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Abstract-The enzymatic formation of m-geraayl-p-hydroxybenzoic acid from geranylpyrophosphate and p- 
hydroxybenzoic acid was investigated in cell-free extracts of Lithospermum erythrorhizon cell cultures. The reaction 
required the presence of a divalent cation, magnesium being the most effective activator. The enzyme showed a very 
broad pH optimum between pH 7.1 and 9.3. It was highly specifk for both phydroxybenzoic acid and 
geranylpyrophosphate, and the apparent K, values for these two substrates were 0.014 and 0.56 mM, respectively. The 
activity was located in the pelkt of a 100000 B centrifugation, showing that the enzyme is bound to membranes or 
microsomes. Shikonin-producing cultures contained an activity of this enzyme 35 times higher than non-producing 
cultures, suggesting that this enzyme is of regulatory importance in shikonin biosynthesis. 
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INTRODUCUON 

The biosynthetic pathway leading to shikonin (Scheme 1) 
has been elucidated by Inouye et al. by tracer experiments 
using callus cultures of Lithospermum erykd~izon [ 11. A 
key step in this pathway is the formation of m-geranyl-p 
hydroxybenzoic acid (GBA; 3) from p-hydroxybenzoic 
acid (PHB, 2) and geranylpyrophosphate (GPP), linking 
precursors from the shikimate-phenylalanine pathway 
and from the isoprenoid pathway which together provide 
the complete carbon skeleton of shikonin (5). 

A similar reaction occurs in ubiquinone biosynthesis, 
where m-polyprenyl-p-hydroxybenzoic acid is formed 
from polyprenylpyrophosphates and phydroxybenzoic 
acid [2]. This reaction has been demonstrated in cell-free 

extracts of bacteria [3-6] and animal tissues [7], as well as 
in mitochondria isolated from broad beans and yeast [8]. 
Recently methods have been developed in order to obtain 
active enzyme preparations from the cultured cells of 
Lithospermum [9]. Using these methods, we could detect 
the formation of [“Cjm-geranyl-phydroxybenzoic acid 
(3) from [“Q-hydroxybenzoic acid (2) and 
geranylpyrophosphate in cell-free extracts of shikonin- 
producing cultures. 

This paper describes the further characterization of the 
geranylpyrophosphate:phydroxybcnzoate geranyltrans- 
ferase (abbreviation: PHB geranyltransferase) in enzyme 
extracts of L. erythrorhiron cell cultures. The activities of 
this enzyme in shikonin-producing and shikonin-free cell 
cultures are compared. 

Scheme 1. Biosynthetic route jo shikonin proposed by Inouye er al. [I]. 
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RESULTS 

Radioisotope assay for PHB geranyltransferase activity 

As described previously [9], rapid formation of 
[‘*Cjm-gcranyl-phydroxybenzoic acid was observed 
when enzyme extracts from shikonin-producing cells were 
incubated with [ ‘*C]p-hydroxyhenzoic acid, 
geranylpyrophosphate and magnesium chloride. Within 
60 min, over 95 % conversion of p-hydroxybenzoic acid to 
its geranylated derivative was observed (Fig. l), and the 
reaction was linear with the amount of enzyme between 
7.5 and 22.5 pg protein per 50 ~1 incubation volume. 

HPLC assay for PHB geranyltransferase activity 

The reaction product was partly decomposed on con- 
tact with strong acids such as TCA. However, a simple 
assay procedure involving the termination of the reaction 
with formic acid and the extraction with a small volume of 
ethyl acetate finally yielded satisfactory results. 
Anthracene was used as internal standard. Under the 
conditions described in the Experimental, retention times 
were 5.6 min for m-geranyl-p-hydroxybenzoic acid and 
10.6 min for anthracene. 

At 37”, the reaction was not only linearly dependent on 
time for 90 min. but also on the protein amount between 
15 and 45 pg per 100 ~1 incubation volume. No product 
formation was observed in the absence of GPP or p 
hydroxybenzoic acid, or with heatdenaturated enzyme. 
Incubation temperature between 37” and 40” yielded a 
maximum amount of product. 

