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a b s t r a c t

Epidemiological studies have shown that consumption of cruciferous vegetables, such as, broccoli and

cabbages, is associated with a reduced risk of developing cancer. This phenomenon has been attributed to

specific glucosinolates among the �30 glucosinolates that are typically present as natural products

characteristic of cruciferous plants. Accordingly, there has been a strong interest to produce these

compounds in microbial cell factories as it will allow production of selected beneficial glucosinolates.

We have developed a versatile platform for stable expression of multi-gene pathways in the yeast,

Saccharomyces cerevisiae. Introduction of the seven-step pathway of indolylglucosinolate from Arabidopsis

thaliana to yeast resulted in the first successful production of glucosinolates in a microbial host. The

production of indolylglucosinolate was further optimized by substituting supporting endogenous yeast

activities with plant-derived enzymes. Production of indolylglucosinolate serves as a proof-of-concept for

our expression platform, and provides a basis for large-scale microbial production of specific glucosino-

lates for the benefit of human health.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

Plants are capable of producing a wide variety of secondary
metabolites of which many have value as pharma- and nutraceu-
ticals. These compounds are typically produced in small amounts
and at specific time points during development in their host plants
that in addition may be difficult to propagate in a large scale. In the
past two decades it was demonstrated that it is possible to transfer
the plant biosynthetic pathways to a microorganism for produc-
tion, thereby bypassing these limitations. Some noteworthy exam-
ples are the antimalarial artemisinic acid (Ro et al., 2006), the
antioxidant resveratrol (Becker et al., 2003; Lim et al., 2011; Wang
et al., 2011), the flavor component vanillin (Hansen et al., 2009),
the universal sesquiterpene precursor, farnesyldiphosphate (Farhi
ll rights reserved.

PD, rich yeast extract based

t based medium containing

; 5-FOA, 5-fluoroorotic acid

4588 4148.

),
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-44, DK-2100 Copenhagen Ø,

6, DK-2880, Denmark.
et al., 2011) and taxadiene, precursor for the anticancer agent Taxol
(Engels et al., 2008). Such successes have furthered the already
high interest of using microbial cell factories as production plat-
forms for high-value plant compounds.

Epidemiological studies have shown that consumption of
cruciferous vegetables, such as, broccoli and cabbages, is asso-
ciated with a number of benefits to human health including
prevention of cardiovascular diseases and reduced risk of devel-
oping cancer (for review see Hayes et al., 2008; McGrath and
Spigelman, 2008; Traka and Mithen, 2009). The health-promoting
effects have been attributed to glucosinolates that are secondary
metabolites characteristic of cruciferous plants (Halkier and
Gershenzon, 2006). The sulfur-rich, amino acid-derived glucosi-
nolates are divided into three groups according to their amino
acid precursor: aliphatic, aromatic and indolic glucosinolates.
Their biosynthesis proceeds through three independent stages,
(i) elongation of side chain (relevant for only methionine and
phenylalanine), (ii) formation of core glucosinolate functional
group and (iii) secondary modifications of the amino acid side
chain. The combination of chain-elongation and side chain mod-
ifications is responsible for the high diversity of glucosinolate
structures consisting of 4120 structures (Fahey et al., 2001).

It is important to stress that the health-promoting effects have
been attributed to specific glucosinolates (or rather their hydrolysis
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Fig. 1. The biosynthetic pathway of indolylglucosinolate. All genes in the pathway

have been identified and characterized in the model plant Arabidopsis thaliana

(for review see Sønderby et al., 2010), except for the glutathione-S-transferase that

has only been indicated based on co-expression analysis. The two cytochromes

P450 are encoded by CYP79B2 and CYP83B1, and the glutathione-S-transferase,

g-glutamyl peptidase, C-S lyase, glucosyltransferase and the sulfotransferase are

