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Monoterpenoid indole alkaloids (MIAs) are plant defense
compounds and high-value pharmaceuticals. Biosynthesis
of the universal MIA precursor, secologanin, is organized
between internal phloem-associated parenchyma (IPAP)
and epidermis cells. Transporters for intercellular transport
of proposed mobile pathway intermediates have remained
elusive. Screening of an Arabidopsis thaliana transporter li-
brary expressed in Xenopus oocytes identified AtNPF2.9 as
a putative iridoid glucoside importer. Eight orthologs were
identified in Catharanthus roseus, of which three, CrNPF2.4,
CrNPF2.5 and CrNPF2.6, were capable of transporting the
iridoid glucosides 7-deoxyloganic acid, loganic acid, loganin
and secologanin into oocytes. Based on enzyme expression
data and transporter specificity, we propose that several
enzymes of the biosynthetic pathway are present in both
IPAP and epidermis cells, and that the three transporters
are responsible for transporting not only loganic acid, as pre-
viously proposed, but multiple intermediates. ldentification
of the iridoid glucoside-transporting CrNPFs is an important
step toward understanding the complex orchestration of the
seco-iridioid pathway.

Keywords: Catharanthus roseus e Iridoid glucosides e Mobile
intermediates ¢ Monoterpenoid indole alkaloids ¢ NPF trans-
porters o Pathway orchestration.

Abbreviations: BSA, bovine seum albumin; 7DLGT, 7-deox-
yloganetic acid glucosyl transferase; 7DLH, 7-deoxyloganic
acid hydroxylase; GES, geraniol synthase; GFP, green fluor-
escent protein; G80, geraniol-8-oxidase; 10, iridoid oxidase;
IPAP, internal phloem-associated parenchyma; IS, iridoid
synthase; LAMT, loganic acid methyltransferase; LC-MS,
liquid chromatography—mass spectrometry; MIA, monoter-
penoid indole alkaloid MPGR, Medicinal Plant Genomics
Resource; NPF, NRT1/PTR family; qPCR, quantitative real-
time PCR; SGD, strictosidine glucosidase; SLS, secologanin
synthase; STR, strictosidine synthase; TDC, tryptophan
decarboxylase.

Introduction =

Plants are brilliant organic chemists and produce a plethora of
specialized metabolites such as flavonoids, phenylpropanoids, ter-
penoids and alkaloids with a myriad of biological properties. Within
the terpenoids, the monoterpenoid indole alkaloids (MIAs) consti-
tute a group of chemically diverse specialized metabolites with
pharmacological properties and activity against insect pests. The
biosynthesis of MIAs is highly complex, with numerous enzymes
and a sophisticated spatial organization (Courdavault et al. 2014, De
Luca et al. 2014, Dugé de Bernonville et al. 2015).

Madagascar periwinkle (Catharanthus roseus) is the most
widely utilized plant for studying the orchestration of the
MIA pathway. The MIA pathway is localized in at least four
different cell types and at least as many subcellular compart-
ments (St-Pierre et al. 1999, Mahroug et al. 2007, Verma et al.
2012, Courdavault et al. 2014). Initially, geraniol is produced
inside the plastids of internal phloem-associated parenchyma
(IPAP) cells, before being exported to the cytosol, where it is
converted into loganic acid (Murata et al. 2008, Courdavault
et al. 2014, Miettinen et al. 2014). Secologanin is synthesized
from loganic acid in the cytosol of the epidermis cells
(Miettinen et al. 2014). Secologanin and tryptamine are coupled
in the vacuole of the leaf epidermis cells to form strictosidine
(Supplementary Fig. S1) (Guirimand et al. 2011, Courdavault
et al. 2014, Miettinen et al. 2014). The later branches of the MIA
pathway are localized to epidermis cells, laticifers or idioblast
cells (Courdavault et al. 2014).

Recent mining of large-scale transcriptomic data from vari-
ous tissues, including jasmonate-inducible and epidermis-spe-
cific tissues (Murata et al. 2008, Gongora-Castillo et al. 2012,
Van Moerkercke et al. 2013), has resulted in the identification of
all genes in the seco-iridoid and strictosidine pathway from
geraniol pyrophosphate to strictosidine (Geu-Flores et al.
2012, Courdavault et al. 2014, Miettinen et al. 2014). As a
major subsequent breakthrough, heterologous production of
secologanin was achieved by reconstitution of the biosynthetic
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pathway by transient expression of the enzymes in Nicotiana
benthamiana (Miettinen et al. 2014), and by engineering the
strictosidine pathway into the yeast Saccharomyces cerevisiae
(Brown et al. 2015).

