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Abstract - Kaurene oxidases are P450 proteins that catalyze the conversion of ent-kaurene into kaurenoic acid, the final 
enzymatic product with a wide range of pharmacological properties. We describe the functional characterization of an 
ent-kaurene oxidase (EC 1.14.13.78) isolated from Montanoa tomentosa after heterologous expression in Saccharomyces 
cerevisiae, as well as the detection of the enzymatic activity in the plant itself. In the presence of NADPH and FAD, the 
microsomal fraction from transformed INVSc1 cells, ent-kaurene produced ent-kaurenoic acid, which was confirmed 
by GC-MS analyses. The kinetic parameters for ent-kaurene using 0.5 mg of microsomal protein were Km app= 80.63±1.2 
μM and V max app= 31.80±1.8 μmol-1mg-1h-1. Optimal temperature and pH were 30°C and 7.6, respectively. Similar kinetic 
parameters were observed when leaf microsomes from M. tomentosa were assayed under the same conditions as for yeast 
microsomes. This result strongly suggests that ent-kaurene oxidase activity is present in leaf microsomes. The enzymatic 
activity was competitively inhibited by paclobutrazol, with IC50=43.9 µM, implying that MtKO is resistant to inhibition by 
azolic-type compounds. This study confirmed the biochemical detection of ent-kaurene oxidase activity in the plant, and 
the heterologous functionality of a cDNA with an ent-kaurene oxidase identity from M. tomentosa (zoapatle). 
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INTRODUCTION

Kaurenoic acid (KA) is a natural occurring com-
pound with a wide range of biological activities. In 
rats, KA causes a higher and more prolonged hypo-
glycemic effect than glibenclamide (Bresciani et al., 

2004). The possible uses of ent-kaurene derivatives 
to treat alimentary disorders such as obesity and dia-
betes have been already described (Kim et al., 2006). 
Therefore, biotechnology approaches for the synthe-
sis of KA represent an alternative to get its controlled 
production for pharmacological aims. KA also plays 
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an important function in plants as a key intermedi-
ary between primary and secondary diterpene me-
tabolism. This diterpene is commonly associated 
with the biosynthesis of gibberellins (Helliwell et al., 
1999), steviol glycosides (Humphrey et al., 2006) and 
the uterotonic grandiflorenic acid (Villa-Ruano et 
al., 2009).

Kaurene oxidases (KO) are directly involved in 
the biosynthesis of KA (Helliwell et al., 1999), with 
only a few KO from plants and fungi models ki-
netically characterized so far (Helliwell et al., 1999; 
Morrone et al., 2010; Wang et al., 2012). Because of 
the pharmacological importance of KA, we describe 
the biochemical characterization of the cDNA with 
an ent-kaurene oxidase identity (MtKO), which was 
previously isolated from Montanoa tomentosa (Vil-
la-Ruano et al., 2010). This plant produces and ac-
cumulates high endogenous levels of KA in its aerial 
organs (Villa-Ruano et al., 2009). Therefore, we also 
describe the enzymatic activity in the leaf micro-
somes from the same plant. 

MATERIALS AND METHODS

MtKO heterologous expression

The open reading frame (ORF) of MtKO was am-
plified by RT-PCR, according to Villa-Ruano et al. 
(2010), using the Platinum® DNA polymerase high 
fidelity (Invitrogen TM). The full cDNA sequence 
was cloned into the pCR®8/GW/TOPO vector (Invit-
rogen TM) in accordance with the manual instruc-
tions. The generated construction was designed as 
TOPO8-MtKO, and then it was used to transform 
the Escherichia coli TOP10 F’ strain through heat 
shock (42°C for 2 min). The construction was rep-
licated and extracted according to the Health-Care® 
Miniprep kit’s instructions (General-Electric) and 
subsequently analyzed in an ABI PRISM 3700 instru-
ment sequencer (ABI, Foster City, CA). Specific att-
LR recombination between TOPO8-MtKO (100 μg) 
and PYESDEST52 (Invitrogen TM) was performed 
by LR Clonase II enzyme mix (Invitrogen TM) in or-
der to generate the PYES-MtKO construction. This 
construction was replicated, extracted and finally 