encoded by GSTF9, GGP1, SUR1, UGT74B1 and ST5a, respectively. Compounds are as
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products) among the �30 glucosinolates typically present in a
single cruciferous vegetable (Verkerk et al., 2009). As an example,
tryptophan-derived indolylglucosinolates (IGs) have received
substantial attention due to a potential cancer-preventive role in
prostate and breast cancer (Brew et al., 2006; Rahman et al., 2003;
Wang et al., 2012), although a role in liver tumorogenesis has also
been proposed (Kim et al., 1997; Shimamoto et al., 2011a, 2011b).
To enable intake of well-defined amounts of the beneficial gluco-
sinolates, there is a strong interest in developing microbial cell
factories to generate a rich, reliable and cost-effective source of
specific glucosinolates. Using heterologous expression in tobacco,
we have previously succeeded in producing phenylalanine-derived
benzylglucosinolates (Geu-Flores et al., 2009) and tryptophan-
derived indolylglucosinolates (IGs) (Pfalz et al., 2011) as well as
the aliphatic glucosinolate 4-methylsulfinylbutylglucosinolate
derived from dihomomethionine, a chain-elongated derivative of
methionine (Mikkelsen et al., 2010). In the previous studies,
production of the IG (Pfalz et al., 2011) and 4-methylsulfinylbu-
tylglucosinolate (Mikkelsen et al., 2010) in tobacco was obtained
by engineering six and 11 biosynthetic genes, respectively. Impor-
tantly, through engineering of glucosinolate biosynthetic pathways
into tobacco, we identified two metabolic bottlenecks associated
with the two S atoms incorporated into the glucosinolate func-
tional group. This includes incorporation of the oxidized sulfur
atom that is derived from the sulfotransferase co-substrate PAPS
(30-phosphoadenosine 50-phosphosulfate) into the sulfate group
(Møldrup et al., 2011), and incorporation of the reduced sulfur
atom derived from glutathione (GSH) into the thioglucose moiety
(Geu-Flores et al., 2009) (Fig. 1). These findings underpin the
unique sulfur chemistry of cruciferous plants and provide impor-
tant clues to the portfolio of plant genes that may be required for
transfer of glucosinolate production into a non-plant host. In the
tobacco host, glucosinolate biosynthesis was supported by an
endogenous NADPH-cytochrome P450-reductase (which donates
electrons to cytochromes P450) and an endogenous glutathione-S-

transferase (conjugating GSH to the product of CYP83s). It remains
to be shown to what extent endogenous yeast genes will support
the glucosinolate pathway.

The high number of genes required for glucosinolate produc-
tion excluded plasmid-based expression in yeast as it would
require a large number of genetic markers to allow selection for
the many plasmids. Such a system would also be prone to plasmid
loss and be vulnerable to gene re-arrangement and gene loss due
to recombination between vectors. To facilitate construction of a
microbial cell factory for glucosinolate production, we established
a versatile expression platform that allows stable integration and
engineering of complex multi-gene pathways into the well
characterized cell factory Saccharomyces cerevisiae.

As a proof-of-concept of our expression platform, we success-
fully produced IG by stably and iteratively integrating into the
genome of S. cerevisiae eight plant genes, including seven biosyn-
thetic genes and one supporting gene required for the catalysis of
the seven-step biosynthetic pathway. The ability to produce
specific glucosinolates in microbial cell factories has not pre-
viously been reported, and has great application potential within
both pharmaceutical and nutraceutical industries.
follows: (1) tryptophan, (2) indolylacetaldoxime, (3) indolylacetonitrile oxide,

(4) S-[(Z)-indolylacetohydroximoyl]-L-glutathione (GSH conjugate), (5) Cys-Gly

conjugate, (6) indolylacetothiohydroximic acid, (7) desulfoindolylglucosinolate,

and (8) indolylglucosinolate.