An important step towards understanding the orchestration
of the seco-iridoid part of the MIA pathway in C. roseus is to
determine the identity of the pathway intermediate that is
transported between the IPAP and the epidermis cells. The 7-
deoxyloganic acid hydroxylase (7DLH), which produces loganic
acid, is localized in the IPAP cells, as evidenced by in situ hy-
bridization and proteomics (Miettinen et al. 2014). The next
enzyme in the pathway, loganic acid methyltransferase (LAMT),
which produces loganin, was identified in the transcriptome
isolated from epidermis tissue (Murata et al. 2008), and was
confirmed by in situ hybridization to be localized in the epider-
mis (Guirimand et al. 2011), where secologanin synthase (SLS) is
also located (Irmler et al. 2000). Hence, loganic acid was pro-
posed to be the mobile intermediate (Miettinen et al. 2014).

Despite substantial progress in the identification of MIA
biosynthetic genes in the last few years, knowledge about the
transporters responsible for shuttling pathway intermediates
and end-products between cells and organelles is only starting
to form. Previously, an ABC transporter, CrTPT2, responsible for
exporting MIAs from the epidermis to the cuticle, was identi-
fied and characterized (Yu and De Luca 2013). Recently, a ni-
trate/peptide family (NPF) transporter from C. roseus,
CrNPF2.9, was identified and characterized as an exporter of
strictosidine from the vacuole to the cytosol (Payne et al. 2017).
Additionally, biochemical characterization of transport of MIAs
into the vacuolar storage compartment showed that this pro-
cess was mediated by a proton-driven antiporter, probably be-
longing to the multi-drug and toxic compound extrusion
(MATE) family (Carqueijeiro et al. 2013).

Itis inherently difficult to identify transporters of specialized
metabolites (Nour-Eldin and Halkier 2013, Larsen et al. 2017).
To date, the approaches used include substrate-induced ex-
pression analysis and co-expression analysis with biosynthetic
genes and regulatory loci (Shitan et al. 2003, Kidd et al. 2006,
Morita et al. 2009, Shoji et al. 2009, Hildreth et al. 2011, Shitan
et al. 2013). Recently, two Arabidopsis thaliana (hereafter
Arabidopsis) transporters, AtNPF2.10/GTR1 and AtNPF2.11/
GTR2 of the NPF family, were identified by screening a library
of Arabidopsis transporters expressed in Xenopus laevis oocytes
for glucosinolate uptake activity (Nour-Eldin et al. 2006, Nour-
Eldin et al. 2012). This approach does not require a priori know-
ledge about the nature of the transporter and therefore has
very broad application possibilities. Interestingly, the glucosino-
late transporters belong to the NPF family, a family proposed to
encompass transporters of specialized metabolites (Nour-Eldin
and Halkier 2013). Similarly, within the NUP/PUP family, an
increasing number of specialized metabolite transporters have
been identified (Hildreth et al. 2011, Ziirchner et al. 2016).

Using a functional genomics approach based on screening of
an Arabidopsis transporter cDNA library expressed in Xenopus
oocytes, we first identified Arabidopsis transporters capable of
importing the iridoid glucoside, loganin. On the basis of phylo-
genetic relationships, eight orthologous C. roseus transporters,

belonging to the NPF family, were identified, three of which
were capable of transporting multiple iridoid glucosides; 7-deox-
ologanic acid, loganic acid, loganin and secologanin, in vitro. One
transporter displayed high affinity towards loganin, and two
transporters showed medium affinity. We propose that the bio-
synthetic machinery overlaps between cell types and that mul-
tiple intermediates of the seco-iridoid pathway are subjected to
transport by these three identified CrNPF transporters.

Results

Identification of C. roseus iridoid glucoside
transporters

To identify iridoid glucoside importers, we first screened 290
Arabidopsis transporter cDNAs, expressed in Xenopus oocytes,
for uptake activity of the readily obtainable, commercially avail-
able iridoid glucoside, loganin. Two transporters were identi-
fied: the indole-specific glucosinolate transporter AtNPF2.9
(At1g18880) (Jorgensen et al. 2017) and the putative nucleo-
base ascorbate transporter AtNAT4 (At1g49960). AtNPF2.9 is a
member of the NRT1/PTR family (NPF) and a close homolog of
the broad-specific glucosinolate transporters AtNPF2.10 and
AtNPF2.11 (Nour-Eldin et al. 2012, Léran et al. 2014). As the
NPF family is proposed to encompass long-sought specialized
metabolite transporters (Nour-Eldin and Halkier 2013) and is
known to include glucoside transporters, we searched for
orthologs of the AtNPF2.9 transporter in C. roseus. Within the
transcriptome sequence of C. roseus (Van Moerkercke et al.
2013), 40 NPF members were identified. Phylogenetic analysis
identified a subclade of eight orthologous genes closely related
to AtNPF2.9 (Supplementary Fig. S2). All eight transporters
were expressed in Xenopus oocytes and screened for import
of loganin, along with the closely related iridoid glucoside, seco-
loganin. CrNPF2.4, CrNPF2.5 and CrNPF2.6 were able to import
both compounds (Fig. 1A). The three transporters grouped
phylogenetically within the CrNPF2 subclade (Supplementary
Fig. S2). The remaining five transporters were unable to import
loganin and secologanin, and were pooled to serve as a negative
control in subsequent experiments (this pool of transporters is
referred to as the CrNPF2 pool).