sequenced as previously described. The construction 
was inserted into the Saccharomyces cerevisiae IN-
VSc1 strain by the lithium acetate procedure (Rose 
et al., 1990). Both yeast selection and induction of 
the recombinant protein were carried out according 
to the respective manual with slight modifications: 
the SC-minimal medium containing 2% glucose was 
refreshed once at 24 h and then replaced at 45 h by 
the SC-minimal medium containing 2% galactose 
(Sigma-Aldrich Co) for 74-76 h. The cells were har-
vested by centrifugation, washed with sterile water 
and resuspended in 1 mL of 50 mM Tris-HCl, 1 mM 
EDTA, pH 7.4, containing 0.6 M sorbitol 0.1 mM 
dithiothreitol and 0.4 mM phenylmethylsulfonyl flu-
oride (PMSF). This buffer was previously degassed 
in a bath-sonicator (Bransonic® ultrasonic cleaner 
1510) for 20 min (Chung et al., 2004). 

Obtainment of microsomal fractions

The yeast cells were disrupted with acid-washed glass 
beads (G-9268, 425-600 μm 0.5 mm diameter, Sig-
ma-Aldrich Co.) at 4°C using a manual Mini-Bead-
Beater-8 (Biospec®). The lysate was centrifuged at 12 
000 g for 10 at 4°C min and ultracentrifuged at 190 
000 g for 90 min at 4°C to obtain microsomal frac-
tions. Microsomes from the leaves of M. tomentosa 
were extracted according to Villa-Ruano et al. (2009). 
Both microsomal preparations were resuspended in 
2 mL of degassed Na-phosphate buffer (pH 7.2) con-
taining 1 mM EDTA, 1 mM L-ascorbic acid, 1 mM 
Na2S2O5, 200 μM PMSF and 10% glycerol. 

Enzymatic assays

Enzymatic reactions were performed in 10 mL screw-
capped glass tubes containing 500 μL (0.5 mg) of mi-
crosomal protein from M. tomentosa leaves or yeast, 
100 μM NADPH and 1 μM FAD. The reactions were 
initiated by adding 50 μM ent-kaurene dissolved in 
absolute MeOH and incubated for 1 h at 30°C. After 
this time, the reactions were stopped with a volume 
of acetone and the enzymatic products were extract-
ed three times with hexane:ethyl acetate (90:10 v/v), 
then concentrated to 100 μL and finally derivatized 
with an equivalent volume of N,O-Bis(trimethyl-
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silyl)trifluoroacetamide-1%-trimethylchlorosylane 
(BSTFA+1%TMCS). The ent-kaurene diterpene was 
chemically synthesized in Dr. Mander’s Lab at ANU 
or obtained by the free endosperm enzymatic meth-
od (Graebe et al., 1969; Robinson and West, 1970). 
The optimal pH and temperature for this enzyme 
were investigated in accordance with Villa-Ruano et 
al. (2009). Apparent kinetic parameters for the con-
version of ent-kaurene into KA were calculated from 
a saturation curve (10-500 μM ent-kaurene) and 
plotted as a non-linear regression graph using the 
Solver® software in triplicate experiments (Villa-Ru-
ano et al., 2009). The effect of paclobutrazol (Sig-
ma-Aldrich Co.) on MtKO activity was assessed by 
its addition in different concentrations (10-500 μM) 
to enzymatic assays. Results of inhibitory activity of 
paclobutrazol were expressed in a Lineweaver-Burk 
plot. The IC50 of paclobutrazol was determined with 
50 µM ent-kaurene and calculated by linear regres-
sion using the GraphPad Prism 6.05 software.

Feeding experiments using yeast cells

The possible metabolism of ent-kaurene by intact 
INVSc1 cells was studied by feeding experiments. 
100 μM ent-kaurene were directly added to 5 mL of 
SC-minimal medium containing 2% galactose and 
transformed INVSc1 yeast cells (OD600=0.9). The 
cells were incubated for 48 h at 30°C. The enzymatic 
products were recovered three times with an equiv-
alent volume of hexane: ethyl acetate (90:10 v/v), 
concentrated to 100 μL under N2 stream and finally 
derivatized with BSTFA+1%TMCS. 

