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Abstract
Objective The D9-tetrahydrocannabinolic acid synthase (THCAS) from Cannabis sativa was expressed
intracellularly in different organisms to investigate the
potential of a biotechnological production of D9tetrahydrocannabinolic acid (THCA) using whole
cells.
Results Functional expression of THCAS was obtained in Saccharomyces cerevisiae and Pichia (Komagataella) pastoris using a signal peptide from the
vacuolar protease, proteinase A. No functional expression was achieved in Escherichia coli. The highest
volumetric activities obtained were 98 pkat ml-1
(intracellular) and 44 pkat ml-1 (extracellular) after
192 h of cultivation at 15 °C using P. pastoris cells.
Low solubility of CBGA prevents the THCAS application in aqueous cell-free systems, thus whole cells
were used for a bioconversion of cannabigerolic acid
(CBGA) to THCA. Finally, 1 mM (0.36 g THCA l-1)
THCA could be produced by 10.5 gCDW l-1 before
enzyme activity was lost.

Electronic supplementary material The online version of
this article (doi:10.1007/s10529-015-1853-x) contains supplementary material, which is available to authorized users.
B. Zirpel  F. Stehle (&)  O. Kayser
Laboratory of Technical Biochemistry, Department of
Biochemical & Chemical Engineering, TU Dortmund
University, Emil-Figge-Str. 66, 44227 Dortmund,
Germany
e-mail: felix.stehle@bci.tu-dortmund.de

Conclusion Whole cells of P. pastoris offer the
capability of synthesizing pharmaceutical THCA
production
Keywords Cannabigerolic acid  Cannabis sativa 
Pichia pastoris  D9-Tetrahydrocannabinolic acid 
Synthase  Whole cell bioconversion

Introduction
Since the discovery of the psychoactive cannabinoid,
D9-tetrahydrocannabinol (THC), from Cannabis sativa in 1964, and the human endocannabinoid system,
the effects and potential pharmaceutical applications
of THC have been extensively studied. Nowadays,
THC is widely used as therapeutic agent in treatment
of chemotherapy-associated nausea and vomiting,
AIDS-related loss of appetite as well as pain and
muscle spasms in multiple sclerosis. Further applications are still under investigation and the demand of
pharmaceutical grade THC is still increasing (Carlini
2004; Pertwee 2006). Nevertheless, legal regulations
for the cultivation of C. sativa in most countries,
chemical syntheses of THC with low yields or
expensive, chiral precursors are drawbacks for a
cost-effective THC production (Mechoulam 1970;
Trost and Dogra 2007). Therefore a biotechnological
approach transferring the enzymes of the plant
biosynthetic pathway of D9-tetrahydrocannabinolic
acid (THCA), the precursor of THC, into a microbial
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production host might present an appropriate alternative. The enzyme, D9-tetrahydrocannabinolic acid
synthase (THCAS) catalyzing the last step of THCA
biosynthesis (Fig. 1), the oxidative cyclization of
cannabigerolic acid (CBGA), has been expressed in
low amounts in recombinant tobacco hairy roots,
insect cell cultures and secreting Pichia (Komagataella) pastoris cultures (Sirikantaramas et al. 2004; Taura
et al. 2007). Furthermore, a crystal structure of the
enzyme has indicated a covalently-bound FAD moiety
(bound to His114 and Cys176), a disulfide bond
(between Cys37 and Cys99) and six N-linked glycosylation sites (Shoyama et al. 2012). Additionally, a
catalytic mechanism of the oxidation of CBGA to
Fig. 1 Biosynthetic
pathway of D9tetrahydrocannabinolic acid
(THCA) biosynthesis in
Cannabis sativa.
Cannabigerolic acid
(CBGA) and THCA are
decarboxylated nonenzymatically by heat.
Modified from FloresSanchez and Verpoorte
(2008)
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THCA has been proposed, including H2O2 formation
for the regeneration of FAD during catalysis.
Since a scale-up approach with the isolated THCAS
is not suitable due to: (i) the low water solubility of the
substrate CBGA, (ii) the denaturing properties of
H2O2, and (iii) the integral membrane enzyme CBGA
synthase, that cannot be secreted and therefore not
feasibly implemented into a cell-free production
system, we focused in this study on the intracellular
THCAS expression in Escherichia coli, Saccharomyces cerevisiae and P. pastoris cells and the
possible application towards a whole cell production
system of THCA.
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Materials and methods
Chemicals
D9-THCA was purchased from THC Pharm (Frankfurt am Main, Germany). Cannabigerolic acid
(CBGA) was purchased from Taros Chemicals (Dortmund, Germany).
Microorganisms, genes and plasmids
Cloning strategies and a detailed list of all strains and
plasmids used in this study are given in the supplementary
material (Supplementary Tables 1, 2). Synthetic coding
sequences of THCAS (GenBank accession number
AB057805) were codon optimized for expression in
Saccharomyces cerevisiae and Pichia pastoris and purchased without signal peptide from GeneArt (Regensburg,
Germany). Recombinant expression of THCAS was
conducted with the following microorganisms: E. coli
SHuffle T7 Express and SHuffle T7 Express lysY (NEB,
Frankfurt am Main, Germany), containing modifications
to enable disulfide bond formation in the cytosol,
were used with pET28a(?) and pET32a(?) vectors
(Merck, Darmstadt, Germany); Saccharomyces cerevisiae
CEN.PK2-1CDgal1 (Euroscarf, Frankfurt am Main, Germany) deficient in the b-galactokinase and CEN.PK21CDgal1Dpep4 (this study) additionally deficient in the
vacuolar Proteinase A; Pichia pastoris PichiaPink strains
1, 2 and 3 (Invitrogen, Darmstadt, Germany). All Pichia
strains are adenine auxotrophs. Strain 2 and 3 contain
additional knockouts of the vacuolar proteases Proteinase
A (pep4) and Proteinase B (prb1), respectively. Pichia
strains were transformed with linearized high copy
(pPink_HC_THCAS) and low copy (pPink_LC_THCAS)
vectors for integration into chromosomal TRP2 gene and
Saccharomyces strains were transformed with pDionysos_THCAS vector, all containing a cDNA of THCAS
with three additional histidines at the C-terminus and an
additional N-terminal sequence coding for a 24 aa signal
peptide from Proteinase A [UniProt accession number
F2QUG8 in pPink vectors (Invitrogen, Darmstadt, Germany) and P07267 in pDionysos vector (Stehle et al.
2008)] for targeting into the cell vacuoles.
Culture conditions
Detailed media compositions are described in Supporting Information. If not stated otherwise, cells were

