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Our lack of full understanding of transport and sequestration of the heterologous products currently limit
metabolic engineering in plants for the production of high value terpenes. For instance, although all
genes of the artemisinin/arteannuin B (AN/AB) biosynthesis pathway (AN-PW) from Artemisia annua
have been identified, ectopic expression of these genes in Nicotiana benthamiana yielded mostly glyco-
sylated pathway intermediates and only very little free (dihydro)artemisinic acid [(DH)AA]. Here we
demonstrate that Lipid Transfer Protein 3 (AaLTP3) and the transporter Pleiotropic Drug Resistance 2
(AaPDR2) from A. annua enhance accumulation of (DH)AA in the apoplast of N. benthamiana leaves.
Analysis of apoplast and cell content and apoplast exclusion assays show that AaLTP3 and AaPDR2
prevent reflux of (DH)AA from the apoplast back into the cells and enhances overall flux through the
pathway. Moreover, AaLTP3 is stabilized in the presence of AN-PW activity and co-expression of
AN-PW +AalLTP3+AaPDR2 genes yielded AN and AB in necrotic N. benthamiana leaves at 13 days
post-agroinfiltration. This newly discovered function of LTPs opens up new possibilities for the en-

gineering of biosynthesis pathways of high value terpenes in heterologous expression systems.
© 2016 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

Artemisinin (AN) is a highly oxygenated sesquiterpene which is
used to treat malaria. Both AN and arteannuin B (AB) are products
of a branched biosynthesis pathway (AN-PW) in glandular tri-
chomes on leaves and ovules from the plant Artemisia annua. After
biosynthesis, the AB and AN precursors, artemisinic acid (AA) and
dihydroartemisinic acid (DHAA), respectively, are transported to
the subcuticular space of the trichomes, where (presumably
through non-enzymatic oxidation) they are converted to AB and
AN, respectively (Brown, 2010) (Fig. 1: AN pathway given with
solid arrows).

All genes required for biosynthesis of DHAA and AA have been
isolated (amorpha-4,11-diene synthase (ADS), CYP71AV1, artemi-
sinic aldehyde A11(13) reductase (DBR2), aldehyde dehy-
drogenase 1 (ALDH1)) (Bouwmeester et al., 1999; Covello et al.,
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2007; Mercke et al., 2000; Teoh et al., 2009; Teoh et al., 2006;
Zhang et al., 2008). Reconstitution of the AN-PW in Nicotiana
benthamiana results in mainly glycosylated PW intermediates and
only low levels of free (non-glycosylated) intermediates (dihydro)
artemisinic alcohol ((DH)AAOH), (dihydro)artemisinic aldehyde
((DH)AAA) or (DH)AA (Ting et al., 2013) (Fig. 1: glycosylation re-
actions from endogenous N. benthamiana enzymes indicated by
dashed arrows). It is assumed that glycosylated AN-PW products
are in the vacuole and cannot contribute to AN or AB accumula-
tion. Therefore, sequestering of (DH)AA to the apoplast could po-
tentially help increase the yield of AN and AB in heterologous
plant production platforms, but little is known about the factors
involved in transport and sequestering of terpenes.

Terpene transport and sequestering activity could be by ATP-
Binding Cassette (ABC) transporters and Lipid Transfer Proteins
(LTP), both of which have been detected in terpene producing
glandular trichome cells. ABC transporters are involved in the
active transport of various metabolites. More particularly, within
the ABC family, Pleiotropic Drug Resistance (PDR) transporters are
localized to the plasma membrane and involved in the transport of
hormones and specialized metabolites. For example, in Nicotiana
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Fig. 1. Schematic representation of the artemisinin and arteannuin B biosynthetic pathway in Artemisia annua (Black arrows). Green arrows indicate N. benthamiana enzyme
activities within the AN-PW, dashed green arrows indicate reactions in N. benthamiana draining from AN-PW. ADS, amorphadiene synthase; CYP71AV1, amorphadiene
oxidase; ALDH1, aldehyde dehydrogenase; DBR2, double bond reductase. AD, Amorpha-4,11-diene; AAOH, artemisinic alcohol, AAA, artemisinic aldehyde; AA, artemisinic
acid; DHAAOH, dihydroartemisinic alcohol, DHAAA, dihydroartemisinic aldehyde; DHAA, dihydroartemisinic acid. Hex, compound conjugated with hexose; Mal, compound
conjugated with malonate; (I-III), different isobaric forms (i.e. identical accurate mass, but different retention times); FA, formic acid adduct.

tabacum NtPDR1 was shown to be involved in the transport of
antifungal diterpenes (Crouzet et al., 2013; Stukkens et al., 2005).
In the same species, a Lipid Transfer Protein (NtLTP1) was shown
to be involved in diterpene secretion. Indeed diterpenes in the
trichome exudate were clearly increased in the NtLTP1-over-
expressing lines and decreased in the NtLTP1-RNAi lines, com-
pared with the wild-type line (Choi et al., 2012). LTPs are small,
basic proteins with a hydrophobic cavity, which are characterized
in in-vitro assays by their ability to transfer lipids between
membranes. Most LTP proteins contain a signal peptide sequence
for secretion to the apoplast and extracellular localization of LTP
proteins has been confirmed (Edstam et al., 2011; Huang et al,,
2013; Kader, 1997; Yeats and Rose, 2008). Plants have multiple LTP
genes and individual LTPs have been implicated in diverse func-
tions like plant lipid metabolism (DeBono et al., 2009), plant de-
fense (Salcedo et al., 2007), seed development (Edstam and Edg-
vist, 2014; Wang et al., 2015), sexual reproduction (Zhang et al.,
2010), and cell wall extension (Nieuwland et al., 2005). However,
for most LTPs the function and mode of action have not been
clarified. Indications for a putative role of LTPs in terpene accu-
mulation come from the fact that LTP genes show very high
transcriptional activity in glandular trichomes which produce
terpenes (peppermint (Lange et al.,, 2000), alfalfa (Aziz et al.,
2005), A. annua (Bertea et al., 2006), hop (Wang et al., 2008), Salvia
fruticosa (Chatzopoulou et al., 2010), tomato (Schilmiller et al.,
2010) and tobacco (Harada et al., 2010)).