GC-MS analyses

Analyses of the enzymatic products were performed 
in a Hewlett Packard 6890 II series GC-MS equipped 
with a HP-1 capillary column (30 m X 0.25 mm 
I.D. covered with a 0.25 μm of dimethylpolysilox-
ane). Mobile phase was helium at 1 mL min-1 flow 
rate. Injector temperature was maintained at 200°C. 
The oven temperature was 150°C during 3 min, fol-
lowed by an increase of 4°C and finally held at 300°C 
for 20 min. Authentic KA was purified from M. to-
mentosa leaves by HPLC and then derivatized with 

BSTFA+1%TMCS for its use as a reference standard 
(Villa-Ruano et al., 2009). The spectrum of trimethyl 
sylanized KA (TMS-KA) at 70 eV was compared 
with that reported by Villa-Ruano et al. (2009). The 
Kovats index (KI) of unidentified compounds was 
calculated using a mix of n-alkanes C8-C-20, C21-C40 

(Sigma-Aldrich Co.).

RESULTS AND DISCUSSION

According to our results, ent-kaurene was metabo-
lized by both leaf and yeast microsomes for produc-
ing KA as the main enzymatic product (Figs. 1B, 
1D). Microsomes without ent-kaurene and cofactors 
were unable to produce KA (Figs. 1C, 1E). These 
findings clearly demonstrated that MtKO-cDNA is a 
bona fide ent-kaurene oxidase. The mass spectrum of 
the main enzymatic product was m/z 374 (M+ 86% 
rel. int.) 359 (97) 331 (66) 257 (100) 241 (68) 143 (29) 
91 (30) 73 (81), which was equivalent to the TMS-
KA previously reported by Villa-Ruano et al. (2009). 
In addition, the peak nearest to TMS-KA (23.25 
min) partially matched with the mass spectra and 
KI (2256) of the ent-kaurenal, which was previously 
reported by Helliwell et al. (1999) [286.3(M+; 99%) 
271(10.5%) 255(34.5%) 243(62.5%) 225(27.3%) 215 
(12.5%) 198 (33.6%) 187 (39.2%) 161 (40.3%)]. Be-
cause we used an HP-1 column, as Helliwell et al. 
(1999) did for GC-MS analyses, the observed KI and 
mass spectrum could suggest that ent-kaurenal is 
present as an enzymatic product. On the other hand, 
TMS-kaurenol was not clearly identified under our 
enzymatic reaction conditions, followed by derivati-
zation. These results could be related to the rapid ox-
idization of ent-kaurene into ent-kaurenal/KA. 

Interestingly, the results of feeding experiments 
using intact INVSc1 cells containing the PYES-MtKO 
construction resulted in small yields of KA (Fig. 2A). 
These results suggested that hydrophobic ent-kau-
rene easily diffuses across the yeast membranes and 
is transformed into KA, subsequently to be excreted 
to the medium. This process could be a consequence 
of KA’s potential toxicity to yeast. When non-trans-
formed INVSc1 cells and yeast free medium were as-
sessed by feeding experiments there was no evidence 
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of ent-kaurene metabolism (Figs. 2B, 2C). A similar 
behavior has been observed in other in vivo exper-
iments using S. cerevisiae as expression system for 
ent-kaurene oxidase enzymes (Helliwell, et al., 1999; 

Humphrey et al., 2006). This property could be of in-
terest for biotechnological aims because of the yeast’s 
ability for excreting high-purity KA directly to the 
culture medium.

Previous studies demonstrated that ent-kaurene 
oxidase 2 from rice (OsKO2) depends on the simul-
taneous expression of a P450 reductase to be func-
tional in the Pichia pastoris system (Ko et al., 2008). 
The ent-kaurene oxidases from Arabidopsis thaliana, 
Stevia rebaudiana and M. tomentosa did not seem to 
require such biochemical support, at least in the S. 
cerevisiae system (Helliwell et al., 1999; Humphrey 
et al., 2006). 

The effects of temperature and pH on MtKO ac-
tivity confirmed a functional range of 25-32°C and 
7.0-8.0 respectively for this protein. However, op-
timal parameters were found at 30°C and 7.6 (Fig. 

