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a b s t r a c t

Solar energy provides the energy input for the biosynthesis of primary and secondary metabolites in plants
and other photosynthetic organisms. Some secondary metabolites are high value compounds, and typically
their biosynthesis requires the involvement of cytochromes P450s. In this proof of concept work, we
demonstrate that the cyanobacterium Synechocystis sp. PCC 6803 is an eminent heterologous host for
expression of metabolically engineered cytochrome P450-dependent pathways exemplified by the dhurrin
pathway from Sorghum bicolor comprising two membrane bound cytochromes P450s (CYP79A1 and
CYP71E1) and a soluble glycosyltransferase (UGT85B1). We show that it is possible to express multiple
genes incorporated into a bacterial-like operon by using a self-replicating expression vector in cyano-
bacteria. We demonstrate that eukaryotic P450s that typically reside in the endoplasmic reticulum
membranes can be inserted in the prokaryotic membranes without affecting thylakoid membrane integ-
rity. Photosystem I and ferredoxin replaces the native P450 oxidoreductase enzyme as an efficient electron
donor for the P450s both in vitro and in vivo. The engineered strains produced up to 66 mg/L of
p-hydroxyphenylacetaldoxime and 5 mg/L of dhurrin in lab-scale cultures after 3 days of cultivation and
3 mg/L of dhurrin in V-shaped photobioreactors under greenhouse conditions after 9 days cultivation. All
the metabolites were found to be excreted to the growth media facilitating product isolation.

& 2015 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

Cyanobacteria, the evolutionary ancestor of plant chloroplasts
(Cavalier-Smith, 2000), are prokaryotic photosynthetic organisms able
to convert inorganic carbon, nitrogen and other mineral nutrients into
biomass and a wide variety of fine chemicals. Throughout centuries

humanity has used cyanobacteria as a renewable source of fertilizer
and as a nutritious food source (Lem and Glick, 1985). However, cya-
nobacteria have the potential to become the ‘green Escherichia coli’ in
synthetic biology (Branco dos Santos et al., 2014; Jensen and Leister,
2014; Møller, 2014).

Over the last decade, several efforts have been undertaken to
use genetically modified cyanobacteria as a platform for the bio-
production of fatty acids, biofuels, phenylpropanoids and sugars
(Gudmundsson and Nogales, 2015). Increasing availability of well-
established tools for genetic manipulation and ease of introducing
foreign genes into cyanobacteria render them suitable organisms
for synthetic biology and metabolic engineering approaches (Berla
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et al., 2013). The ability to convert sunlight and carbon dioxide into
high value chemicals by photosynthetic organisms is an attractive
alternative to heterotrophic organisms like E. coli and S. cerevisiae,
which rely on carbohydrate feed stocks. Currently, Synechocystis
sp. PCC 6803 is one of the most used model cyanobacterial species
for metabolic engineering and synthetic biology purposes but
obstacles for efficient production of novel chemicals remain to be
overcome (Yu et al., 2013). One challenge is to find strong indu-
cible promoters for expression of gene(s) of interest. Several efforts
based on modification of Ptrc and Plac promoter regions and ribo-
some binding site sequences have however offered considerable
progress (Camsund et al., 2014; Heidorn et al., 2011; Huang et al.,
2010). In addition, recent findings show that it is possible to use
theophylline inducible riboswitches (Ma et al., 2014) and a syn-
thetic IPTG-inducible promoter has been designed and success-
fully used in Synechococcus (Markley et al., 2015).