We identified six LTPs from A. annua (AaLTPs), three of which
are expressed in glandular trichomes. A putative role of these
AaLTPs in accumulation of AN-PW products could be tested by
silencing of AaLTP expression in A. annua using Virus Induced
Gene Silencing (VIGS). However, VIGS induced silencing was not
successful in our hands. We also identified two AaPDR genes,
which are expressed in A. annua trichomes. Therefore, functional
analysis of the AaLTPs and AaPDRs was done using the fully re-
constituted AN-PW by transient co-expression in N. benthamiana
leaves.

2. Materials and methods

2.1. Cloning procedures

The full-length AaLTP1, AaLTP2 and AaLTP3 were amplified from
cDNA made from RNA isolated from A. annua flowers by RACE PCR
(Clontech, USA) (Bertea et al., 2006). The primer pairs AaLTP1-F/
AaLTP1-R, AaLTP2-F/AaLTP2-R and AaLTP3-F/AaLTP3-R (Table S2)
introduce a Ncol site at the start codon and a Notl restriction site
after the stop codon of each LTP coding sequence. The PCR frag-
ments were cloned into pIV1A2.1 vector (www.impactvector.com)
between the CaMV35S promoter and the RBCS1 terminator frag-
ment. pIV1A2.1/AalLTP1, pIV1A2.1/AaLTP2, pIV1A2.1/AaLTP3 were
transferred into binary vector pBinPlus by LR reaction (Invitrogen)
and the resulting pBIN/AaLTP1, pBIN/AaLTP2, and pBIN/AaLTP3
were transformed into the A. tumefaciens AGL-0 strain (Ting et al.,
2013; van Herpen et al., 2010) which was used for the agroinfil-
tration experiments.

For the LTP-GFP fusion protein studies we first made an entry
vector with enhanced green GFP (EGFP). The EGFP coding se-
quence was amplified by PCR using primers EGFP_c-term-F/
EGFP_c-term-R (Table S2) by using pBinEGFP as template (http://
www.wageningenur.nl/en/show/Productie-van-farmaceutische-en
industriele-eiwitten-door-planten.htm). After digesting with Notl
and Sacl, GFP was cloned into ImpactVectorpIlV1A_2.1 (www.im-
pactvector.com) under the control of CaMV35S promoter to gen-
erate an entry vector pIV1A_2.1/EGFP. To remove the stop codon of
AaLTP1, AaLTP2 and AaLTP3, DNA fragments were amplified using
the primer pairs AaLTP1_gfp-F/AaLTP1_gfp-R, AaLTP2_gfp-F/
AaLTP2_gfp-R and AaLTP3_gfpF/AaLTP3_gfp-R (Table S2) by using
the pIV1A_2.1/AaLTP1, pIV1A_2.1/AaLTP2 and pIV1A_2.1/AalLTP3
vectors as templates, respectively. The PCR products were
digested with BamHI and Notl and subcloned into vector
pIV1A_2.1/EGFP. The resulting pIV1A_2.1/AaLTP1-GFP, pIV1A_2.1/
AaLTP2-GFP and pIV1A_2.1/AaLTP3-GFP containing CaMV35S
promoter were cloned into the pBinPlus binary vector (Invitrogen)
using LR recombination. The pBinPlus constructs containing the
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35S: AaLTP1-EGFP, 35S: AaLTP2-EGFP and 35S: AaLTP3-EGFP were
transferred to A. tumefaciens AGL-0 using electroporation.

For the LTP-RFP fusion protein genes the LTP coding sequence
without stop-codon was cloned in frame to the RFP coding se-
quenced in TOPO vector (Invitrogen). The resulting TOPO/AaLTP1-
RFP, TOPO/AaLTP2-RFP and TOPO/AaLTP3-RFP were cloned under
control of CaMV35S promoter into the pK7RWG2 binary vector
(http://gateway.psb.ugent.be/) using LR recombination
(Invitrogen).

Partial AaPDR cDNAs were amplified from glandular trichome
cDNA (Olofsson et al., 2012) using two sets of forward (AaPDR-F)
and reverse (AaPDR-R) degenerated primers and cloned in pGEM-
T-Easy (Promega). Full cDNAs were then obtained by RACE PCR.
The PDR coding sequences were cloned between the pEn2PMA4
promoter and the tNOS terminator in the pAUX3131plasmid (De
Muynck et al., 2009) and then transferred into the I-Scel site of the
pPZP binary plasmid (Goderis et al., 2002). For subcellular locali-
zation, a fusion mGFP4::AaPDR2 was obtained in the pPZP vector,
which already contained an mCherry gene (Mercx et al.,, 2016). A.
tumefaciens-mediated transformation of Nicotiana tabacum BY-2
cells was performed as in Mercx et al. (2016).

2.2. Metabolite analysis

2.2.1. LC-QTOF-MS for free AN-PW products

For the AN-PW free compound analysis, the agro-infiltrated
leaves were harvested, ground in liquid nitrogen. Frozen grinded
samples (100 mg) were extracted in 300 pl methanol using 10 min
sonication, after which the samples were centrifuged at 18,625 g at
4 °C. The supernatant was collected and filtered through 0.45 pum
PTEE-membrane filter and diluted 10-fold with 10% methanol for
analysis by a Waters Xevo tandem quadrupole mass spectrometer
equipped with an electrospray ionization source and coupled to an
Acquity UPLC system (Waters) as described (Ting et al., 2013). For
the AN-PW glycosides and conjugations, 100 mg of infiltrated leaf
material was extracted in 300 pl methanol/0.137% formic acid
using 10 min sonication, after which the samples were centrifuged
at 18,625g at 4 °C and filtered through a 0.45 pm PTEE-membrane
filter. The supernatant was analyzed on a LC-QTOF-MS (Waters).
Since leaves showed signs of necrosis after 7 dpi, samples collected
from 7 dpi to 18 dpi were freeze-dried and yield was determined
by dry-weight rather than by fresh weight. For analysis 100 mg of
dried samples was used following the same extraction procedure
as for fresh-weight samples.