2. Materials and methods

2.1. Generation of constructs

Vectors designed for insertion of ‘‘your favorite genes’’ (YFGs)
into the selected integration sites were generated in four steps
from pU0002 (Hansen et al., 2011) (Fig. S1). All fragments
inserted in the vectors were amplified by PCR with either
PfuTurbo Cx Hotstart polymerase (Stratagene) or PfuX7 polymer-
ase (Nørholm, 2010) using the primers listed in Table S1. All USER
clonings were carried out as previously described (Nour-Eldin
et al., 2006) and all plasmids were verified by sequencing
(Starseq). In brief, 400–600 bp regions upstream and downstream
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of the selected integration sites were amplified by PCR using
genomic DNA originating from CEN.PK113-11C as template. USER
cloning of the resulting UP and DOWN targeting fragments into
pYU-URA3-3 (Fig. S1) generated the vectors X-1 through X-4, XI-1
through XI-5 and XII-1 through XII-5. Vectors harboring the genes
of the IG pathway, i.e., CYP79B2, CYP83B1, GSTF9, SUR1, GGP1,
UGT74B1 and ST5a, and the cytochrome P450 electron-donating
support gene ATR1 were amplified by PCR using cDNA of Arabi-

dopsis thaliana Col-0 as template. The cDNAs and a bidirectional
GAL1/GAL10-promoter cassette were USER cloned into vectors
designed to integrate on chromosome XII. A total of four con-
structs were produced: Vector XII-1 harboring CYP79B2 and
CYP83B1, vector XII-5 harboring GSTF9 and ATR1, vector XII-2
harboring SUR1 and GGP1 and vector XII-4 harboring UGT74B1

and ST5a (see Table S2 for a list of all plasmids used or
constructed).

2.2. Media

All media for genetic manipulations of yeast were prepared as
previously described (Sherman et al., 1986) with the modification
that the synthetic medium contained twice the amount of leucine
(60 mg/l). All yeast transformants were streak purified on synthetic
complete media lacking uracil (Sherman et al., 1986). Subsequently,
strains with the URA3 marker excised through direct repeat recom-
bination were selected on synthetic complete media containing
30 mg/l uracil and 740 mg/l 5-fluoroorotic acid (5-FOA). In shake
flask experiments, strains were grown in rich media composed of
10 g/l Bacto yeast extract (BD Bionutrients), 20 g/l Bacto Peptone
(BD Bionutrients) and either 20 g/l glucose (media name: YPD) or
20 g/l galactose (media name: YPgal) as the carbon source.

2.3. Strain construction

The genotype and the source of strains are provided in Table S3.
CEN.PK113-5D (MATa MAL2-8c SUC2 ura3-52) and CEN.PK113-11C
(MATa MAL2-8C SUC2 his3D ura3-52) were kindly donated by Dr.
Peter Kötter, Institut für Mikrobiologie, der Johan Wolfgang
Goethe-Universität, Frankfurt am Main, Germany. All constructed
strains were made using the lithium acetate/polyethylene glycol/
single carrier DNA transformation method (Gietz and Schiestl,
2007) with either a bipartite substrate or full length substrate
designed to specifically target the locus of interest.

To construct a yeast strain containing the seven genes of the
IG pathway and the supporting ATR1 gene, the following vectors
XII-1, XII-5, XII-2 and XII-4 harboring the following gene pairs
(CYP79B2 and CYP83B1), (SUR1 and GPP1), (UGT74B1 and ST5b)
and (GSTF9 and ATR1), respectively, were digested with NotI and
the individual fragments were transformed iteratively into the
yeast strain CEN.PK113-11C in 4 consecutive transformations.
The URA3 marker was eliminated by direct repeat recombination
and 5-FOA selection allowing the URA3 marker to be recycled.

To insert lacZ at all integration sites (see Table S4 for informa-
tion on the chromosomal coordinates of the different integration
sites), bipartite substrates designed to target the 14 different
integration sites were constructed by fusion PCR (Fig. S2). First, a
fragment containing lacZ under the control of the TEF1 promoter
was amplified together with 2/3 of the upstream part of the URA3

marker using pWJ1042-TZC (Flagfeldt et al., 2009) as template.
Secondly, the 2/3 downstream part of the URA3 marker was
amplified using the same plasmid as template. Finally, the two
URA3 containing fragments were fused by PCR with UP and
DOWN targeting sequences specifically designed to target each
of the 14 integration sites. The UP and DOWN fragments were
amplified by PCR using CEN.PK113-5D as template and the
primers listed in Table S1. The constructed bipartite substrates
were transformed into CEN.PK113-5D to yield the strains
CEN.bgal.sitename (e.g., a strain with lacZ integrated at site X-1
is annotated as CEN.bgal.X-1). For all strains correct integration of
substrates was verified by colony PCR with one outlying and one
substrate-specific primer.