Biochemical characterization of C. roseus
transporters

To provide insight into the physiological role of CrNPF2.4,
CrNPF2.5 and CrNPF2.6, substrate specificities were investigated
in Xenopus oocytes by measuring uptake activities of four inter-
mediates in the seco-iridoid pathway: 7-deoxyloganic acid, loganic
acid, loganin and secologanin. CrNPF2.4, CrNPF2.5 and CrNPF2.6
transported all substrates (Fig. 1B), but appeared to exhibit only
low relative transport activity towards loganic acid. This was un-
expected as loganic acid is reasoned to be the most likely mobile
intermediate between IPAP and epidermis cells (Miettinen et al.
2014). For each of the three transporters, kinetic studies were
performed in Xenopus oocytes using loganin as the model sub-
strate, due to its commercial availability. The Michaelis—Menten
equation was fitted to the uptake data assuming single site


Deleted Text: also 
Deleted Text:  
Deleted Text: likely
Deleted Text: &amp;2013
Deleted Text: ).
Deleted Text: -
Deleted Text: mid-
Deleted Text: ),
Deleted Text: an
Deleted Text: F
Deleted Text: 1a
Deleted Text: P
Deleted Text: 1b
Deleted Text: -

Plant Cell Physiol. 58(9): 1507-1518 (2017) d0i:10.1093/pcp/pcx097 PCP

PLANT & CELL PHYSIOLOGY

A 6 |
250x10 | oganin

@ Secologanin
200x10° A

150x108 1

100x108 1

Peak area (counts)

50x108 1

Water inj.
C— CrNPF Pool
mmm CrNPF2.4
0.3 { === CrNPF2.5
3 CrNPF2.6

0.2 1

Relative uptake

0.1 1

ool mall MO

Secologanin Loganin Loganic acid 7-Deoxyloganic
acid

Fig. 1 Identification of C. roseus transporters with iridoid glucoside
uptake activity and determination of substrate specificities in Xenopus
oocytes. (A) Eight AtNPF2.9 orthologs from C. roseus were screened
for loganin and secologanin uptake in Xenopus oocytes. Transporter-
expressing oocytes were exposed to 250 LM substrate for 1h at pH 5.0.
Oocyte extracts were analyzed by LC-MS [n=2 (2 x 5 oocytes)]. (B)
The uptake specificities of CrNPF2.4, CrNPF2.5 and CrNPF2.6 were
determined using two substrate mixes; a 1:1 mix of loganin and
secologanin and a 1:1 mix of loganic acid and 7-deoxyloganic acid.
Oocyte extracts were analyzed for iridoid glucosides by LC-MS, and
peak areas of extracted ion chromatograms are depicted directly in
(A) and after normalization to compound concentrations in the assay
media (media concentration set to 1) in (B). Uptake was measured
with substrate concentrations of 250 WM for 30 min at pH 5.0 [error
bars are the SE; n =3 (3 x 3 oocytes)]. The CrNPF2 pool comprises the
five putative transporters CrNPF2.1, CrNPF2.2, CrNPF2.3, CrNPF2.7
and CrNPF2.8 which tested negative in the initial screen for loganin
and secologanin in (A).

saturation. The K, values for loganin for CrNPF2.4, CrNPF2.5 and
CrNPF2.6 were 237 + 35, 387 + 57 and 60 + 5 LM, respectively, at
pH 5.0 (Fig. 2A-C). This classifies CrNPF2.6 as a high-affinity
transporter and CrNPF2.4 and CrNPF2.5 as medium affinity loga-
nin transporters. Saturating conditions for transport were not
achieved for CrNPF2.4 and CrNPF2.5.