Stability 

The enzyme extract lost more than 90 % of its activity 
upon storage at 4” for 72 hr. If stored frozen at - 20”, 
however, it retained 68 % of its activity for 3 days, and 7 % 
for 2 months. Frozen extracts often showed some tur- 
bidity after thawing; in such cases, the activity could be 
increased by homogenization with a Potter homogenizer. 

Optimal pH 

As Fig. 2 shows, theenzyme exhibitsan unusually broad 
pH optimum between pH 7.1 and 9.3; pH 7.5 was used in 
the following experiments. 

Fig. 1. Time course of the conversion of [“CJp 
hydroxybcnzoic acid into [‘4CJm-gwanyl-phydroxybenzoic 
acid by cell-free extracts of L. erylhrorhizon all cuhurca. See 

Experimental for assay conditions. 

Optimal concentrations of substrates and magnesium 

The optimal concentration of phydroxybenxoic acid 
was 1 mM, with some inhibition occurring at higher 
concentrations (Fig. 3). As for the substrate GPP, the 
optimal reaction velocity was achieved at concentrations 
between 2 and lOmM, whereas the rate of product 
formation was reduced at 20 mM. From the data shown in 
Fig. 3, the apparent K, values for the substrates were 
calculated as 0.014 mM for PHB and 0.56 mM for GPP. 
The optimal concentration of magnesium was 10 mM. 
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Fig. 2. pH dependency of the PHB geranyltransferase reaction. 
See Experimental for assay conditions. GBA = m-geranyl-p 

hydroxybenzoic acid. 
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Fig. 3. Dependency of the PHB geranyltransf&w reaction on 
the concentrations of phydroxybenxoic acid, geranylpyrophos- 
phatc and magnuium. Rauztion velocities for PHB concentra- 
tions below 0.1 mM were determined by radioisotope assay 
(incubation time 5 mitt), all others by HPLC assay (incubation 
time 3Omin) See Experimental for assay conditions. Product 
formation is expressed as nmol product/30 min/100 4 standard 
incubation mixture. GBA = m-geranyl-phydroxybic acid. 
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Metal ion requirements 

Table 1 shows that the presence of a divalent metal 
cation was essential for the reaction. Magnesium led to the 
highest product formation. Cobalt and, to a 1-r extent, 
nickel also activated the PHB geranyltransferase, whereas 
manganese had only a very slight effect, and no product 
formation was observed with zinc, copper, iron or cal- 
cium. All cations except magnesium caused some precipi- 
tation in the incubation mixture @H 7.5), which may be 
responsible for the fact that some ions reduced product 
formation below the level found in the complete absence 
of any metal cation. 

Sedimentation properties 

Supematants obtained from the homogenized cells by 
centrifugation at 300 g and 10000 g, respectively, showed 
similar activities of PHB geranyltransferase (data not 
shown). Centrifugation at 1OOooO g, however, resulted in 
a nearly complete lack of the activity in the supernatant 
(Table 2), suggesting that the enzyme is bound to mem- 
brane fragments or microsomes. 

Substrate specificity for p-hydroxybenzoic acid 

Several aromatic acids and phenolics were tested as 
substrates for the enyme, using each compound at a 
concentration of 1 mM. The formation of a GPP- 
dependent product was observed by HPLC. Except for 
PHB, only salicylic acid was to some degree converted 
into an unidentified product with GPP (retention time 
10.3 min under the conditions described in the 
Experimental), but the reaction velocity, calculated from 
the molar extinction of salicylic acid, appeared to be only 
3.3% of the rate obtained with PHB. No product 
formation was observed with m-hydroxybenzoic acid, 
benzoic acid, trMs-cinnamic acid or pcoumaric acid. Also 
homogentisic acid, the substrate of prenylation in the 
biosynthesis of plastoquinone [lo] and tocopherol 
[ll, 123, was not accepted as substrate for the PHB 
geranyltransferase., nor was hydroquinone. 