2.3. Isolation apoplast fluid

Apoplastic fluids were collected using the infiltration cen-
trifugation technique with modifications (Bolton et al., 2012;
Witzel et al., 2011). For the vacuum infiltration, the fresh leaves
were cut into 5 cm strips and stacked in a beaker filled in with
deionized water. For the apoplast fluid collection, leaf strips were
placed on a grid resting on the conical bottom part of 50 ml plastic
centrifuge tubes (Greiner bio-one). Tubes were centrifuged at 400g
for 15 min at 4 °C to collect the fluid in the bottom of the tubes.
After collection of the released apoplast fluid the leaf strips were
weighted again, and subsequently shock frozen in liquid nitrogen
for the metabolites analysis. The weights were recorded before/
after the infiltration and centrifugation, on average, 30-40% of the
infiltrated water could be recovered by the centrifugation step.

The apoplast wash fluid was filtered through a 0.45 um PTEE-
membrane filter and the filtered fluid was dilute 5 times with
12.5% MeOH for analysis on Auity UPLC system (Waters). The
concentration of the different products in the apoplast wash fluid
was used to compare the different gene combinations in the
transient expression assays. The transport activity in the leaf for

different substrates was calculated: transport activity = mg sub-
strate in total apoplast fluid volume - mg of product in total leaf
minus apoplast content.

2.4. Expression profiling in A. annua

Shoot apex and leaves from top (Leaf 1) to bottom (Leaf 10)
were collected from 2-month old A. annua plants and pooled per
leaf number for RNA extraction. From each pooled and frozen
grinded sample 100 mg was extracted for gene expression analy-
sis. RNA was isolated from the frozen grinded samples and DNase I
(Invitrogen) was used to remove remaining genomic DNA. Reverse
transcription was carried out with the SuperScript First-Strand
Synthesis System for the cDNA synthesis (Invitrogen). Real-time
quantitative PCR was performed using the iQ5 RT-PCR (BioRad).
Primers used are listed in Table S2. The A. annua (-actin gene was
used for the normalization (Lu et al., 2013; Olofsson et al., 2011).
AACT was calculated as follows: ACT=CT(Target)-CT(Actin),
AACT was normalized using ACT. The fold change value was
calculated by 2~ 24T,

2.5. Transient expression in N. benthamiana leaves

The following binary expression constructs were used in
pathway reconstruction experiments by transient expression in N.
benthamiana: PW: 35S::ADS-dHMGR-FPP (A2 construct (van Her-
pen et al,, 2010)), 35S::CYP71AV1, 35S::DBR2, 35S::ALDH1. PW*:
PW+35S::HMGR. LTPs: 35S::AaLTP1, 35S::AaLTP2, 35S::AaLTP3.
PDRs: 35S::AaPDR1, 35S::AaPDR2. The following binary expression
constructs were used in subcellular localization studies by tran-
sient expression in N. benthamiana: AaLTPs and AaPDRs: 35S::
AaLTP1-GFP, 35S::AaLTP2-GFP, 35S::AaLTP3-GFP.

Agroinfiltration of N. benthamiana leaves was done as described
(van Herpen et al., 2010). The relative dosage of each A. tumefa-
ciens strain between treatments within the same experiment was
kept constant by dilution with A. tumefaciens carrying an empty
vector construct. Infiltrated leaves were harvested at the days in-
dicated (varying from 3 to 18 days post agroinfiltration). In some
experiments AN-PW activity was boosted by agroinfiltration of an
additional truncated HMGR expression construct (Ting et al., 2013;
van Herpen et al., 2010), indicated by PW*.

2.6. Semi-quantification of LTP-EGFP fusion protein levels in
agroinfiltrated leaves

Leaves expressing AaLTP-EGFP or empty vector (control) were
harvested at 6 days post infiltration and four representative fully
infiltrated flat regions of equal size were imaged per leaf under UV
illumination at equal exposure times with a Leica MZIII fluores-
cence stereomicroscope. Care was taken that pixel saturation
never occurred. Color images were split into individual R, G or B
channels and the signal in the G channel was quantified in Image]
1.49 n. Four biological replicate leaves (16 individual areas) were
used to determine the average fluorescence signal in the G channel
for each treatment.

2.7. Subcellular localization of LTP-GFP and GFP-PDR

The LTP-GFP and GFP-PDR proteins were transiently expressed
in the N. benthamiana leaves. Expression and targeting analysis
was carried out at 5-7days post agroinfiltration (dpi) by confocal
laser scanning microscopy. In order to remove air pockets from
intercellular spaces in the spongy parenchyma, the leaf disks
(r=0.5cm) were mounted in perfluorodecalin (Sigma-Aldrich,
P9900) (Littlejohn and Love, 2012). A Zeiss 510-META inverted
confocal laser scanning microscope (Carl Zeiss, Jena, Germany)
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equipped with a 63x (oil, 1.4 N. A.) Plan Apochromat DIC objective
was used for image acquisition (Dong et al., 2013). Clear localiza-
tions were obtained with 1% of 488-nm Ar laser line using
BP_505-530 nm for GFP and LP_560 nm to observe chlorophyll
auto-fluorescence. Images were processed with Zeiss LSM image
browser.

For GFP::AaPDR2, observations were performed on N. tabacum
BY-2 cells from a five day-old culture. Cells were incubated with
10 uM FM4-64 dye for 10 min before their analysis on a LSM 710
confocal microscope (Zeiss). Excitation wavelengths were 488 nm
(GFP and FM4-64) and 558 nm (mCherry). Emission wavelengths
were 495-535 nm (GFP), 640-740 nm (FM4-64), and 578-620 nm
(mCherry).