NPF members are typically proton-dependent symporters
(Nour-Eldin et al. 2012, Léran et al. 2014). We therefore inves-
tigated the pH dependency of CrNPF2.4, CrNPF2.5 and
CrNPF2.6, by assaying for loganin uptake at pH 5.0, pH 6.0
and pH 7.0. All three transporters displayed decreased loganin

transport activity with increasing pH (Fig. 2D). The pH depend-
ency was most pronounced for CrNPF2.4, having <4% activity
at pH 7.0 (compared with pH 5.0). For CrNPF2.6 and CrNPF2.5,
activity decreased below 40% at pH 7.0. This strongly suggests
that the transporters are proton-dependent symporters.
Additionally, to verify that the transporters were not promis-
cuous glucose transporters, accepting iridoid glucosides as sub-
strates, loganin transport was measured in the presence of
glucose in 10-fold excess. For all three transporters, the loganin
uptake activity was unaffected by the presence of glucose
(Supplementary Fig. S3). The high-affinity CrNPF2.6 transporter
was, furthermore, tested for ion dependency of loganin trans-
port. No effect was observed in response to altered Na* to K*
ratios (Supplementary Fig. S4). Finally, we tested whether the
loganin import of CrNPF2.6 was due to active transport activity
by observing if the substrate accumulated inside the trans-
porter-expressing oocytes to concentrations above the media
concentration. For CrNPF2.6, loganin accumulated to almost 3-
fold the media concentration when exposed to 12.5 LM loganin
for 20 min. This demonstrated that CrNPF2.6 actively trans-
ports loganin (Supplementary Fig. S5).

Identification of C. roseus loganin export activity

Since the directionality of secondary active plant transporters is
dependent on proton and substrate gradients (Geiger 2015), we
investigated if reversing the gradients resulted in export activity.
All eight C. roseus transporters were tested for export activity by
co-injecting CrNPF2 cRNAs with a mixture of 7-deoxyloganic
acid, loganic acid, loganin and secologanin into the oocytes.
After incubation for 3d (to allow for transporter expression),
iridoid glucoside export was measured as a decrease in substrate
content within the oocytes. Loganin was the only substrate that
showed transporter-dependent decreases and only in CrNPF2.6-
and CrNPF2.5-expressing oocytes (Fig. 3). Loganic acid and 7-
deoxyloganic acid levels remained close to the levels of the
CrNPF2 pool- and water-injected control oocytes for all trans-
porters, indicating that they were not exported. Secologanin
could not be detected in any of the injected oocytes. This sug-
gests that secologanin was either metabolized within the oocyte
or exported by endogenous transporters. Together, the import
and export data demonstrated reversibility of the direction of
loganin transport, but only for CrNPF2.5 and CrNPF2.6.

It is surprising that none of the transporters was able to
export loganic acid and 7-deoxyloganic acid as proton-depend-
ent transporters—at least theoretically—can transport bidirec-
tionally, depending on the electrochemical gradients (Geiger
2015). A possible explanation could be that the oocyte cytosol
functions as an acid trap. The different protonation states of
the carboxylic acids, loganic acid and 7-deoxyloganic acid, at pH
7.4 inside the oocyte vs. pH 5.0 outside, may influence substrate
recognition by the transporters.

Characterization of CrNPF2.6 loganin export
activity

To investigate if loganin was truly exiting the oocytes in a trans-
port-dependent manner, as opposed to being immobilized or
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Fig. 2 Kinetic characterization of CrNPF2.6, CrNPF2.4 and CrNPF2.5. (A-C) Michaelis—Menten saturation curves for loganin uptake for (A)
CrNPF2.4, (B) CrNPF2.5 and (C) CrNPF2.6 [error bars are the SE; n = 4 (4 x 4 oocytes) for all data points]. For the relative loganin uptake in (A-C),
Vimax is defined as 1. (D) CrNPF2.6, CrNPF2.4 and CrNPF2.5 pH dependency for loganin transport. The relative loganin uptake displayed on the y-
axis in (D) is the loganin uptake rate at the given pH normalized to the uptake rate of each of the respective transporters at pH 5.0 [error bars are
the SE; n =3 (3 x 3 oocytes) for all data points; *P < 0.05, **P < 0.01, Student’s t-test]. Loganin contents (A-D) were quantified by LC-MS analysis.
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Fig. 3 Iridoid glucoside efflux assay of the CrNPF2 transporters in
Xenopus oocytes. The eight CrNPF2 transporters were screened for
iridoid glucoside efflux from Xenopus oocytes by cRNA and substrate
co-injection. After transporter expression, the internal loganin, loganic
acid and 7-deoxyloganic acid concentrations in the oocytes were
normalized to the substrate content of oocytes injected with a
water and substrate mix (Neg. ctrl) and displayed as relative signal
intensity [error bars are the SE; n = 3 (3 x 3 oocytes) for all data points;
*P < 0.05 **P <0.01, Student’s t-test]. Iridoid glucosides were de-
tected by LC-MS.

metabolized, an export assay was developed to measure the
loganin concentrations in the media outside CrNPF2.6-express-
ing oocytes. Loganin was injected directly into the transporter-
expressing oocytes to achieve internal substrate concentrations
of approximately 0.5, 1 and 10 mM. Loganin build-up in the
medium revealed that export was facilitated by CrNPF2.6 in a
concentration-dependent manner, confirming our results from
the first export assay. The data also revealed a concentration-
independent background level of loganin exported from the oo-
cytes. It is possible that this intrinsic loganin export is the result
of saturated endogenous transporter activity at all the tested
substrate concentrations or leakage, post-substrate injection.
Nevertheless, the CrNPF2.6-dependent export was significantly
larger than the endogenous export for all tested loganin con-
centrations (Fig. 4). Comparison of import and export activity
suggests that the transporter functions as an importer.