Fig. 1. TICs from GC-MS showing the metabolites originated by 
the MtKO activity. A − TIC of authentic ent-kaurenoic acid iso-
lated from Montanoa tomentosa. B − TIC from enzymatic assays 
using microsomes from transformed yeasts with the addition of 
ent-kaurene. C − TIC from enzymatic assays using microsomes 
from transformed yeast without the addition of ent-kaurene. D 
− TIC from enzymatic assays using microsomes from the leaves 
of M. tomentosa with the addition of ent-kaurene. E − TIC from 
enzymatic assays using microsomes from leaves of M. tomentosa 
without the addition of ent-kaurene. *Peak with a putative ent-
kaurenal identity. 

Fig. 2. TICs from feeding experiments using ent-kaurene. A − 
metabolites recovered from feeding experiments using intact 
INVSc1 containing the PYES-MtKO construction. B − metabo-
lites recovered from the medium containing non-transformed 
INVSc1 cells. C − metabolites recovered from the yeast free me-
dium.
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3). The results of the analyzed data by saturation 
curves showed a Km app= 80.63±1.2 μM and a V max 

app= 31.80±1.8 μmol-1mg-1h-1 (Fig. 4). Surprisingly the 
Km app of MtKO was considerably higher than those 
of the orthologous proteins from Gibberella fujikuroi 
and A. thaliana (Ashman et al., 1990; Morrone et al., 
2010). This result could suggest the possible ability 
of this protein to receive multiple substrates, but fur-
ther studies are required to demonstrate it. The satu-
ration point of MtKO was around 32 μmol mg-1 h-1, 
exhibiting its efficiency in KA generation in a short 
period of time. This fact is another interesting prop-
erty for biotechnological application. 

Some related P450 oxide-reductases, such as the 
abietadiene hydroxylase and the abietadienol hy-
droxylase from Abies grandis as well as the KA de-
saturase enzyme of M. tomentosa, exhibited lower 
enzymatic activities than MtKO (Funk and Croteau, 
1994; Villa-Ruano et al., 2009). The high enzymat-
ic activity of MtKO could explain the prominent 

Fig. 3. Effect of temperature and pH on the MtKO activity. A 
− pH. B − temperature; 100% enzymatic activity was ~32 μmol-

1mg-1h-1. Bars represent the standard deviation of experiments 
performed in triplicate.

Fig. 4. MtKO enzymatic activity assessed at 10-500 μM ent-
kaurene using microsomes (0.5 mg) from the leaves of Montanoa 
tomentosa (A) and transformed INVSc1 cells (B). C Linewaver-
Burk plot showing the standard activity of the MtKO (A) against 
different concentrations of paclobutrazol (B, 40 µM; C, 100 µM; 
D, 200 µM).



198 Nemesio Villa-Ruano et al.

endogenous levels of KA in the aerial parts of M. 
tomentosa. According to our results, microsomes 
isolated from the leaves of M. tomentosa showed a 
similar activity, properties and kinetic parameters to 
those of yeast microsomes when ent-kaurene was as-
sayed. This supports the premise that MtKO is func-
tionally active in both systems. 

After the addition of paclobutrazol to both mi-
crosomal systems, a clear inhibition was observed 
(Fig. 4A, 4B). The Lineweaver-Burk plot demonstrat-
ed that paclobutrazol engendered a competitive in-
hibition on MtKO activity (Fig. 4C). Previous inhib-
itory tests on CYP701B1 from Physcomitrella patens 
showed an IC50=64 µM for uniconazole (Miyazaki et 
al., 2011). Curiously, MtKO protein had an IC50=43.9 
µM for paclobutrazol, exhibiting 100-times more re-
sistance to azolic compounds than the KO from A. 
thaliana (Miyazaki et al., 2011). Despite these find-
ings, the resistance of MtKO cannot be directly com-
pared with that of CYP701B1, because of differences 
in the design of the kinetic experiments for both en-
zymes. 

Today, there are few works on the heterologous 
characterization of KO, including those of some fun-
gi and known plant models (Ashman et al., 1990; 
Morrone et al., 2010; Wang et al., 2012). This is, 
however, the first one showing the kinetic detection 
of a KO in the leaves of a medicinal plant that ac-
cumulates high amounts of kaurenoids (Villa-Ruano 
et al., 2009). Further studies on ent-kaurene oxidas-
es isolated from medicinal plants that dynamically 
produce ent-kaurene, isokaurene and ent-beyerene 
derivatives could reveal interesting multifunctional 
and multi-substrate properties.
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