2.8. Apoplastic exclusion assay

Four-weeks old N. benthamiana leaves were infiltrated with A.
tumefaciens harboring AaLTP3, AaPDR2, AaLTP3 +AaPDR2 or EV as
the control; each together with p19. In order to achieve the
highest expressed protein levels, infiltrated leaves were harvested
after five days. For each treatment, four leaf disks of 1 cm diameter
were excised from four individual leaves. The leaf disks were put
in 6 well plate (1 leaf disc/well) and vacuum infiltrated with
3500 pl of 500 uM Na,HPO4 buffer to make a constant flow be-
tween the buffer and apoplastic region. Then 2500 pl of solution
was taken out and a solution of artemisinic acid was added into
each well in a manner that each well got 0.625 mg of free com-
pound. The 16-well plate was shaken gently for 2 h on an orbital
shaker and then the leaf disks were extracted with 300 ul of MeOH
and 0.1% formic acid. Extracts were analyzed by LC-QTOF-MS.

3. Results

3.1. Isolation of Artemisia annua PDR genes expressed in glandular
trichomes

Analysis of the EST databases for A. annua identified 15 clones
expressed in trichomes. In order to identify the PDR transporters
highly expressed in glandular trichomes, we designed degenerated
primers (Table S2) corresponding to two conserved regions of the
3’ coding sequence and surrounding a poorly conserved sequence
so as to discriminate different PDR genes. Using these primers,
cDNA clones were obtained from A. annua glandular trichome RNA
and sequenced. Among 26 clones characterized, two genes were
highly represented: AaPDR1 (NCBI EZ148819, 17 clones) and
AaPDR2 (NCBI EZ144340, 8 clones).

3.2. Isolation of Artemisia annua LTP genes expressed in glandular
trichomes

The six different LTP sequences were identified in databases
resulting from A. annua trichome-enriched (glandular + fila-
mentous) cDNA libraries (Bertea et al., 2006; Covello et al., 2007;
Dai et al., 2010). Selection of AaLTP1-3 was based on detection of
these LTP sequences in glandular trichome-enriched cDNA li-
braries (Ma et al,, 2009; Soetaert et al., 2013) (Table S1). Subse-
quently three genes (AaLTP1, AaLTP2, AaLTP3) were selected for
further functional analysis, based on co-expression with amor-
phadiene synthase gene (ADS), representing the first step in the
artemisinin biosynthesis pathway, or co-expression with AaPDR1
or AaPDR2 (Fig. S1). It was noted that the expression profile in A.
annua of AaLTP3 and AaPDR2 was distinct from that of ADS/
AaLTP1/AaLTP2[AaPDR1 and more closely matches the accumula-
tion profile of (DH)AA over same leaf developmental stages (Zhang
et al.,, 2012). The full length sequence of AaLTP1, AaLTP2 and AaLTP3

were obtained through PCR and cloned into binary expression
vectors (www.impactvector.com) for subcellular localization stu-
dies and for function in the AN-PW using transient expression
assays.

All three glandular-expressed AaLTP genes contain an N-term-
inal signal peptide sequence, indicative for targeting to the ER and
secretion to the apoplast. We tested the subcellular targeting of
AaLTP-GFP fusion proteins in transient expression assays in N.
benthamiana. Results show that at 4 days post-agroinfiltration
(dpi) the GFP signal was detected both inside and outside the cells
(Fig. S2a and b), but at 7 dpi the GFP signal was mainly outside
cells (Fig. S2¢), which in the spongy mesophyll is visible as bridges
of fluorescent material between cells. Remarkably, for all three
LTP-GFP fusion proteins, the extracellular accumulation seemed
to be coordinated between cells around intracellular cavities
(Fig. S2c). Combined, the localization studies confirm an extra-
cellular localization of all three AaLTPs.

3.3. AaLTPs-+AaPDRs enhance freeform AN-PW products in N. ben-
thamiana leaves

For functional analysis of the AaLTPs, the set of three AaLTP
genes (AalLTP1/2/3) were co-infiltrated with the AN-PW genes
(35S::ADS-tHMGR-FPP, 35S::CYP71AV1, 35S::DBR2, 35S::ALDH1
(Ting et al., 2013)) and a set of two AaPDR genes (AaPDR1/2). In all
these experiments a p19 construct was co-infiltrated to repress
silencing (Voinnet et al.,, 2003) and relative dosage of agro-in-
filtrated AN-PW genes was kept constant by dilution with an
Agrobacterium tumefaciens strain with empty vector (EV) where
required. Free product accumulation (AAOH, AAA, AA, DHAAOH,
DHAAA and DHAA) in leaves harvested at six dpi was measured by
LC-trip-quad-MS (Ting et al., 2013). The co-expression of either
three AaLTPs or two AaPDRs with the AN-PW genes has no effect on
(DH)AA accumulation, and a small but significant effect on (DH)
AAA and (DH)AAOH accumulation (Fig. 2). However, the combi-
nation of AN-PW+ AaLTPs +AaPDRs results in a significant increase
in accumulation of all free AN-PW products (Fig. 2), suggesting
that AaLTPs+AaDPRs, can sequester these compounds away from
competing sugar-conjugating or glutathione-conjugating enzyme
activities in N. benthamiana leaves. Subsequently, we tested whe-
ther this relates to an accumulation of free AN-PW products in the
apoplast of N. benthamiana leaves.