2.4. Shake flask experiments

To determine the growth rate and prepare extracts for meta-
bolite analysis and determination of b-galactosidase activity,
strains were grown in 500 ml baffled Erlenmeyer flasks contain-
ing either 100 ml glucose-based media (YPD) or 100 ml galactose-
based media (YPgal). Flasks were incubated in a 30 1C shaker
running at 150 rpm. Growth of the cultures was followed by
measuring A600 every 1–2 h during the exponential phase.

2.5. b-Galactosidase activity

To determine the b-galactosidase activity of strains with one
copy of lacZ integrated at the 14 different integration sites tested in
this study, yeast cells were grown to A600¼1–1.2 in Erlenmeyer
flasks containing 100 ml YPgal. Subsequently, b-galactosidase activ-
ity was determined according to standard methods. The specific
assay used was a modified version of the one published by Miller
et al. (1977). For a detailed description of the assay see Fig. S3.

2.6. Metabolite extraction, purification

Total extracts of intracellular yeast metabolites were produced
by harvesting cells from a 50 ml culture at OD600¼30 by centrifu-
gation. The cells were washed twice in 0.9% (w/v) of NaCl, prior to
addition of 500 ml MeOH. This solution was transferred to 2 ml
FastPrep tubes containing 0.2 ml of acid-washed glass beads
(0.45–0.55 mm). The FastPrep tubes were processed 3 times 20 s
in a FastPrep FP120 Instrument (Savant Instruments, New York,
USA). The methanol was evaporated and the remaining metabo-
lites resuspended in 100 ml H2O and analyzed by LC-MS as
described previously (Mikkelsen et al., 2010). To detect extracel-
lular metabolites, 1 ml of media was concentrated in vacuo,
resuspended in 100 ml H2O and analyzed as described above.
Analysis of glucosinolates was performed as previously described
(Hansen et al., 2007). In brief, the total methanol yeast extract was
applied on a Sephadex DEAE A25 column, washed with 85%
methanol, water, desulfonated with a Helix Pomatia sulfatase and
eluted with water. The resulting desulfoglucosinolates were ana-
lyzed by LC-MS. For media samples, 0.4–1 ml of media was applied
directly to the Sephadex column and processed as described above.
3. Results and discussion

3.1. Validation of integration sites for expression of heterologous

genes in S. cerevisiae

Establishment of stable, reliable microbial production of glu-
cosinolates requires insertion of several plant genes into the cell
factory. To meet this challenge we decided to set up a versatile
expression platform that supports stable integration of multiple
genes into the S. cerevisiae genome at well-defined positions.
The platform consists of well-characterized integration sites and
matching plasmid-borne tools that allow individual genes to be
equipped with yeast promoters and terminators as well as the
sequences necessary for specific integration at defined loci using a
recyclable marker system (Fig. 2). The integration sites in the
platform are grouped in clusters to facilitate that strains contain-
ing multi-gene pathways can be constructed and/or improved by



Fig. 2. Overview of the yeast expression platform. (A) Vectors were designed to

facilitate stable, pairwise insertion of ‘‘your favorite genes’’ (YFGs) together with

promoters (P) and terminators (T) into the genome at selected integration sites.

Each vector contains ‘UP’ stream and ‘DOWN’ stream yeast genomic sequences of

approximately 500 bp designed to target a specific integration site. ADH1(T1) and

CYC1(T2) were used as terminators, and URA3 of Kluyveromyces lactis was used as

selection marker. To allow marker recycling URA3 was flanked by direct repeats

(R). Genes of interest along with a bidirectional promoter of choice are to be

inserted into vectors through a USER-fusion strategy (Fig. S1). (B) The 14

integration sites were organized in clusters on chromosomes X, XI and XII. All

integration sites (hatched boxes) were separated by either genetic elements which

are essential for growth (white arrows) or by genes essential for maintaining wild

type growth rates (white arrow with star).
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strategies that involve sexual crossings. Here we exploit that
genes integrated in the same cluster are genetically closely linked,
hence, increasing the chance that they all co-segregate during
meiosis. This will enable that a cell factory expressing a large
multi-gene pathway can be constructed using less consecutive
transformations steps by integrating sections of a pathway in
parallel in different strains, which can then be combined by
crossing into one strain that contains the entire pathway. The
design and construction of the platform is described in more
detail below.