cultivated as follows. Recombinant E. coli cells were
grown in 1 l flasks, containing 100 ml LB-medium
(50 lg kanamycin ml-1, 33 lg chloramphenicol
ml-1, 100 lg spectinomycin ml-1) at 37 °C and
200 rpm to an OD600 of 0.6. THCAS expression was
induced by addition of 1 mM IPTG and cells grown
for 16 h at 20 °C. Recombinant S. cerevisiae cells
were grown in minimal medium without leucine at
30 °C and 200 rpm for 24 h. Cells were used to
inoculate 100 ml of 2 9 YPAD medium at an OD600
of 0.5 and incubated after induction with 0.5 % (w/v)
galactose at 20 °C and 200 rpm for 144 h. Recombinant P. pastoris cells were grown in BMGY at 30 °C
and 200 rpm for 24 h. Afterwards, cells were harvested by centrifugation at 50009g for 5 min and
resuspended in modified BMMY (mBMMY) (Taura
et al. 2007) to an OD600 of 20. Finally, Pichia cells
were cultivated at 15 °C and 200 rpm until no increase
in THCAS activity could be observed and supplemented with 0.5 % (v/v) methanol every 24 h for
induction of protein expression.
Analytical methods
Cell density was measured from the OD600 value and
cell dry mass (CDW) was calculated according to
Tolner et al. (2006) with a correlation of CDW
(g l-1) = 0.21 g l-1 9 OD600. Protein concentrations were measured using Bradford assay (Ernst and
Zor 2010). Methanol concentrations were determined
by HPLC–UV analysis at 210 nm using HiPlex H 300 9 7.7 mm column by isocratic elution
(5 mM H2SO4 in H2O) at 0.5 ml min-1 at 65 °C.
THCAS activity assay
A detailed protocol for cell lysis is described in the
Supporting Information. Briefly, cells were harvested
by centrifugation. Cell pellets were resuspended in
100 mM sodium citrate buffer pH 5.5 and the supernatant was diluted to 50 % (v/v) with 100 mM sodium
citrate buffer pH 5.5. Yeast cells were lysed by glass
beads and E. coli cells by sonication. After centrifugation of cell debris, lysate supernatants and diluted
culture supernatants were used for determination of
THCAS activity at 37 °C by addition of CBGA (final
concentration 100 lM, 1 % (v/v) DMSO). Activity
assays were stopped by addition of 0.3 assay volumes
trifluoroacetic acid and 2.7 assay volumes acetonitrile
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The functional expression of D9-tetrahydrocannabinolic acid synthase (THCAS) was investigated using
different organisms (Table 1). X-ray structural analysis revealed a disulfide bond. Thus, achieving functional expression in a prokaryotic system, E. coli
SHuffle T7 Express and SHuffle T7 Express lysY cells,
that are able to establish disulfide bonds in the cytosol,
were transformed with pET28a(?)_THCAS, containing the cDNA of THCAS without signal peptide. To
rule out solubility issues during expression, cells were
also transformed with pET32a(?)_THCAS containing an additional thioredoxin fusion tag for improved
solubility. Unfortunately, no expression and activity of
THCAS was obtained in E. coli cells. This indicates
that functional expression of THCAS might require
eukaryotic chaperones able to facilitate covalent
binding of FAD to the THCAS or glycosylation of
the protein. In both yeast expression systems, the
THCAS was targeted into the vacuole of the cell using
the signal peptides of the vacuolar proteinase A from
S. cerevisiae or P. pastoris, respectively. As vacuolar
proteases might degrade THCAS, wild type strains
and protease knockout strains were compared with