3.4. AN-PW products accumulate in the apoplast of N. benthamiana
leaves

For analysis of product accumulation in leaf apoplast, agro-in-
filtrated leaves were infiltrated with water at 6 dpi and subse-
quently the infiltrated water was collected by mild centrifugation
(Witzel et al., 2011). Analysis by UPLC-trip-quad-MS of such apo-
plast wash of N. benthamiana leaves expressing only AN-PW genes
showed the presence of AN-PW products AAOH, AA, DHAAOH and
DHAA in the apoplast (Fig. 2c). This indicates an intrinsic transport
activity for these compounds in N. benthamiana. In contrast to total
leaf extract, the intermediates (DH)AAA were not detected in the
apoplast wash fluid (not shown), indicating little or no cell leakage
during the apoplast wash procedure. As further control for cell
leakage we measured the flavonoid rutin, which accumulates in-
side cells of N. benthamiana leaves and not in the apoplast
(Markham et al., 2001; Marrs et al., 1995; Okmen et al., 2013). No
rutin was detected in apoplast fluid, indicating minimal con-
tamination by broken cells (Fig. S3a). Analysis of apoplast samples
by LC-QTOF-MS did occasionally show the presence of very low
levels of DHAA-Hex3 (maximal 5% of total in whole leaf extract;
Fig. S3b). Because no other glycosylated AN-PW products, which
were present in the total extraction, were detected in the apoplast,
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Fig. 2. Artemisinin intermediates in N. benthamiana infiltrated artemisinin pathway genes with the AaLTPs and/or AaPDRs. Agroinfiltrated leaves were harvested at 6 d.p.i.
and leaf extracts were analyzed by LC-trip-quad-MS. (a) accumulation of DH(AA), DH(AAOH) in total leaf extract of N. benthamiana infiltrated with AN-PW or AN-PW in
combinaiton with AaLTPs and/or AaPDRs. The biggest effect on free product accumulation is found for AN-PW genes coexpressed with AaPDRs+AaLTPs (2.1-fold increase for
AA). (b) relative levels of DH(AAA) in total leaf extract (based on peak intensity because of lack of standard for (DH)AAA) of N. benthamiana leaves infiltrated with AN-PW or
AN-PW in combinaiton with AaLTPs and/or AaPDRs. For (DH)AAA coexpression of AN-PW genes with either PDRs or LTPs both resulted in increased levels of (DH)AAA, but the
effect of combined coexpression (AaPDRs+AaLTPs+AN-PW genes) was the strongest. (3.7-fold increase for AAA compared to levels in leaves infiltrated with only AN-PW
genes +5xEV). (c) Concentration of AN-PW products in the apoplast of N. benthamiana infiltrated with AN-PW or AN-PW in combinaiton with AaLTPs and/or AaPDRs.
Agroinfiltrated leaves were harvested at 6 d.p.i. and leaf apoplat wash was analyzed by LC-trip-quad-MS. The biggest effect on free product accumulation in the apoplast is
found for AN-PW genes coexpressed with AaPDRs+ AaLTPs (2.4-fold increase for AAOH, 2.5-fold increase for DHAAOH). (d) concentration of AN-PW products in the apoplast
of N. benthamiana infiltrated with AN-PW or AN-PW +AaLTPs with AaPDR1 or AaPDR2. Agroinfiltrated leaves were harvested at 6 d.p.i. and leaf apoplat wash was analyzed by
LC-trip-quad-MS. The biggest increase compared to product accumulation by AN-PW genes alone was for coexpression of AN-PW genes with AaPDR2+AaLTPs (1.3-fold
increase AA; 1.7-fold increase for DHAA). The relative gene dosage of AN-PW was constant between the treatments of each experiment. Statistical significant differences
based on Student's t-test, p < 0.05 are indicated by letters. Error bar is SE (n=4).; In (a) & (c) scale y axis is logarithmic.

we attribute DHAA-Hex3 in the apoplast to a low intrinsic trans-
port activity for this compound by N. benthamiana cells, rather
than cell leakage. Analysis of apoplast wash of leaves expressing
either AN-PW-+AaLTPs or AN-PW+AaDPRs showed no increase in
AN-PW intermediates in the apoplast, confirming results from
total leaf extracts (Fig. 2c). However, expression of AN-
PW+AaPDRs+AaLTP genes resulted in a significant increase in
apoplast levels of (DH)AAOH (2.4-fold increase for AAOH, 2.5-fold
increase for DHAAOH) and (DH)AA (1.7-fold increase) (Fig. 2c),
again matching results from total leaf extracts. Having confirmed
that the set of AaLTPs with AaPDRs enhances accumulation of AN-
PW intermediates in the apoplast, we subsequently tested the
specificity of the AaLTP gene set with either AaPDR1 or AaPDR2.

3.5. AalLTPs are more effective with AaPDR2 than with AaPDR1

We tested whether there is a difference in apoplast seques-
tering activity for the combination AaLTPs-+AaPDR1+AN-PW and
AaLTPs+AaPDR2 +AN-PW. Leaves agro-infiltrated with the differ-
ent gene sets were harvested at 7 dpi and the apoplast fluid was
isolated and analyzed by UPLC-trip-quad-MS. Results show that
AaLTPs were more effective with AaPDR2 than with AaPDR1 for
accumulation of (DH)AA in the apoplast (Fig. 2d). Results show
that AaPDR1 and AaPDR2 have little or no effect on accumulation

of (DH)AAOH, while both proteins do give an increase in (DH)AA
levels in the apoplast. For apoplast accumulation of (DH)AA the
AaPDR2 has a stronger activity than AaPDR1. All the PDR trans-
porters characterized so far have been localized to the plasma
membrane. Nevertheless, we checked the plasma membrane lo-
calization of AaPDRs fused to GFP and expressed in Nicotiana ta-
bacum suspension cells (Fig. S4). Results show that GFP-AaPDR1 is
not detected in cells expressing the fusion protein (not-shown),
even though AaPDRI1 is functionally active in the transient ex-
pression assays (Fig. 1d). In contrast, GFP-AaPDR2 is clearly de-
tected in the plasma-membrane of cells where the fusion protein
clearly co-localized with FM4-64, a fluorescent dye used as a
plasma membrane marker (Fig. S4). Combined the results indicate
a higher transport activity for AaPDR2, which in part may be ex-
plained by higher intrinsic stability of the AaPDR2 protein com-
pared to AaPDR1.