Characterization of CrNPF2 localization and
expression

Previous studies have shown that NPF transporters localize
either to the plasma membrane or to the tonoplast
(Weichert et al. 2012). Subcellular localization of CrNPF2.4,
CrNPF2.5 and CrNPF2.6 was therefore investigated by
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Fig. 4 Loganin export by CrNPF2.6. Loganin export from CrNPF2.6-
expressing oocytes injected to a final internal concentration of 0.5, 1
and 10 mM loganin. Loganin accumulation was detected in the media
by LC-MS [error bars are the SE; n=3 (3 x 3 oocytes) for all data
points]. t-tests were performed between the media samples of oocytes
not expressing heterologous transporters (Water) and media samples
of the CrNPF2.6-expressing oocytes to confirm that the loganin trans-
port was transporter dependent (*P < 0.05, **P < 0.01).

infiltrating N. benthamiana leaves with constructs encoding
green fluorescent protein (GFP)-tagged variants of the trans-
porters. Post-plasmolysis, confocal imaging of the infiltrated
leaves shows all three transporters to be localized to the
plasma membrane, seeing that Hechtian strands were formed
(Fig. 5). We then investigated the expression levels of the trans-
porter genes, CrNPF2.4, CrNPF2.5 and CrNPF2.6, and all known
characterized genes from the MIA, triterpene and their precur-
sor pathways by mining publicly available C. roseus transcrip-
tome data (Van Moerkercke et al. 2013). Co-regulation was
assessed by hierarchical clustering of expression data from
three RNA-Seq compendia: (i) selected C. roseus tissues; (i) C.
roseus hairy roots elicitated with jasmonate; and (iii) C. roseus
suspension cells elicited with jasmonate or overexpressing tran-
scription factors (Fig. 6). The data indicated that the three
transporters were expressed in all tested C. roseus organs and
were jasmonate inducible in seedlings. Expression of CrNPF2.5
and CrNPF2.6 was also jasmonate inducible in hairy roots and
suspension cells (Fig. 6; Supplementary Table S4). Furthermore,
the cluster analysis indicated that CrNPF2.6, encoding the trans-
porter with the highest affinity for loganin, grouped together
with LAMT, SLS, strictosidine synthase (STR) and strictosidine
glucosidase (SGD) genes, and showed the highest co-regulation
with these genes across the three compendia. CrNPF2.6 expres-
sion is additionally controlled by the known MIA regulator
ORCA (octadecanoid-responsive Catharanthus AP2-domain)
(van der Fits and Memelink 2000, Miettinen et al. 2014), like
the SLS and STR genes, further supporting its role in MIA syn-
thesis (Fig. 6).

Next, we investigated CrNPF expression at the cellular level.
In situ hybridization was attempted on young seedling leaves,
the material typically used for this technique. Unfortunately, no
signals were obtained for CrNPF2.4 or CrNPF2.6, the two