each other. Therefore the PEP4 gene was knocked out
by homologous recombination in S. cerevisiae
CEN.PK2-1C Dgal1 (wt). PichiaPink strains 1 (wt),
2 (pep4) and 3 (prb1) were transformed with high and
low copy vectors for genome integration. A screening
of the different Pichia clones was conducted and is
described in the supplementary section in detail. Data
indicated that the strain containing the proteinase A
knockout transformed with the high copy vector
(PP2_HC) showed the highest THCAS activity among
P. pastoris and S. cerevisiae strains. Therefore
PP2_HC was chosen for subsequent optimization
studies, since the obtained volumetric THCAS activity
of PP2_HC cultures was only in the range of the latest
published results (Taura et al. 2007).
Optimization of THCAS expression in P. pastoris
Procedures and medium composition were taken
from Taura et al. (2007) as a starting point for
expression optimization. Preliminary experiments
indicated that methanol feeding at low cell densities
needed optimization due to a slow metabolic rate of
the yeast cultures. To ensure that methanol did not
accumulate over time but was consumed before next
methanol supplementation, expression cultures of
PP2_HC were inoculated from overnight precultures
at a higher cell density of 4.2 gCDW l-1 (OD600 of 20)
in mBMMY. Methanol was added every 24 h at 0.5 %
(v/v). 10, 15, 20 and 25 °C were tested for functional
THCAS expression. The highest obtained activities
during the cultivations are shown in Table 2. Detailed
cultivation results of 10, 20 and 25 °C are given in the
supplementary information.
The highest intracellular activity of THCAS
(98 ± 5 pkat ml-1) was obtained at 15 °C for 192 h
of cultivation (Fig. 2). THCAS activity was also found
in the culture supernatant (44 ± 4 pkat ml-1) which
might be due to misdirection into secretory vesicles
upon overexpression (Rothman and Stevens 1986).
Since microscopic analyses showed only intact cells

Table 1 Comparison of different organisms regarding highest
obtained D9-tetrahydrocannabinolic acid synthase (THCAS)
activity; cultures were inoculated at 0.105 gCDW ml-1 (OD600

of 0.5) and cultivated at 20 °C. Enzymatic activity of lysate
supernatant was measured at 37 °C. Values are calculated from
biological duplicates

(ACN) followed by incubation on ice for 15 min.
Supernatants were analyzed after centrifugation
(13,1009g, 4 °C, 30 min) by HPLC using a Nucleosil
100-5 C18 column. Isocratic elution [25 % (v/v) H2O
with 0.1 % (v/v) TFA/75 % (v/v) ACN] was used at
0.7 ml min-1. Identification of CBGA and THCA was
performed by HPLC–MS and quantification by
HPLC–UV at 225 nm and 35 °C.