We investigated 14 locations in the yeast genome for gene
integration suitability by testing whether a given site supported
high gene expression and accepted fitness-neutral DNA without
any significant impact on the growth rate. The selected integra-
tion sites are located in regions where gene expression is high as
judged by inspecting the yeast GFP fusion localization database
(Howson et al., 2005). Secondly, each site is situated centrally in
large intergenic regions of minimum 750 bp, to reduce the chance
that integration influences the fitness of the strain by adversely
affecting neighboring genes. The target sites are clustered at
three locations on chromosomes X, XI and XII. The sites were
named X-1 through X-4, XI-1 through XI-5, and XII-1 through
XII-5 reflecting the chromosomal position and order of the target-
ing site (Fig. 2). A clustered gene arrangement can potentially
introduce genetic instability if the foreign genes are equipped
with identical promoters and terminators, which is often the case.
Each integration site in a cluster is therefore separated by genetic
elements that are essential for sustaining wild type growth rates
(e.g., essential genes) to prevent evolution of strains, which have
lost genes due to direct repeat recombination (see Fig. S4 for
principle of gene loss through direct repeat recombination).

For the platform, we generated 14 plasmids to facilitate con-
struction of the gene targeting substrates directed towards the 14
integration sites. Each vector contained the necessary sequences to
target a specific site as well as the selectable/counter selectable
Kluyveromyces lactis-derived URA3 marker gene, which was flanked
by directly repeated sequences to allow for iterative gene targeting
cycles (Siewers et al., 2010). In addition, each vector contained a
USER cloning cassette (Nour-Eldin et al., 2006) flanked by two
commonly used S. cerevisiae terminators derived from ADH1 and
CYC1 (see Figs. 2 and S2 for vector layout). By applying the efficient
USER cloning technique (Nour-Eldin et al., 2010), one or two genes
of interest and a fragment containing a uni- or bidirectional
promoter of choice can be simultaneously integrated into the
vectors by USER-fusion cloning (Geu-Flores et al., 2007).

Validation of the level of expression at the different integration
sites in the genome was performed by determination of the
relative lacZ gene expression levels at each site. Specifically, a
gene targeting cassette containing the E. coli lacZ gene under the
control of the strong constitutive TEF1 promoter was integrated
into each of the 14 sites. The successful integrations resulted in 14
strains that were named CEN.bgal followed by the designated site
name (e.g., a strain with lacZ integrated at site X-1 is annotated
as CEN.bgal.X-1). After growth on YPgal medium, b-galactosidase
activity was determined for all 14 strains expressing lacZ

(Table S5). We found that all sites supported high lacZ expression
from the TEF1 promoter and only small expression differences
were observed. The average specific b-galactosidase activity for
all sites was 11687293 nmol/min/mg protein and the difference
between the strain with the highest (CEN.bgal.XI-5) and the
lowest activity level (CEN.bgal.XII-1) was 2.5 fold. Only four
strains displayed activity levels that were significantly different
from the average expression level of the combined set of strains,
one with higher (CEN.bgal.XI-5) and three with lower activity
(CEN.bgal.X-3, CEN.bgal.XII-1 and CEN.bgal.XII-4) (Table S5). The
effect of the individual integrations on fitness was evaluated by
measuring growth rates in rich media containing either glucose
(YPD) or galactose (YPgal) as carbon sources. 11 out of the 14
strains grew at a rate comparable to the reference strain or
slightly faster (Table S5). Of the remaining three strains, one,
CEN.bgal.X-1, grew to 5872% of the reference strain in YPD, one,
CEN.bgal-XI-5, grew to 8173% of reference strain in YPgal
medium, and one, CEN.bgal.XI-4, grew to, respectively, 46711%
in YDP and 5273% YPgal medium (Table S5). In summary, 11 of
the 14 integration sites (three on chromosomes X and XI, and five
on chromosome XII) were suitable for integration and expression
of heterologous genes. This enables engineering of biosynthetic
pathways depending on up to 22 genes.