The activity of the set of AaPDRs for (DH)AA was lower than the
activity of AaPDR2 for (DH)AA alone. This could be caused by
protein crowding on the plasma membrane, resulting in a com-
petition between the active AaPDR2 and less active AaPDR1 during
the high expression levels of the PDRs during transient expression.
Therefore, we subsequently tested the specificity of individual
AaLTPs in combination with the AN-PW+AaPDR2.
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3.6. AaLTP3+AaPDR2 are most active in enhancing (DH)AA levels in
N. benthamiana and increasing flux through the AN-PW

To determine whether there is a difference in activity of the
individual AaLTPs, the individual AaLTPs were co-expressed with
the AN-PW* (PW* refers to AN-PW with additional boosting by
extra HMGR: HMGR+AN-PW)+AaDPR2 genes in N. benthamiana
leaves. Agro-infiltrated leaves were harvested at 7 dpi and free-
form AN-PW products were quantified in total leaf extracts. Since
the (DH)AA are the direct precursors for the final products AN and
AB, we focus on the accumulation of (DH)AA to characterize the
activity of individual PDRs and LTPs. The results show that all three
AaLTPs enhance the level of (DH)AA in total leaf extract, compared
to only expression of AN-PW+AaPDR2 (Fig. 3a and b). However,
AaLTP3 has the biggest effect on enhancing accumulation of (DH)
AA (Fig. 3a and b). Control experiment showed that the transcript
levels of the individual AaLTPs in these transient assays were very
similar (Fig. S5), indicating that the difference in AaLTP activity is
either related to difference in individual AaLTP function and/or
difference in individual LTP protein stability. Pilot studies showed
that the fusion with GFP does not affect activity of the individual
AaLTP proteins and therefore we used the fluorescence signal of

AaLTP-GFP fusion proteins to investigate possible differences in
intrinsic stability of the individual AaLTPs. Results show that GFP
fluorescence of leaves expressing AaLTP3-GFP is significantly
higher than that of leaves expressing AaLTP1-GFP or AaLTP2-GFP
(Fig. S6), while control experiments again show that transcrip-
tional activity of these genes is very similar. The higher accumu-
lation of (DH)AA in the leaf in the presence of AaLTP3 therefore
seems to be directly related to a higher intrinsic stability of
AaLTP3. Moreover, fluorescence of AaLTP3-GFP was increased by
69% when co-expressed with AN-PW and AaPDR2 genes, suggest-
ing that AaLTP3 interacts with the AN-PW (Fig. 3¢, d).

The efficiency for apoplast accumulation of individual AN-PW
compounds as determined by the ratio of product level in apoplast
and product level in total leaf extract, was higher for acid than for
the alcohol products (Fig. 4). Not all free AN-PW products are
present in the apoplast fluid, indicating that either some products
are still inside the cells, or extraction of the apoplast with water is
not complete. Indeed, control experiments showed that the par-
titioning of (DH)AA between a polar water phase and an inorganic
chloroform phase is very similar to the partitioning of (DH)AA over
apoplast and total leaf (Fig. S7). In contrast, the partitioning of
(DH)AAOH over apoplast and total leaf is actually lower than the
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Fig. 3. AN-PW intermediates in leaf extract of N. benthamiana agro-infiltrated with AN-PW*+AaPDR2 and individual AaLTP genes in (a) and (b). Agroinfiltrated leaves were
harvested at 7 d.p.i. and leaf extract was analyzed by LC-trip-quad-MS. Error bar is SE (n=4); Note that (a) and (b) are in logarithmic scale. (a) accumulation of DH(AA), DH
(AAOH); (b) relative levels of DH(AAA) (based on peak intensities due to lack standard (DH)AAA). The biggest effect of AN-PW +PDR2 was with AaLTP3 compared to leaves
infiltrated with only AN-PW genes (+2xEV) (5.7-fold increase AAOH; 6.2-fold increase DHAAOH; 4.1-fold increase AAA). Statistical significant differences based on Student's
t-test, p < 0.05 are indicated by letters. Error bar is SE; n=4. Relative fluorescence intensity of LTP-GFP transiently expressed in N. benthamiana increases in presence of AN
PW activity in (c) and (d). (c) Relative fluorescence of GFP-AaLTP1 -+ GFP-AaLTP2 + AaGFP-LTP3 with or without co-expressed AN-PW +AaPDR2 gene expression. (d) Relative
fluorescence of LTP3-GFP with or without AN-PW +AaDPR2 gene expression. The relative gene dosage of LTPs-GFP was equal between all experiments by equilibrating with
EV where needed. Results of two individual experiments combined (n > 54). PW: Artemisinin Pathway constructs V5, ALDH1, P450, DBR2; PW* means AN-PW genes with an
extra HMGR in the agroinfiltration; LTPs-GFP: AaLTP1-GFP + AaLTP2-GFP+ AaLTP3-GFP; PDR2: AaPDR2; EV: Empty Vector.
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Fig. 4. AN-PW product levels in N. benthamiana leaf apolast and leaf cells expressing AN-PW with or without AaLTP3 and AaPDR2 genes. Leaves were harvested at 6 dpi. The
leaf weight before and after the apoplast extraction was used to calculate the apoplast fluid not extracted from leaf. AN-PW product level remaining in leaf was calculated
and corrected for product level in non-extracted apoplast fluid. The biggest effect on product accumulation in the apoplast is by coexpression of AaPDR2 +AaLTP3+AN-PW
genes (2.6-fold increase AA; 5.3-fold increase DHAA) compared to levels infiltrated with AN-PW +2xEV. AAOH, artemisinic alcohol; AAA, artemisinic aldehyde; AA, arte-
misinic acid; DHAAOH, dihydroartemisinic alcohol; DHAAA, dihydroartemisinic aldehyde; DHAA, dihydroartemisinic acid. Error bar is SE; p < 0.05, n=5.
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partitioning of (DH)AAOH between water and chloroform. We
determined whether the increased accumulation of free AN-PW
products by AaLTP3 has an effect on total AN-PW activity by
measuring (DH)AA glycosides and glutathione conjugations by the
LC-QTOF-MS in leaves expressing the different combinations of
AN-PW, AaLTP3 and AaPDR2 genes. These measurements indicate
that glycosylated (DH)AAOH product levels are not much affected
by AaLTP3, but that glycosylated (DH)AA product levels are sig-
nificantly increased by AaLTP3 (Fig. S8). This is consistent with the
higher specific transport activity of AaLTP3 for (DH)AA than for
(DH)AAOH. The total flux through the AN-PW is also increased by
AaPDR2 and even stronger by AaLTP3+AaPDR2 (Fig. S8).

