

~hiki~te 2.58 
debydrogczssc (100%) 
Ch0n‘rrmatt 0.346 

mutasc W%l 

Extract from mixture 
Extwt from of ~o~*pr~~ng 

shikoain-producing and shikoain-free 
culture culture (1: i) 

I.33 2t6 
(X6%) (83.7 %) 

0.256 0.325 
(74.0 %I (91.0%) 

Cells wcrc grown in the absence of Sara%. Extracts were prepare& gel-f&rated and 
assayed as described in the ExPerimenti& The homogeaization but&r contained PVPP 
(l/iOoffr. wtofc&3)andIYIT(1O mM).Theproteincoatwcre0.60 mg/ml (sbikonin- 
f&e culture), 0.62 mg/ml (shikonin-producing culture) and 1.01 n&ml (mixture of ctlls 
from both cultures). 

A key step in shikonin bios~th~is is the p~ny~tio~ of 
~hydroxy~~oic acid with a Cl0 side chain derived from 
mevalonic acid yielding mgeranyl-phydroxybic acid 
[8]. Using the methods developed in the enzymatic 
experiments described above, this reaction was dem- 
onstrated in c&-free extracts of L. erythtorhizon cell 
suspension cultures. The extracts were prepare& (a) from 
cultures grown in the presence of liquid pa&in in order 
to remove most of the potentially in~tivating sbikonin; 
(b) using slightly acidic buffers in order to avoid soIubi~~~ 
ation of residual shikonin in the form of its anion; (c)using 
PVPP and 10 mM DTT as protective reagents. The 
extracts were incubated with [14C]~hydroxy~~ic 
acid, gemnyipyrophosp~te and magnesium chloride, 
After te~natioa of the reaction with formic acid, the 
reaction mixture was applied to thin-tayer chromato- 
graphy. Radio scanning revealed the rapid formation of a 
compound cochromatographing with authentic m- 
geranyl-~hydroxy~~oi~ acid (Fig. 3). This reaction was 
dependent on the presence of intact enzyme, geranyl- 
pyrophosphate and magnesium (Table 4). 

To confirm the identity of the enzymatic product, 
10 nmok (05 PCi) af [~4C]~-hydroxy~~oic acid were 
incubated with GPP, MgCl, and enzyme extract as 
described in the Experimental. TLC of an aliquot of the 
reaction mixture revealed that 97% of the [‘4C]p- 
hydroxy~~oic acid bad been converted into its gerany 
lated derivative. The product was extracted with ether 
after acidifi&on of the reaction mixture. This isolated 
product behaved as the authentic substance in TLC on 
silica gel using the two solvent systems A and B. 

A sample of the authentic m-geranyl-phydroxybenzoic 
acid was converted into its methyl ester by treatment with 
diazomethane in ether for HImin. An aliquot of the 
enzymatic product was methy~t~ in the same way, and 
the chromatographic behaviour of the resulting substance 
in TLC was identical with the authentic ester in two 
solvent systems (C and D). Another sample of the 
authentic acid was treated with diazomethane in dry 
ethanol for 3 hr to yield m-ge~yl-P-methoxy~oic 
acid rne~y~ ester. The enzymatic product, after alkyfation 
in the same way, also behaved as this substance in TLC 
using the solvent systems E and F. 

Start 

Fig. 3. Detection of ~~~yl-~hy~oxy~ic acid form& 
by cell-free extracts of L. ~~r~~~~o~ &I cultures. Radio scaa 
of a thin Iayer chro~t~ of an incubation containing io 
IOOpl: ~“qphy~oxy~~~ acid, I am01 (SO nC& GPP, 
200 nmol; MgCI,, IO00 nmok crude eazymc urtran 80 ~I(40 pg 
protein). Incubation for 30 min at 30”. PHB - UV-detectable 
spot of authentic phydroxyben&c add. GBA = UVdeta%ab& 

spot of authentic nr_armnyi-phydroxybcezoii acid. 

TabIe 4, Formation of m-~~yl-phy~oxy~~ acid 
in cttl-free extracts of t. eryf&Wz088 c&l susp*lsio5 

culture 

Formation of Rd.&C 

m-geranyl-phydroxy- activity 
tncuhtioa mixture benz&c acid @mol) (%I 

GomplC& 387 100 
-Mg”’ (5 <I.3 
- GPP <5 <I*3 
H~t~~t~at~ <6 Ki.6 

CXtract 

The comptctc incubation mixture (SO@) co~~taiaef& 
~‘~C~~hy~oxy~i~ a&i, 0.5 nmoi (25 nCi); geraayl- 
pyrophosphatt, 100 nmol; M&i,. SOOomol; crude 
enzyme extract, 30 fll ( = 15 fig protein). 
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Subsequently, unlabelled m-geranyl-p-hydroxybcnzoic 
acid (ca 1.5 pmol) was prepared enzymatically as de- 
scribed in the Experimental. The product was extracted 
with ether and purified by TLC. The isolated substance 
was identical with authentic m-geranyl-phydroxybenzoic 
acid in TLC (solvent A) and in HPLC. The authentic 
substance and the enzymatic product were converted into 
their respective methyl esters by treatment with dia- 
zomethane in ether for 60 min. Both esters were shown to 
be identical by TLC in solvent A, by HPLC and by 
capillary GC (see Experimental). The mass spectra ob- 
tained by GC-MS analysis of both esters showed identical 
molecular peaks and fragmentation patterns: GC-MS (m- 
geranyl-p-hydroxybenoic acid methyl ester) 70 eV, m/z 
(rel. int.): 288 [M’] (8), 245 (ll), 187 (24), 165 (22), 123 
(lOO), 69 (35). The enzymatic product observed, therefore, 
was confirmed as m-geranyl-p-hydroxybenzoic acid, an 
intermediate in shikonin biosynthesis [8]. 