3.2. Pathway engineering

Towards our goal of producing glucosinolates in yeast and as a
proof-of-concept of our technology platform, we set out to engi-
neer IG production in yeast. The biosynthetic pathway of IG
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consists of seven biosynthetic genes, i.e., two cytochromes P450
CYP79B2, CYP83B1, a glutathione-S-transferase GSTF9, a g-gluta-
myl peptidase GGP1, a C-S lyase SUR1, a glucosyltransferase
UGT74B1 and a sulfotransferase ST5a (Sønderby et al., 2010)
(Fig. 1). We engineered the pathway by building it up from the
entry point by pairwise and stepwise integration of two genes
into the genome, as this allowed us to test for functional
expression of the inserted genes directly on the yeast extract as
the first committed step catalyzed by CYP79B2 uses tryptophan
as substrate. In subsequent introductions of genes, functionality
was followed by either accumulation or reduction of the respec-
tive intermediate pools.

First, a strain named I(A) expressing gene pair A, i.e. CYP79B2

and CYP83B1, under the control of the strong bidirectional GAL1/

GAL10 promoter cassette was constructed. We chose to drive
expression of all genes by this inducible promoter pair, which are
almost completely repressed by glucose (Johnston et al., 1994).
Accordingly, strain construction and maintenance could be per-
formed in the repressive state minimizing the risk that undesired
mutations develop in strains where the inserted genes result in
production of toxic intermediates or products. When extracts of
the intermediary strain I(A) grown under inducing conditions
were analyzed by LC-MS, a major peak at 7 min appeared
(Fig. 3A). The m/z ratio of this compound was 480 [MþNa]þ ,
corresponding to the expected mass of the tryptophan-derived
GSH conjugate intermediate (compound 4 in Fig. 1) of the IG
pathway (Geu-Flores et al., 2011) (Fig. 4). This was further
supported by the MS2 spectrum, which showed a dominant ion
of m/z ratio 318, a characteristic fragment ion of this GSH
conjugate (Pfalz et al., 2011) (Fig. 3B). A minor peak with m/z

and a fragmentation pattern identical to the dominant peak
was observed. This is likely to be the stereoisomer of the
GSH conjugate intermediate. The data showed that the two
cytochromes P450 were functionally expressed, and that their
catalytic activity was supported by endogenous yeast NADPH-
cytochrome P450 reductase. Furthermore, it showed that an endo-
genous yeast glutathione-S-transferase was able to conjugate GSH to
the product of CYP83B1. In the natural host A. thaliana, the NADPH-
cytochrome P450 reductase encoded by ATR1 supports CYP79B2 and
CYP83B1 (Urban et al., 1997), and the glutathione-S-transferase,
GSTF9, is the most likely glutathione-S-transferase candidate as
evidenced by co-expression analysis. Although the two plant genes,
ATR1 and GSTF9 were not required for production of the GSH
conjugate in S. cerevisiae, their expression could potentially result
in more efficient IG production compared to when only the
corresponding native yeast enzymes were present. In an effort to
optimize the production of the GSH conjugate of the IG pathway, we
constructed strains that in addition to CYP79B2 and CYP83B1 also
expressed ATR1 (I(A)þATR1), GSTF9 (I(A)þGSTF9), or both from the
GAL1/GAL10 promoter cassette. Analysis of the I(A) strain co-expres-
sing ATR1, GSTF9 or both resulted in, respectively, 1.2970.07-fold,
Fig. 3. Comparison of the activity of NADPH cytochrome P450 reductase and

glutathione-S-transferase from yeast and plant. (A) Extracted ion chromatogram

(EIC) (m/z 480) corresponding to [MþHþ] of the stable GSH conjugate on

intracellular extracts of wild type yeast (WT) and the strain I(A) encompassing

the two cytochromes P450 responsible for the first two steps of indolylglucosi-

nolate biosynthesis. (B) MS2 spectrum of the peak detected in extracts from

I(A) strain revealed a dominant ion of m/z ratio 318, corresponding to a fragment

ion of the cyclized glutathione conjugate intermediate (for details see Geu-Flores

et al., 2009). (C) Accumulation of GSH conjugate in extracts from yeast strains

expressing the two cytochromes P450 alone or together with either plant GSTF9,

ATR1, or both, and grown for 24 h in rich media under inducing conditions.