Substrate specificity for geranylpyrophosphate 

When crude enzyme extracts were incubated with PHB, 
MgC12, dimethylallylpyrophosphate (DMAPP) and iso- 

Table 1. Influence of different metal ions on the PHB 
geranyltransfefase reaction 

Relative 
Metal added GBA* formation activity 
(10 mM) (nmol) (%) 

None 0.09 1.5 

MgClz 6.05 100 
COCI, 2.86 47.2 
Ni (OAc), 1.40 23.2 
MnCl, 0.18 2.9 
ZnCI, < 0.03 < 0.5 

CuC& < 0.03 <OS 
QQ < 0.03 < 0.5 
FeSO, < 0.03 < 0.5 

See Experimental for assay conditions. 
l GBA = m-geranyl-phydroxyb acid. 

Table 2. Sedimentation proportks of the PHB 
gcranyltrimaferane 

GBA* Relative 

Enyme formation activity 
solution Wol) (%) 

Crude extract enxyme 6.71 100 
Supematant 1OOooo g 0.27 4 
Pelkt 1OOOOOg 6.06 90 
Pellet + supematant 6.44 96 

Five ml of crude enzyme extract (0.54 mg pro- 
tein/ml) were centrifuged at 100 OOOg for 60 min. 
Tbe pellet was resuspended in 5 ml Tri.-HCl 
buffer (0.1 M, pH 7.5) containing 10 mM DlT, 
and centrifuged again under the same conditions. 
The resulting pelkt was resuspended in 1.25 ml of 
the same buffer (linal protein comzntration 
0.42 mgjml). The incubation mixtures (100 pl)um- 
tained 64 gl of the crude enzyme extract, or 64 pl of 
the supernatant, or 16 pl of the suspended Pellet, or 
64 pl supematant plus 16 pl suspended pellet, and 
substrates as dcacribed in the Experimental. 

l GBA = m-geranyl-phydroxybenxoii acid. 

pentenylpyrophosphate (IPP), m-geranyl-p-hydroxy- 
benzoic acid was formed at the same rate as in the presence 
of GPP (Table 3), suggesting the presence of a very active 
prenyltransferase that synthesizes GPP from DMAPP 
and IPP. When either DMAPP or IPP was used singly, m- 
geranyl-p-hydroxybic acid was still formed (identi- 
fied by TLC in solvent A and by HPLC), but the reaction 
velocity was reduced to 35-40% of the value obtained 
with GPP. This indicates that the extract also contained 
an IPP isomerase, converting IPP into DMAPP and vice 
versa. These enzymes were soluble, in contrast to PHB 
geranyltransferase, and the enzyme fraction obtained 
from the pellet of 100000 g centrifugation formed only 
traces of m-geranyl-phydroxybenzoic acid when incu- 
bated with DMAPP, IPP or both (Tabk 3). 

On the other hand, the radioactive assay revealed that 
an enzyme sedimented at 100000 g utilized DMAPP to 
form, besides traces of m-geranyl-p-hydroxybenzoic acid, 
a minute amount of an unidentified product slightly more 
polar than the former acid, likely to be mdimethylallyl-p 
hydroxybenzoic acid. No corresponding product could be 
detected when using IPP, and also famesylpyrophosphate 
(FPP) was not accepted as a substrate (data not shown). 

PHB geranyltransferase activity in shikonin-producing 
and shikonin-free cell cultures 

Extracts of the shikonin-producing strain Ml8 on M9 
medium and the shikonin-free strain LY on LS medium 
were prepared and assayed as described in the 
Experimental. The extract of the shikonin-producing 
culture showed a much hjgher activity (68.4 pKat/mg 
protein) of the PHB geranyltransferase than the one of the 
non-producing culture (1.94 pKat/mg protein). Some 
activity, however, could still be detected in the completely 
shikonin-free LY strain. 
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Table 3. Formation of m-geranyl-phydroxybenxoic acid (GBA) from PHB and different 
prenylpyrophcsplrstes in all-free extra& of L. eryihrorhizon cell cultures 

Prenyl pyrophoaphatc 
(2 mM) 

Crude cnxyme extract 
GBA* RClatiVC 

formation activity 
(nmol) (%) 

Pellet looooo~ 
GBA Relative 

formation activity 
(nmolj (.%I 

Geranylpyrophorphte 
Dimetllyhllylpyrophoapbate 
Isopentenylpyrcphosphxte 
Dimethytelly@yrophcephste 

+~pcn~Y~Pyrophorp~ 

6.91 100 6.06 100 
2.41 36 0.09 1.5 
2.75 40 < 0.03 c 0.5 

6.84 99 0.11 1.8 

l GBA - m-geranyl-phydroxyhenxoii acid. 
tStx Table 2 for conditions of 100000 g eentrifugation. 