EXPERIMENTAL 

Radiochemicals. [Carboxy]-‘*C]phydroxybenzoic acid 
(50 Ci/ mol) was obtained from CEA, France. 

TLC solvent systems. A = CHCl,-MeOH<H,COOH 
(100:2: 1); B = hexane-MeCOEt (6:4k C = tolueotEtOAc 
(9: 1); D = hexaotMeCOEt (8:2X E = tolucne; F 
= hexane-MeCOEt (9: 1). 

HPLC. C&am TSK-Gel ODS 120 A 10gm (Toyo sodn, 
Japan), 150 x 4.6 mm; solvent system CHCI,-MeOH-HOAc 
(75:25:0.3); flow rate 1.5 ml/min; detection: absorption at 
257 om. 

Gas chromatography. 25 m x 0.31 mm fused silica column 
coated with cross-linked, bonded methyl silicone (OV-101) 
0.53pm thick. Temp. programmed 80-2w at lO”/mio. 
Detection: FID. 

CC-MS. The GC column described above was adapted to an 
Hitachi M-80 spectrometer and the 70 eV spectra were recorded. 

Cell cullures. Callus cultures of Lithospennwn erythrorhizon 
Sieb. et Zucc. were derived from germinating seeds [93. By 
selection from heterogeneous callus cultures, strain M 18 capable 
of producing shikonio derivatives and strain LY incapable of 
producing these pigments were obtained [4]. Cell suspension 
cultures were initiated and maintained as described elsewhere 

cm 
To indue shikonio formation, cells of the strain Ml8 (io- 

ocuhun size: 1.1 g) were transferred from LS medium into 100 ml 
Erleomeyer flasks containing 30 ml of the production medium 
M9 [S, 63 supplemented with 10m6 M IAA and lo-’ M kioetin. 
When paraffin was included, 5 ml of liquid pa&in (ampoule 
quality, Merck) were added to the medium prior to sterilization 
unless stated otherwise. To obtain shikonio-free cultures, cells of 
tbe strain LY were cultured in LS medium containing the same 
hormones. 

Shikonin content. Determined in cells as described elsewhere 
[lo]. To determine the content of shikonio derivativa in the 
paraffin layer. the paraffin was separated from the aq. layer and 
filled up with hexaoe to 5Oml. An aliquot of this solo was 
extracted twice with 5 ml 2.5 N KOH, and the absorption of the 
combined KOH phase was measured at 620 nm. 

Preparation of cell-free extracts. Cells (5 g) were suspended in 
KPi buftir (10 ml, 0.1 M, pH 6.5), containing 10 mM DIT and 
0.5 g PVPP unless stated otherwise. They were ruptured in a 
Potter homogenizer and centrifuged at 10000 g for 10 min. The 
supemataot was gel filtered through Sephadex G25 (PD 10 
column), which had been equilibrated with Tris-HCI buffer 

(0.1 M, pH 7.5) containing the same concentration of DTT as the 
homogetitioo buffer. 

Protein content. Determined according to the method of 
Bradford [ 193. 

Shikimaze dehydrog~ and &rismale mu1as.e. Determined 
according to the methods of Sanderson [20] and of Chu and 
Widhohn [21], respectively. 

Enzymatic fomuation of m-geranyl-p-hydroxybenzoic acid. 
Unless stated otherwise, the incubation mixture (50~1) coo- 
taiwd: [carboxyl-‘4Cjphydroxybenxoic acid, 0.5 nmol(25 oCik 
geranylpyrophosphate, 100 nmol; MgCl,, 500 omol; and enxyme 
extract from shikonio-producing cultures, 30 ~1 ( = 15 pg pro- 
tein). After incubation for 30 mio at 30”. the reaction was 
terminated by cooling to 0” and addition of 5 ~1 formic acid. p 
Hydroxybenzoic acid and m-geraoyl-phydroxybic acid 
(0.1 mg each) were sddcd as carriers, and the solo was directly 
subjected to TLC on silica gel in solvent system A. 
Chromatograms were examined with a TLC radio scanner. 

For the derivatixation of the enzymatic product, [14C]p 
hydroxybenxoic acid (10 omol = 0.5 pCi), GPP (2 pmol) and 
MgCl, (10pmol) were incubated with 8OOgl enzyme extract 
(total vol. 1 ml) for 90 mio at 30”. After acidification with 100 pl 
4 N HCI, the product was extracted twiaz with 4 ml Et,O. 

Preparatiae isolation of enzymatically fomted m-geranyl-p 
hydroxybenzoic acid. 10 a total vol. of 2m1, 3.6 mol p 
hydroxybenxoic acid, 7.2 ~01 GPP and 24 mol MgCll were 
incubated with 0.85 mg of the enxyme protein obtained from the 
pellet of 1OOooO g ccotrifugation of an enxyme extract from a 
shikonio-producing culture [22] at 37” for 140 min. The reaction 
was terminated by addition of 100 gl formic acid, and the product 
was extracted with 4 x 7 ml Et,O. The combined Et,0 layer was 
evapd and the residue was applied to TLC (silica gel) in solvent A. 
The UVdetectable spot of m-geraoyl-phydroxybenzoic acid was 
scraped off and eluted with MeOH. The eluate was filtered and 
evapd. 

Chemical synksis of m-geranyl-p-hydroxybenzoic acid. 
Performed according to the method of Inouye et al. [8]. 
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