The GSH conjugate intermediate was extracted from yeast pellet and detected by

LC-MS. Each column represents production of GSH conjugate relative to the

I(A) strain, which is normalized to 100%. Values are based on product peak areas

from three biological replicates each harvested in four technical replicates, error

bars represent standard error (SEM, N¼12).
1.2570.08-fold and 2.6270.16-fold increases in levels of the GSH
conjugate intermediate when intracellular extracts were prepared
from cells harvested in the late exponential phase, i.e., after 24 h
(Fig. 3C). This demonstrated that the plant-derived enzymes ATR1

and GSTF9 were more efficient in supporting the pathway than the



Fig. 4. Accumulation of the tryptophan-derived glutathione-conjugate intermedi-

ate in different engineered yeast strains. Extracted ion chromatogram (EIC) of

extracts from the four yeast strains (WT, I(AB), I(ABC), and I(ABCD)) grown in rich

media under inducible conditions. m/z 480 corresponds to the [MþH]þ ion of the

glutathione conjugate intermediate.

Fig. 5. Production of indolylglucosinolate in Saccharomyces cerevisiae. (A) LC-MS

analysis of medium samples from cultures of the I(ABCD) strain. The peak at

6.9 min co-migrated with an authentic indolylglucosinolate standard. (B) The

dominant ion with an m/z ratio of 391.1 corresponded to desulfoindolylglucosi-

nolate (as glucosinolates are treated with sulfatase prior to LC-MS analysis, see

Section 2). (C) The main fragment ions of m/z 185 and 219 correspond to the

glucose and thioglucose moiety, characteristic of desulfoglucosinolates.
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corresponding endogenous yeast enzymes that possess the same
enzymatic activities. Accordingly, we used the I(AB) strain harboring
gene pair A (CYP79B2, CYP83B1), and gene pair B (GSTF9 and ATR1) as
the basis for the continued pathway engineering.

The next two genes in the pathway, i.e. GGP1 and SUR1 (gene
pair C), were integrated in site XII-2, resulting in generation of the
intermediary strain I(ABC). Assuming functional expression of
both GGP1 and SUR1, we would expect that the GSH conjugate
intermediate was converted to the corresponding thiohydroximic
acid (Pfalz et al., 2011), which notoriously is hard to detect
(Walter and Schaumann, 1971). Upon LC-MS analysis of metha-
nolic extracts from I(ABC) grown under inducible conditions, only
trace amounts of the tryptophan-derived GSH conjugate were
detected (Fig. 4), which implied that insertion of at least one of
these genes resulted in metabolism of the GSH conjugate. If GGP1
was functionally expressed, it would metabolize this intermediate
to produce the corresponding Cys-Gly conjugate intermediate.
In the absence of a functional SUR1 such a product would
spontaneously cyclize (Geu-Flores et al., 2009). However, no such
intermediate was observed when we inspected ion traces of
intracellular extracts of the strain or medium samples. This
suggested that both GGP1 and SUR1 could be functionally
expressed and that the corresponding thiohydroximic acid had
evaded detection. As a final step towards engineering the IG
pathway into yeast, we integrated UGT74B1 and ST5a (gene pair
D) into site XII-4, resulting in generation of the strain harboring
the entire pathway I(ABCD). LC-MS analysis of methanolic
extracts of the I(ABCD) strain grown under inducing conditions
showed that the strain was able to produce IG as demonstrated by
two lines of evidence (Fig. 5). First, a peak co-eluting with the
authentic IG standard contained a dominant ion mass of m/z 391
[MþNaþ], corresponding to the sodium adduct of desulfoIG
(glucosinolates are determined as desulfoglucosinolates after
treatment with sulfatase, see Section 2) (Fig. 5A and B). Secondly,
m/z 185 and 219, that are characteristic of glucosinolates
and representing the glucose and thioglucose fragment ions
(Geu-Flores et al., 2009), were observed on MS2 spectra
(Fig. 5C). Time-course experiments showed that detectable
amounts of IG accumulated after approximately 12 h (Fig. 6). In
the stationary phase that was reached after 32 h, a maximum
concentration of 1.0770.38 mg IG/l was obtained. This value
remained constant for at least 16 h. The produced IG was
recovered from the medium and only minute quantities were
found in the intracellular fraction. This suggests that yeast has