Results and discussion
Comparison of THCAS activities of recombinant
Escherichia coli, Saccharomyces cerevisiae
and Pichia pastoris strains

Strain

Volumetric activity
intracellular (pkat ml-1)

Specific activity
intracellular (pkat g-1
CDW)

E. coli (all tested strains)

–

–

S. cerevisiae CEN.PK2-1C Dgal1Dpep4 pDionysos_THCAS

1 ± 0.1

5.6 ± 0.3

PichiaPink2 Dpep4 pPink_HC_THCAS (PP2_HC)

1.4 ± 0.1

12.4 ± 0.9
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Table 2 Comparison of intracellular and extracellular D9tetrahydrocannabinolic acid synthase (THCAS) activity at
different cultivation temperatures; activities of culture or
lysate supernatant were measured at 37 °C. The maximum
Temperature
(°C)

Time (h)

Volumetric
activity intracellular
(pkat ml-1)

values obtained during each cultivation are shown. Values are
calculated from biological triplicates with two technical
replicates
Volumetric
activity extracellular
(pkat ml-1)

Specific activity
intracellular
(pkat g-1
CDW)

Specific activity
extracellular
(pkat g-1
CDW)

10

240

54 ± 4

43 ± 3

189 ± 16

152 ± 10

15

192

98 ± 5

44 ± 4

405 ± 8

179 ± 17

20

144

41 ± 3

25 ± 3

185 ± 9

114 ± 10

25

96

14 ± 0.4

7.6 ± 0.7

74 ± 2

41 ± 4

Fig. 2 Expression of
THCAS using PP2_HC;
Cultures were grown in
3-baffled shaking flasks at
200 rpm and 15 °C.
Methanol was added every
24 h at a concentration of
0.5 % (v/v). Data points
represent the means of three
biological replicates with
two technical replicates and
error bars represent the
standard deviation

and protein content was constant over the cultivation
time in the supernatant (data not shown), cell lysis
seems not responsible for supernatant activity. Considering the different assay temperatures used by
Taura et al. (2007) (30 °C) and in this study (37 °C)
(Fig. 3), the obtained volumetric THCAS activities
were increased by 6350 % compared to the activity
reported by Taura et al. (2007). Nevertheless,
methanol was consumed at every feeding point at
later stages of cultivation presenting a possibility for
further optimization. Additionally, flocculation of
cells could be observed in all PP2_HC cultivations.
Together with the finding of increased functionally
expressed THCAS at decreasing temperatures, it
seems likely that at higher metabolic rates the correct
folding of the THCAS might present a challenge for

the cells, as it includes its oxidative folding in the ER
together with an excessive production of reactive
oxygen species (Delic et al. 2014).
Whole cell bioconversion of cannabigerolic acid
(CBGA) to D9-tetrahydrocannabinolic acid
(THCA) using P. pastoris cells
Preliminary experiments showed a low solubility of
CBGA in aqueous solutions, e.g. around 200 lM in
100 mM sodium citrate buffer pH 5.5 (data not
shown), impairing the production of higher amounts
of THCA using cell-free aqueous systems or purified
proteins. On the contrary, an immediate uptake of at
least 14 mM CBGA into the cells could be observed
(data not shown). Therefore, whole cell bioconversion
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Fig. 3 D9-Tetrahydrocannabinolic acid synthase (THCAS)
activity of cell lysate supernatant at different temperatures.
Cells were lysed as described before and cell debris was
centrifuged at 13,0009g at 4 °C for 5 min. 100 % activity at
52 °C confers to 623 ± 10 pkat g-1
CDW. At 37 °C, 61 %
maximum THCAS activity was observed (381 ± 8.3 pkat g-1
CDW). Data points represent the means of three biological
replicates and error bars represent the standard deviation