DISCUSSION 

The geranylpyrophospbate: phydroxyhenzoate gera- 
nyltransferase (PHB geranyltransferase) reported in 
this paper is the Grst enzyme of shikonin biosynthesis to 
be detected in vitro. Its demonstration has become 
possible by the development of methods which avoid the 
irreversible enzyme inhibition usually encountered during 
the preparation of cell-free extracts from this culture, and 
to obtain active enzyme solutions [9]. The detection of 
PHB geranyltransferase in L. erythrorhizon cultures con- 
tirms the current concept of shikonin biosynthesis [ 11. 

The PHB geranyltransferase showed high substrate 
speci8city for both GPP and PHB. This proves that the 
activity detected is in fact due to a specifk enzyme 
involved in shikonin biosynthesis, and not to enxymes 
cataiysing other prenylation reactions, such as p- 
hydroxybenxoate polyprenyltransferase involved in 
ubiquinone biosynthesis [S], homogentisate polyprenyl- 
transferase participating in the biosynthesis of plas- 
toquinone and tocopherol [lO-123 and l$dihydroxyn- 
aphthoate polyprenyltransferase of phylloquinone bio- 
synthesis [13]. 

The PHB geranyltransferase did not sediment at 
10 000 g, but nearly completely in 100 000 6 centrifugation 
(Table 2), suggesting that it is bound to membrane 
fragments or microsomes. Earlier electron microscopic 
studies of cultured ails of L. erythrorhizon have shown 
that shikonin production is associated with the develop 
ment of a highly elongated endoplasmic reticulum, and it 
has been suggested that the ER is actually the site of 
shikonin biosynthesis [ 143. The sedimentation properties 
of the PHB geranyltransferase are in accordance with this 
hypothesis. Since the earlier intermediates in shikonin 
biosynthesis are fairly hydrophilic, and some evidena was 
obtained in the present study that the enzymes providing 
geranylpyrophosphate for this pathway are soluble, it is 
possible that the prenylation of phydroxybenxoic acid is 
the first step in shikonin biosynthesis to be carried out by a 
membrane-bound enzyme. In the following reaction steps 
leading to shikonin (Scheme l), intermediates become 
more lipophilic, and the reported localized swellings of the 
ER [14] might be the place where these reactions are 
carried out. 

Extensive stud& have been made on various factors 
promoting or inhibiting the production of shikonin in L. 
erythrorhizon all cultures [lS-221. However, sina no 
enxyme activities involved in shikonin biosynthesis could 

be measured evidence as to which steps in this pathway 
are of regulatory importance has been sparse. The PHB 
geranyltransferase reported now in this paper catalyses a 
key step in shikonin biosynthesis, linking precursors of 
the shikimate pathway and the isoprenoid pathway, which 
together provide all carbon atoms of the shikonin mol- 
ecule. Interestingly, the activity of this enxyme in 
shikonin-producing cultures was found to be approxi- 
mately 35 times higher than in non-producing cultures. 
This strongly suggests that the enzyme is of regulatory 
importance for the formation of shikonin. 

The pre&na of a low level of PHB geranyltransferase 
even in a completely shikonin-free culture corresponds to 
the results of earlier studies [l, 231 which revealed that m- 
geranyl-phydroxybenic acid is still formed in shikonin- 
free cultures, though in minute quantities. The non- 
producing cultures, therefore, must lack one or several of 
the enxymes converting m-geranyl-phydroxybenxoic acid 
into shikonin. Some evidence has been presented Cl] that 
the blocked step may be the conversion of m-geranyl-p 
hydroxybenxoic acid into geranylhydroquinone. 