3.7. AaLTP3 blocks reflux of (DH)AA from apoplast into N. ben-
thamiana leaf cells

Since AaLTP3 enhances AN-PW product accumulation in the
apoplast when co-expressed with AN-PW genes, we tested whe-
ther this is due to a retention of AN-PW products by AaLTP3. In-
filtration of AA or DHAA in N. benthamiana leaves shows very rapid
uptake by cells and conversion to aldehydes and alcohols (Fig. 5a
and b), which we attribute to endogenous alcohol dehydrogenase
(ADH) activity. We used the uptake of AA by cells and subsequent
intracellular conversion to different glycosylated products, to
study the effect of AaLTP3 on retaining AA in the apoplast. Leaves
expressing only EV were not able to exclude AA from the cells,
resulting in high levels of AA- and DHAA-glycosides at 2 h post-
substrate infiltration. Expression of only AaPDR2 was able to
prevent ~27% of product conversion to glycosides, however,
AaLTP3 was able to prevent ~74% of product conversion to gly-
cosides, while the combined action of AaLTP3 + AaPDR2 prevented
up to ~82% of AA conversion inside the cell to glycosides (Fig. 5¢).
These results indicate that export of AA by AaPDR2 is not very
effective when this activity is not combined with a retention
system in the apoplast and that AaLTP3 functions in retention of
AA in the apoplast.

3.8. AaLTP3+AaPDR2 enhance accumulation of AN and AB in N.
benthamiana

The accumulation of the different pathway intermediates
(AAOH, AAA, AA, DHAAOH, DHAAA, DHAA) and the desired end-
products (AB and AN) in N. benthamiana leaves was measured at
different times post-agroinfiltration (Fig. 6, S9). Results show that
(DH)AA accumulates till 11 dpi, after which product levels decline
again. At 7 dpi no AN or AB is detected in leaves, but these com-
pounds start to accumulate from day 9 till 13, after which their
levels start to decline. Because T-DNA from agro-infiltration may
survive up to ~9 dpi (Kanagarajan et al., 2012a, 2012b), this sug-
gests that proteins may be active till 11 dpi and that the end
products AB and AN are not stable in N. benthamiana. In leaves
expressing AN-PW-+AaPDR2+AaLTP3 we detect signs of necrosis
at 9 dpi, which coincides with the first detection of AB, suggesting
that necrosis may play a part in the conversion of AA to AB. Be-
cause of the leaf necrosis we did not perform apoplast measure-
ments for samples harvested after 7 dpi.

4. Discussion

4.1. AaLTP3 affects the AN biosynthesis pathway activity in N.
benthamiana

Here we have investigated the role for AaLTPs and AaPDRs in
AN-PW product accumulation using transient expression in N.
benthamiana. The AaPDRs-+ AaLTPs together have a limited effect

600 Infiltration DHAA
5o
400 # DHAAOH
AAOH
300 [ | . DHAAA
nAAA
200 =DHAA
uAA
100 -
0 T T T -—\
1 min 30 min 120 min 240 min
® 1400
Infiltration AA
1200
1000 #DHAAOH
800 #AAOH
s DHAAA
600 2AAA
DHAA
400 -
nAA
- I I
0 | | _N
1 min 30 min 120 min 240 min
C
200 Infiltration AA, 120min
2180
2
§ 1601
£ 1404
§ 120 s AA-HEX2-MAL ([2M-H]
3 100 AA-HEX2-MAL(l)
Z 801 s AA-HEX2 (Il)
3 60 | s AA-HEX2 (1)
14
40 | rae
N B
04 . . .
2EV LTP3+EV  PDR2+EV LTP3+PDR2

Fig. 5. Bioconversion of DHAA or AA infiltrated in N. benthamiana leaves. (a)
Apoplast infiltration of DHAA (500 ng/mg) and harvest whole leaf disks at 1-
240 min; (b) Apoplast infiltration of AA (500 ng/mg) and harvest at 0-4 h; The
bioconversion of infiltrated AA or DHAA was only done once to determine the best
harvest time for the exclusion experiment of Fig. 4c (no error bars). Unit of AA,
DHAA, AAOH, DHAAOH is ng/mg except for AAA and DHAAA (relative peak in-
tensity) in (a) and (b). (¢) Semi quantification of AA entering cells after apoplast
infiltration of AA (2.67mM) at 3 dpi of N. benthamiana leaves expressing
AaPDR2+EV, AaLTP3+EV or AaPDR2+ AaLTP3 at 3 dpi and harvest whole leaf disks
120 min after infiltration of AA into the apoplast. Inside the cells AA is rapidly
glycosylated by addition of two hexose sugars (HEX2) which in some instances are
capped by and additional malonyl group (HEX2-MAL). Different forms of AA gly-
cosylated products elute at different times from the LC: (AA-HEX2-MAL (2 M-H),
AA-HEX2-MAL (I), AA-HEX2 (I) and A-HEX2 (II). Total AA levels entering the cell are
therefore quantified by combining the different peak intensities of glycosylated AA
products in the chromatograms. Units are based on peak intensities of the different
AA glycosylated products.

on boosting transport of AN-PW intermediates to the apoplast of
N. benthamiana leaves (Fig. 2). In contrast, the effect of coexpres-
sion of only AaPDR2+AaLTP3 with the AN-PW genes is more ef-
fective in accumulation of free AN-PW products (Fig. 3). This dif-
ference could be explained by the different number of Agro-
bacterium strains carrying the independent expression constructs
that are used for co-infiltration into the N. benthamiana leaves. In
Fig. 2 the total PW plus transport activity depends on co-expres-
sion of 10 genes in each cell. In Fig. 3 the total PW plus transport
activity is dependent on co-transformation with 8 gene constructs.
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Fig. 6. Accumulation of AN and AB in leaf tissues of N. benthamiana agro-infiltrated with AN-PW* genes with or without AaLTP3 and/or AaPDR2. Leaves were harvested at
times indicated and AN and AB levels were quantified by LC-trip-quad-MS. Because around 6 dpi necrosis starts in leaves for some of the treatments, all results are expressed
as ng per mg Dry Weight (DW). Error bar is SE; n=4. PW* means AN-PW genes with an extra HMGR in the agroinfiltration.