transporters with the highest expression in this tissue
(Supplementary Table S4). The lack of detectable signal
showed that the level of CrNPF2.4 and CrNPF2.6 transcripts
was low as compared with that of the enzyme-encoding
genes (Supplementary Table S4). Therefore, we investigated
the cell specificity of CrNPF2.4, CrNPF2.5 and CrNPF2.6 expres-
sion together with MIA pathway genes by quantitative real-
time PCR (qPCR) on two sets of C. roseus tissues. The first set
was derived from stems, from which we separated the epider-
mis from the rest of the stem tissue, and the second set was
derived from leaves, from which we dissected the central vein,
as well as nearly veinless tissue (Van Moerkercke et al. 2015).
These sets were validated by expression analysis of known epi-
dermal marker genes, such as tryptophan decarboxylase (TDC)
and SGD (St-Pierre et al. 1999, Guirimand et al. 2010), and
known IPAP-localized transcripts, such as geraniol synthase
(GES), geraniol-8-oxidase (G80) and iridoid synthase (IS)
(Burlat et al. 2004, Simkin et al. 2013). This analysis did not
reveal a pronounced cellular specificity in the expression of
CrNPF2.6 (Fig. 7), suggesting that this transporter may be ex-
pressed across different cell types, both in leaves and in stems.
In the stem, CrNPF2.4 and CrNPF2.5 exhibited a similar expres-
sion pattern to the iridoid synthesis genes iridoid oxidase (10), 7-
deoxyloganetic acid glucosyl transferase (7DLGT) and 7DLH, i.e.
all showed enrichment in non-epidermal cells, although not as
absolute as the markedly IPAP-specific genes GES, G80 and IS
(Fig. 7). In the leaves, CrNPF2.4 exhibited a similar expression
pattern to LAMT, for which we notably did not observe enrich-
ment in the epidermis, either in stems or in leaves. This suggests
that LAMT may also be expressed in non-epidermal cells, as also
suggested by Murata et al. (2008). Together, this suggests that
loganin production may not be restricted to the epidermis and
that the CrNPF transporters could function as loganin impor-
ters in the epidermis. The enrichment of 7DLH and 7DLGT
expression in IPAP tissues, particularly in stem tissue, also con-
firmed loganic acid as a candidate mobile intermediate.
However, the IPAP enrichment of these two genes was less
pronounced than that of the upstream iridoid genes, and ex-
pression of both genes was not excluded from epidermal-en-
riched tissue, as was the case for the upstream iridoid genes
(Fig. 7). This analysis suggests 7-deoxyloganic acid as yet an-
other candidate mobile intermediate. Conversely, although SLS
expression was clearly enriched in epidermal tissues, it behaved
differently from, for example, SGD as it was still present in IPAP-
enriched tissues (Fig. 7). This suggests that secologanin may
also be a candidate mobile intermediate.

Discussion

By functional screening of an Arabidopsis transporter library in
Xenopus oocytes, we initially identified the loganin-transporting
AtNPF2.9, and, secondly, by screening eight orthologous C.
roseus transporters, we identified three CrNPF2 transporters,
CrNPF2.4, CrNPF2.5 and CrNPF2.6, capable of transporting
the iridoid glucosides 7-deoxyloganic acid, loganic acid, loganin
and secologanin. The three transporters localized to the plasma
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CrNPF2.4

CrNPF2.4
(Plasmolysed)

CrNPF2.5

CrNPF2.5
(Plasmolysed)

CrNPF2.6

CrNPF2.6
(Plasmolysed)

' =
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DIC Overlay

Fig. 5 CrNPF2.4, CrNPF2.5 and CrNPF2.6 localize to the plasma membrane upon transient expression in N. benthamiana. GFP-tagged variants of
CrNPF2.4, CrNPF2.5 and CrNPF2.6 were infiltrated into N. benthamiana leaves to investigate subcellular localization by confocal imaging. All
three GFP-tagged CrNPFs were imaged before and after plasmolysis. Plasma membrane localization was evident for all CrNPFs by the formation
of Hechtian strands upon plasmolysis. Arrows point to observed Hechtian strands. Differential interference contrast (DIC) microscopy images

show cell morphology. Scale bars are 10 um.

membrane and imported the four iridoid glucosides with dif-
ferent relative activity at pH 5.0, i.e. the pH of the apoplast. With
loganin as substrate, we characterized CrNPF2.6 as a high-affin-
ity iridoid glucoside transporter and CrNPF2.4 and CrNPF2.5 as
medium affinity transporters.

In the seco-iridoid pathway, loganic acid is reasoned to be
the mobile intermediate which is moved between IPAP and
epidermal cells. This prediction is based on the expression of

7DLH (produces loganic acid from 7-deoxyloganic acid) and
LAMT (produces loganin from loganic acid) in IPAP and epi-
dermis cells, respectively (Courdavault et al. 2014, Miettinen
et al. 2014). The evidence for 7DLH expression in IPAP cells
comes from RNA in situ hybridization experiments in leaves,
as well as proteomics analysis, that show enriched 7DLH expres-
sion in mesophyll-derived protoplasts (which include the IPAP
cells), compared with epidermis-derived protoplasts (Miettinen
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Fig. 6 Co-expression analysis of CrNPF and terpenoid biosynthetic genes. The co-expression of CrNPF2.4, CrNPF2.5 and CrNPF2.6 with known
terpenoid biosynthetic genes was assessed by cluster analysis of expression patterns using three compendia consisting of selected RNA-Seq data
from (i) C. roseus organs from the MPGR consortium, in which values were normalized to the seedling reads (SEEDL) (ML, mature leaf; IM,
immature leaf); (i) C. roseus hairy roots from the MPGR consortium, in which values were normalized to wild-type hairy roots (HR_WT) (HR_6h
and HR_24h were hairy roots treated with MeJA for 6 h and 24 h); and (iii) C. roseus cell suspension cultures from the ORCAE database from the
SmartCell consortium (http://bioinformatics.psb.ugent.be/orcae/overview/Catro), in which values were normalized to the control cell culture
(CC_c) (CC_JA, jasmonic acid-treated cell culture; CC_O2 and CC_O3, cell culture overexpressing ORCA2 and ORCA3). Average linkage hier-
archical clustering with Pearson correlation was used. Blue and yellow denote relative down-regulation and up-regulation to the corresponding
control in each of the three compendia, respectively. Genes indicated in gray were not expressed in particular organs or cultures.