Fig. 6. Time-course experiment of indolylglucosinolate accumulation. Growth of

WT(~) and the indolylglucosinolate-producing I(ABCD)(’) from shake flask

cultures grown in rich inducible medium was compared. Samples from four

biological replicates were taken every 4 h for a 48 h period for OD600 measure-

ments and indolylglucosinolate quantification (IG(D)) by LC-MS. The error bars

indicate standard deviation (SD, N¼4).
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secreted the compound into the medium, a phenomenon that has
previously been observed when yeast was engineered to produce
bioactive plant compounds (Asadollahi et al., 2008; Hansen et al.,
2009; Ro et al., 2006). No intermediates or other compounds were
detected, neither in intracellular extracts of the IG-producing
strain nor in the medium (Figs. 4 and 5). In the exponential
phase, there was no significant difference in growth rates
between I(ABCD) and wild-type strain (P¼0.052) (Fig. 6). How-
ever, the final biomass accumulation was lower for the I(ABCD)
strain, which implies that production of IG affects strain fitness.
4. Concluding remarks

In summary, we have established a technology platform
designed for transfer of multi-gene pathways (up to 22 genes)
into S. cerevisiae. The platform is robust and ensures stable
expression, as all genes are genomically integrated in sites
separated by genes essential for sustaining normal growth. All
sites have been validated by analysis of growth rates and lacZ

expression. The platform includes 11 vectors designed for inte-
gration into the validated sites in the S. cerevisiae genome. Hence,
our platform supports production of compounds that require the
expression of up to 22 genes. In our system, all markers in the
host strain can be eliminated by further transformation or by
sexual crossing. This allows for production in both minimal
and rich media. Such large pathways will be difficult to establish
using the otherwise popular plasmid-borne expression systems
(De Jong et al., 2006; Yan et al., 2005) as the number of genes in
the pathway will be restricted by the number of available markers
in the host strain. Moreover, the Yan et al. (2005) stability of such
expression systems will likely decrease as the number of plasmids
is increased. Integrated multi-gene pathways have also been
successfully puzzled together in vivo by homologous recombina-
tion (Shao et al., 2009). However, using this system it will be
difficult to integrate fragments that contain repetitive elements,
e.g., repetitive use of promoters or terminators, as these
sequences will also have the potential to recombine during
integration to complicate strain construction. Our system has a
built-in safety system that prevents strains to propagate if they
lose genes through direct repeat recombination. This allows
expression of multiple copies of the same gene and/or use of
identical promoters or terminators for the expression of several
genes without compromising strain stability.

As a proof-of-concept for our technology platform, the ability to
support expression of complex, multi-gene pathways was demon-
strated with IG production. Further optimization is required to
reach commercially viable levels. Transcript profiling and analysis
of yeast fitness may provide important clues for optimization of
the production. Our S. cerevisiae strain capable of synthesizing IG
represents the first example of microbial production of glucosi-
nolates. In addition to providing a stable, reliable source of
glucosinolates, engineering of the specific biosynthetic pathway
of a given glucosinolate into a microorganism enables purification
of that glucosinolate without contamination from the other 430
glucosinolates typically present in cruciferous vegetables. Accord-
ingly, production of glucosinolates from a microbial source has
great potential for industrial-scale production of specific, health-
promoting glucosinolates for the benefit of human health.
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