Indeed, control experiments have shown that the efficiency of co-
transformation by independent agrobacterium strains that are co-
infiltrated into N. benthamiana leaves drops off when more than
7 constructs are co-transfected. Therefore, in Fig. 2, more cells may
only express (part of the) PW genes and no genes for transport
activity compared to the experiment in Fig. 3.

For the two AaPDR genes we show that AaPDR2 is more ef-
fective for AN PW products (Fig. 2d). Moreover, we have collected
multiple lines of evidence that AaLTP3 functions with AaPDR2 in
the sequestration of AN-PW products: (1) AaLTP3 is coexpressed
with AN-PW genes and PDR transporter genes in glandular tri-
chomes (Table S1); (2) the AaLTP3 expression profile is similar to
that of AaPDR2 (Fig. S1) and AaLTP3 activity on free AN-PW
compound accumulation is highest in combination with AaPDR2
(Fig. 3); (3) AaLTP3 protein is extracellular (Fig. S2), while AaLTP3
enhances AN-PW product accumulation in the apoplast;
(4) AaLTP3 functions in retention of AA in the apoplast (Fig. 5);
(5) AaLTP3 protein stability is increased by AN-PW activity (Fig. S6)
suggesting some kind of functional interaction between AaLTP3
and AN-PW activity. For production of AN/AB in the apoplast only
the transport of (DH)AA supposedly would be relevant. It could be
that intermediates like (DH)AAOH, which apparently are trans-
ported to the apoplast (Figs. 2¢, 4c and d), recycle back into the cell
for further conversion and only for the end-product (DH)AA there
is a requirement to keep the product in the apoplast for conversion
to AN/AB. We note that PDRs+LTPs have an effect on accumula-
tion of (DH)AAA, a product not found in the apoplast wash. This
could indicate that also inside of the cells PDRs+LTPs affect se-
questering of metabolites.

4.2. The need of AaLTP3 function in planta

The experiments with apoplast infiltration of AA and DHAA
have shown that both of these compounds are rapidly taken up by
the cells of N. benthamiana and that endogenous enzyme activity
in N. benthamiana causes a strong reverse flux of (DH)AA to (DH)
AAA and (DH)AAOH. This is supposedly caused by endogenous
alcohol dehydrogenases (ADHs) or oxidoreductases that reduce
(DH)AA. Such activity may compromise accumulation of desired
AN-PW end-products in N. benthamiana. A similar activity was
detected in A. annua by Ryden et al.,, who characterized an oxi-
doreductase Red1, expressed in A. annua flowers that catalyses the
reduction of DHAAA to DHAAOH (Rydén et al., 2010). This suggests
that for heterologous expression systems and possibly also for A.
annua the removal of (DH)AA from the cytosol through transport
to and retention in the apoplast by AaLTP3 may be an important
driver for the AN-PW flux towards (DH)AA. Indeed, the specific

removal of (DH)AA from the endogenous AN-PW in N. benthami-
ana increased the overall flux through the AN-PW, as both free
(DH)AA and glycosylated (DH)AA product accumulation were in-
creased by co-expression of PDR2 and LTP3 (Figs. 3, 4 and S8),
while there was much less effect on free and glycosylated (DH)
AAOH (Fig. S8). Removal of DHAA by increased transport to the
apoplast may not necessarily lower the DHAA concentration, when
there is product feedback inhibition in the pathway (accumulated
DHAA inhibits pathway enzyme activity). In such case, increased
removal of DHAA by increased transport to the apoplast will result
in similar DHAA steady state level, but with increased flux. Both
the branch of transport to the apoplast and the branch towards
DHAA glycosylation may benefit from the increased flux through
the pathway.

4.3. Specificity of AaLTPs for AN-PW products

There are several lines of evidence that this effect of AaLTP3 is
specific for (DH)AA and is not caused by generation of a general
(lipid) sink for sesquiterpenes in the apoplast: (1) in contrast to
AaLTP3, AaLTP1 and AaLTP2 have little or no effect on free (DH)AA
accumulation in the apoplast. (2) AaLTP3 protein stability is in-
creased by AN-PW activity. Finally, transient co-expression of
AaLTP3 with the costunolide biosynthetic pathway from feverfew
(a sesquiterpene PW very similar to the AN-PW; (Liu et al., 2011))
in N. benthamiana did not affect costunolide accumulation, sug-
gesting specificity for (DH)AA and not any other lipid molecule.

4.4. Putative model of AaLTP3 function

The retention activity of AaLTP3 for AA cannot be explained by
a simple 1:1 binding to AA. If we assume an extreme high AaLTP3
production at 3 dpi of 1 mg/g FW in N. benthamiana, the estimated
molar ratio of (AaLTP3): (infiltrated AA) is approximately 1:635.
Although at present we can only speculate on how AaLTP3 fulfills
the retention activity in the apoplast, we favor the model in which
AaLTP3 transports AN-PW products from the space between the
plasma-membrane and the cell wall to the other side of the cell
wall at the site of inter cellular spaces. Once deposited at this site a
reflux back into the cell is then largely prevented. The empty LTP
may subsequently diffuse back to the plasma membrane to be re-
loaded by another (DH)AA molecule. The characterization of the
AaLTP3 and AaPDR2 has here been done in the context of N.
benthamiana leaf cells and not in the context of secretory trichome
cells. Although by agroinfiltration of N. benthamiana leaves leaf
epidermal cells are also subject to transformation, we did not find
any evidence that export of AN-PW products was enhanced in the
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epidermal cell layer (e.g. rapid chloroform dipping, which is suf-
ficient to release AN from glandular trichomes of A. annua, was not
sufficient to extract AN-PW products from N. benthamiana leaves
expressing AN-PW genes-+AaPDR2 +AaLTP3). Glandular trichomes
of A. annua are fully specialized in producing AN/AB and part of
the secretion system active in such specialized cells may still be
missing in our reconstituted system of AN-PW + PDR~+LTP genes.
Finally, the insight that LTPs may be needed to remove secreted
products from the plasma membrane to prevent reflux opens up
new possibilities in the engineering of biosynthesis pathways of
high value terpenes in heterologous expression systems.
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