et al. 2014). Similarly, the evidence for LAMT expression in leaf ~ may also be expressed in other cell types (Murata et al. 2008).
epidermis cells is RNA in situ hybridization and proteomics data  Interestingly, LAMT is not the only pathway enzyme being ex-
that show enrichment in leaf epidermis, compared with the pressed across several tissues. According to our qPCR data,
whole leaf (Murata et al. 2008, Guirimand et al. 2011). LAMT  pathway genes including 7DLGT, 7DLH, LAMT and SLS clearly
expression is, however, not restricted to epidermal cells. LAMT  show expression in additional cell types to those previously
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reported. This strongly suggests that there is a significant over-
lap in expression of pathway enzymes between IPAP and epi-
dermal cells.

The high affinity of CrNPF2.6 for loganin combined with
LAMT expression across several tissues suggests that loganin
may also be a mobile intermediate. However, although LAMT
is highly specific for loganic acid, the K, value of 12.5-14.8 mM
is remarkably high (Madyastha et al. 1973, Murata et al. 2008)
and >1,000-fold higher than those of two previously character-
ized carboxyl methyltransferases (jasmonic acid methyltransfer-
ase and salicylic acid methyltransferase) (Ross et al. 1999, Seo
et al. 2001). Thus, one may speculate whether another, as yet
unidentified, methyltransferase, located within the IPAP cells,
could be responsible for synthesizing loganin from loganic acid,
supporting that loganin is the predominant mobile intermedi-
ate. Mining of the C. roseus transcriptome did not, however,
yield any obvious candidate methyltransferase homolog with
high sequence similarity or relevant co-expression pattern.

Our identification of three iridoid glucoside transporters
that transport multiple pathway intermediates (7-deoxyloganic
acid, loganin, secologanin as well as loganic acid) challenges the
pathway model with only one mobile pathway intermediate,
loganic acid. The simultaneous expression of 7DLGT, 7DLH,
LAMT and SLS in particular in both IPAP and epidermal cells
suggests a functional overlap in the pathway between the two
cell types. Noticeably, in our expression analysis, a gradual in-
crease of 10, 7DLGT, 7DLH, LAMT and SLS expression was
observed in the epidermis of C. roseus stems. This suggests
that these enzymes are expressed along a gradient across the
cell types and that different intermediates could be transported
by one or more transporters (Fig. 7). Attempts to provide in
planta evidence by down-regulation of the transporters by
virus-induced gene silencing were, unfortunately, inconclusive
(Supplementary Fig. S6). Respectable levels of gene silencing,
between 42% and 71%, were achieved for CrNPF2.4 and
CrNPF2.6, individually and for the two genes in combination.
This did, however, not produce a metabolic phenotype. We
expect that the redundancy in transport activity will require
simultaneous, complete silencing, or gene knockout, of all three
CrNPF transporters before a phenotype can be observed.

Our approach, screening a sequence-indexed transporter
library from a heterogeneous species, enabled the identification
of three iridoid glucoside transporters from C. roseus, although
unknown transporters with less promiscuous substrate recog-
nition profiles and higher affinity may also exist. Recent studies
on transport substrate specificity have shown that transporters
within a given species can be rather promiscuous and capable
of transporting compounds foreign to its host. As an example,
the similar but structurally distinct cyanogenic glucosides and
glucosinolates can be transported by the NPF transporter
Me14G074000 from Manihot esculenta (cassava), although glu-
cosinolates are not synthesized by this species (Jargensen et al.
2017).

The identification of three CrNPF transporters capable of
importing four different iridoid glucosides supports the possi-
bility of having multiple mobile pathway intermediates and we
therefore propose that CrNPF2.4, CrNPF2.5 and CrNPF2.6 play a

role in transporting multiple iridoid intermediates between
IPAP and epidermal cells (Fig. 8). We will continue rigorously
to resolve the localization of pathway intermediates, biosyn-
thetic enzymes and transporters across all relevant plant tis-
sues, to refine our understanding of the complex orchestration
and organization of this model pathway.