Further studies on PHB geranyltransferase will be 
necessary in order to clarify its role in the regulation of 
shikonin biosynthesis, as well as its exact intracellular 
localization. Attempts to purify the enzyme and to 
characterize it in detail will first require its solubilization 
from the membranes to which it is bound. 

EXPEPIMENTAL 

Rdo&mic&. [Carboxyl-‘*Clp4rydroxybenxoic acid 
(50 Ci/ mol) wan obtained from CEA, Fraacx. 

TLC sobent systems. A = CHCl,-MeOH-HOAc (100:2: lk 
B = hexane-MeCOEt (8 : 2). 

HPLC. Colunm TSK-Gel ODS 120 A 10~ (Toy0 soda, 
Japan), 150 x 4.6 mm; sohot syxtcm CHCI,-MeOH-HOAC 
(75:25:0.3); flow rate l.Sml/min; detection: absorption at 
257 nm. 

CeII cultures. The cah cultures of Lithsprrmwn Cryrhror- 
h&on Sieb. et Zucc. were derived from gcrminsting seeds [ 151. By 
sekction from the hetercgeneow allus culture, strain Ml8 
capable of producing -shikonin and strain LY imbk of 
producing this pigment were obtained 1241. Cell suspension 
cuhurer were initiated and maintained as described elsewhere 
[20]. To obtnin hikonin-producing cuhrcs, cell of the strain 
M 18 (inoculum sixez 1.1 g) were transferred from L8 mcdiUm into 
100 ml Erknmeyer tlasks containing 3Oml of M9 medium 
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[17,18] suppkmcoted with 1O-6 M IAA, lo-’ M kineth, and 
5 ml liquid pan&in (ampouk quality, Merck) [9]. To obtain 
shikonin-free cuRun?a, c& of strain LY wcrc cultural in L.S 
medium euppkmentai with tbc same hormones. 

Preparation of cell-&e extracts. Cells (5 p) were suspeukd in 
KPi buffer (10 ml, 0.1 M. pH 6.5), containing 10 mM DTT and 
0.5 g PVPP. They wcrc ruptured in a Potter homogcniza and 
crntrifugcd at loo00 fj for 10 min. The supcmatant wan gel- 
filtered through Sephadex G 25 (PD 10 column) equilibrated 
with Tris-HCI buffer (0.1 M, pH 7.5) containing 10 mM DTT. 

Protein content. Determined according to tbc method of 
Bradford [25]. 

HPLCassayfor PHBgerMylnMsfetprcoet~ioay.Unlersstntcd 
otherwise, the HPLC assay was used. The incubation mixture 
contained in a total vol. of 100 pl: phydroxybcnxoic acid, 
0.1 junoi; GPP, 0.2 qol; M&l,, 1 mol; and cnxyme extract, 
80 ~II ( = 40 jig protein). After incubation for 30 min at 37”. the 
reaction was stoppcd by cooling the rauztion mixture to 0” and 
addition of 5 4 formic acid. 2 nmol anthraane wcrc added as 
internal stamh@ and the maction mixture was extrectcd with 
150 4 EtOAc. After centrifugation, 20 gl ofthc EtOAc layer were 
examined by HPLC. 

R&oi.wtope assay for PHB geranyltraqferase activity. The 
incubation mixture contained in a total vol. of 50 jdz [carboxyl- 
“CJphydroxybcnzoic acid, 0.5 nmol(25 nCik gcranylpyrophos- 
phate, 100 nmol; M8Cl,, 5OOnmol; enzyme extraa. 404 
( = 20 Pg protein). After incubation for 30 min at 37”, the reaction 
was terminated by cooling to 0” and addition of 5 111 formic acid. 
Unlabelkd phydroxybcnwic acid and m-gcranYl-P 
hydroxybenzoic acid (0.1 mg each) were added as carriers, and the 
soln was directly applied to TLC on silica gel in solvent system A. 
Chromatograms were examined with a radio scanner. 

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