In plants, biosynthesis of secondary metabolites (bio-active
natural products) such as terpenoids, phenylpropanoids, flavonoids
and cyanogenic glucosides often requires highly specific and com-
plex enzymatic reactions that involve a group of monooxygenases
named cytochromes P450s (Gleadow and Møller, 2014; Laursen et
al., 2015; Morant et al., 2003; Podust and Sherman, 2012). Plant
P450s are membrane proteins anchored in the endoplasmic reti-
culum (ER) that perform a wide variety of stereo- and regio-specific
hydroxylations by using electrons transferred from the NADPH-
dependent diflavo protein cytochrome-P450-reductase (POR)
(Laursen et al., 2011; Munro et al., 2007; Schlichting et al., 2000;
Staniek et al., 2013). In plants, the expression levels of P450s and
POR are in general very low and their activity is often limited by
NADPH and substrate availability (Jensen et al., 2011). Thus, many
high value plant secondary metabolites are synthesized at low
levels, and typically only at specific developmental stages or fol-
lowing environmental challenges. In addition, their structural
complexity often renders them difficult to chemically synthesize,
which, due to their catalytic capabilities, has brought P450s in focus
as major targets for synthetic biology and metabolic engineering
applications towards alternative production of secondary metabo-
lites (Jensen et al., 2012; Lassen et al., 2014b; Renault et al., 2014).

Previously we have demonstrated that P450s from the dhurrin
pathway can be targeted to the chloroplast and inserted in the
thylakoid membranes of Nicotiana benthamiana and remain func-
tional upon transient expression (Nielsen et al., 2013). The relo-
cation of a P450 dependent metabolic pathways to the thylakoid
membranes renders the reducing power generated by PSI in the
form of reduced ferredoxin (Fd) an abundant source of electrons
for the P450s (Lassen et al., 2014b). So far only limited work has
been carried out using cyanobacterial strains for expression of
plant P450s. The first reported example was expression of p-cou-
marate-3-hydroxylase (CYP98A3) from Arabidopsis thaliana in
Synechocystis sp. PCC 6803 for the production of caffeic acid (Xue
et al., 2013). Recent work in our laboratory has shown that
CYP79A1, the signature P450 in the dhurrin pathway in the
monocotyledonous plant Sorghum bicolor, can be stably expressed
in Synechococcus sp. PCC 7002 and directed to the thylakoid
membranes by fusing the protein with the PsaM subunit of pho-
tosystem I (PSI) (Lassen et al., 2014a).

In this work, as a proof of concept, we engineered the entire dhurrin
pathway from S. bicolor (Tattersall et al., 2001) comprising two mem-
brane bound cytochromes P450s (CYP79A1 and CYP71E1) and a soluble
glycosyltransferase (UGT85B1) into the cyanobacterium Synechocystis
sp. PCC 6803 (hereafter Synechocystis). Dhurrin is a bio-active natural
product belonging to the class of cyanogenic glucosides (Gleadow and
Møller, 2014; Møller, 2010). The first enzyme in the pathway, CYP79A1
catalyzes conversion of tyrosine to (E)-p-hydroxyphenylacetaldoxime
(Fig. 1) (Sibbesen et al., 1995), which is further converted to a cyano-
hydrin p-hydroxymandelonitrile by CYP71E1 (Kahn et al., 1997) and
glycosylated by the glycosyltransferase (UGT85B1) to form the cyano-
genic glucoside dhurrin (Fig. 1) (Hansen et al., 2003; Jones et al., 1999).
By successfully targeting the dhurrin pathway P450s to the Synecho-
cystis membranes we illustrate the potential of transferring eukaryotic
P450s that are usually residing in the endoplasmic reticulum
membranes to the prokaryotic membranes without the need to use
targeting signals or change the native membrane regions. The P450
activity is supported directly by the photosynthetic reducing power for
the biosynthesis of bioactive compounds. Expression of P450s did not
affect the integrity of cyanobacterial membrane structures, suggesting

Fig. 1. The biosynthetic pathway leading to dhurrin. The CYP79A1 catalyzes conversion of L-tyrosine into (E)-p-hydroxyphenylacetaldoxime, which serves as a substrate for
CYP71E1. p-hydroxymandelonitrile, a labile product of CYP71E1 catalytic activity is glycosylated by the UGT85B1 glycosyltransferase using the activated sugar UDP-glucose.
In the absence of the glycosyltransferase, p-hydroxymandelonitrile dissociates into p-hydroxybenzaldehyde releasing toxic hydrogen cyanide.
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