of CBGA to THCA was investigated. A temperature
dependency of THCAS activity in cell lysate supernatant is shown in Fig. 3.
Whole cell assays were performed with 10.5 gCDW
l-1 at the lysate’s maximum activity (52 °C) and at a
temperature where cells are still viable (37 °C)
(Fig. 4a). Maximum activities of whole cells at 37
and 52 °C were 328 ± 6 and 601 ± 32 pkat g-1
CDW,
respectively (10.5 gCDW l-1 employed). During the
whole assay time less than 1 % of the added CBGA
(and THCA at later time points) is present in the
supernatant. This indicates that CBGA and THCA are
embedded into the cell membranes due to their
hydrophobic character. The substrate concentration
available for the enzyme seems non-limiting for high
catalytic rates, as the maximum activities of whole
cells are comparable to cell-free enzyme assays.
Furthermore, since no enzyme activity could be
determined in the supernatant after centrifugation,
cell lysis does not occur during the timeframe of
bioconversion.
The amount of enzyme used in the bioconversion
was able to convert 1 mM CBGA to THCA (0.36 g
THCA l-1) before loss of activity arose. As this effect
is not temperature-dependent (Fig. 4b), the inactivation of enzyme might be due to H2O2 production upon
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Fig. 4 Whole cell bioconversion of cannabigerolic acid
(CBGA) to D9-tetrahydrocannabinolic acid (THCA) using
PP2_HC cells at 37 °C and 52 °C (a) and cell viability during
bioconversion (b). Cells were cultivated as described before,
centrifuged, washed with 100 mM sodium citrate buffer pH 5.5
and finally resuspended in 400 ll 100 mM sodium citrate buffer
pH 5.5–10.5 gCDW l-1 (OD600 of 50). Conversion was started
by addition of 1 mM CBGA (0 h). At every subsequent timepoint, cells were separated from the supernatant and resuspended in fresh 100 mM sodium citrate buffer pH 5.5 before new
substrate (1 mM) was added [marked with arrows for 37 °C
(black) and 52 °C (grey)]. CBGA and THCA concentrations in
the supernatant as well as THCA synthase (THCAS) activity in
the supernatant were measured at every time-point. CBGA and
THCA concentrations in the supernatant were always below
10 lM and no THCAS activity could be measured in the
supernatant (data not shown). 100 % cell viability at 37 and
52 °C confer to 340 ± 14 and 410 ± 89 colony forming units,
respectively. Data points represent the means of three biological
replicates and error bars represent the standard deviation
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FAD regeneration. Nevertheless, the concentration of
THCA was increased by 400 % compared to reactions
with lysate and by 900 % compared to reports from
Taura et al. (2007). Increasing the employed amount
of cells could yield higher THCA levels. Furthermore,
co-expression of a catalase or coupling THCA
production to enzyme expression during cell growth
could prolong enzymatic activity and thus increase
THCA levels.

Conclusion
The expression of THCA synthase from Cannabis
sativa L. was investigated using prokaryotic and
eukaryotic expression systems. While no functional
expression could be achieved in E. coli, the highest
enzyme activity was obtained in P. pastoris cultures.
Under optimized conditions, volumetric THCAS activity levels were increased by 6350 % compared to
previous reports (Taura et al. 2007). The solubility
issues in a biotechnological THCA production could
be circumvented by employing P. pastoris whole
cells. Finally, the whole cell bioconversion leads to the
production of 1 mM THCA (0.36 g THCA l-1). Thus,
in future whole cells might provide an alternative
method for the production of pharmaceutical THC.
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Supplementary Fig. 1: Screening of P. pastoris clones—
volumetric THCAS activity; cultures were inoculated at
0.105 gCDW l-1. Cultures were grown at 200 rpm and
20 °C. Methanol was added every 24 h at 0.5 % (v/v). Values
are calculated from biological duplicates.
Supplementary Fig. 2: Screening of P. pastoris clones—
specific THCAS activity; cultures were inoculated at
0.105 gCDW l-1. Cultures were grown at 200 rpm and
20 °C. Methanol was added every 24 h at 0.5 % (v/v). Values
are calculated from biological duplicates.
Supplementary Fig. 3: Expression of THCAS using
PP2_HC; Cultures were grown in 3-baffled shake-flasks at
200 rpm and 10 °C. Methanol was added every 24 h at 0.5 %
(v/v). Data points represent the means of three biological

replicates with two technical replicates and error bars represent the standard deviation.
Supplementary Fig. 4: Expression of THCAS using
PP2_HC; Cultures were grown in 3-baffled shake-flasks at
200 rpm and 20 °C. Methanol was added every 24 h at 0.5 %
(v/v). Data points represent the means of three biological
replicates with two technical replicates and error bars represent the standard deviation.
Supplementary Fig. 5: Expression of THCAS using
PP2_HC; Cultures were grown in 3-baffled shake-flasks at
200 rpm and 25 °C. Methanol was added every 24 h at 0.5 %
(v/v). Data points represent the means of three biological
replicates with two technical replicates and error bars represent the standard deviation.
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