Materials and Methods I

Functional screening of an Arabidopsis
transporter cDNA library expressed in Xenopus
oocytes

A library consisting of 290 full-length Arabidopsis transporter cDNAs was
screened for loganin uptake in Xenopus oocytes. The screen was performed
using the transporter identification platform developed by Nour-Eldin et al.
(2006, 2012). In brief, the library was divided into 29 pools of each 10 cRNA
species (50 ng ™" cRNA) and was injected into Xenopus oocytes. Injected oo-
cytes were kept for 2—-4d at 17°C in Kulori pH 7.4 (90 mM NaCl, Tm M KC|,
1 mM CaCl,, T mM MgCl, and 5 mM HEPES), containing 100 igml™" gentamy-
cin (Duchefa Biochemie). Loganin uptake assays were performed by incubating
transporter-expressing oocytes for 1h in Kulori pH 5.0 (90 mM NaCl, TmM
KCl, 1mM CaCl,, 1TmM MgCl, and 5mM MES) with 0.5-1mM
loganin {(1S,4aS,6S,7R,7aS)-6-hydroxy-7-methyl-1-[(2S,3R,4S,55,6R)-3,4,5-trihy-
droxy-6-(hydroxymethyl)oxan-2-ylJoxy-1,4a,5,6,7,7a-hexahydrocyclopenta[c]-
pyran-4-carboxylate; Sigma}. Methanol extracts were prepared from the
assayed oocytes by disrupting them in 50% (v/v) methanol. After overnight
incubation at —-20°C, the extracts were centrifuged (>14,000 relative centrifugal
force at 4°C for 10 min) and the supernatants were analyzed by liquid chro-
matography—mass spectrometry (LC-MS) (described below). Pools testing posi-
tive for loganin uptake were assayed as single transporters, to identify the
membrane protein(s) responsible for transport.

Identification of the CrNPFs in C. roseus

By performing BLASTX searches in the CathaCyc database [a metabolic path-
way database from C. roseus built from RNA-Seq data (Van Moerkercke et al.
2013) (www.cathacyc.org)] using the nucleotide sequence of AtNPF2.9
(AT1G18880) and CRG200 (Genbank accession AM232415, corresponding to
CrNPF2.1; Caros007724.1) (Rischer et al. 2006) as query, transcripts correspond-
ing to at least 40 NPF proteins were identified. To obtain the full-length open
reading frames of partial sequences, additional BLASTN searches with the par-
tial sequences were performed in CathaCyc and the C. roseus transcriptome
database from the Medicinal Plant Genomics Resource (MPGR) consortium
(medicinalplantgenomics.msu.edu).

Cloning of CrNPF transporter genes

For heterologous expression in Xenopus oocytes, CrNPF2.1 (Caros 007724.1),
CrNPF2.7 (Caros010326.1), CrNPF2.6 (Caros010208.1), CrNPF2.8 (Caros019517.1),
CrNPF2.4 (Caros022254.1), CrNPF2.3 (Caros027020.1), CrNPF2.2 (Caros028411.1)
and CrNPF2.5 (Caros015290.1) were Gateway cloned from C. roseus cDNA into
pDONR221 (Invitrogen) and subcloned into the oocyte expression vector pOO2-
GW (Ludewig et al. 2002, Chen et al. 2010). RNA was isolated from methyljasmo-
nate (MeJA)-treated C. roseus leaves using the RNeasy plant mini kit (Qiagen) and
cDNA was synthesized with the iScript cDNA kit (BioRad). The transporters were
PCR amplified from the cDNA using primers containing attB sites (Supplementary
Table S1). PCR amplification was performed with the Phusion High-Fidelity DNA
Polymerase (Thermo Scientific) according to the manufacturer’s instructions. PCR
products were purified using the GeneJet Gel Extraction Kit (Thermo Scientific), BP
recombined into pDONR221 (Invitrogen) according to manufacturer’s instructions
and transformed into chemically competent Escherichia coli DH50 cells. Entry
plasmids were isolated using the GeneJet plasmid miniprep kit (Thermo
Scientific) according to the manufacturer’s instructions [using kanamycin
(Duchefa Biochemie) for selection], sequence verified, and LR recombined into
pOO2-GW. LR reactions were performed using 1l of pOO2-GW (~50 ng ™),
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Fig. 7 Expression of CrNPF2.4, CrNPF2.5, CrNPF2.6 and MIA biosyn-
thetic genes in C. roseus tissues. Quantitative PCR analysis showing
expression of CrNPF2.4, CrNPF2.5, CrNPF2.6 and MIA biosynthetic
genes in stem- (A) and leaf-derived (B) tissues. Values are normalized
to the controls, whole stems (A) and whole leaves (B), set to 1 (error
bars are the standard error; n = 3 biological repeats). WS, whole stem;
PS, peeled stem; SE, stem epidermis; WL, whole leaf; CV, central leaf
vein; VL, veinless leaf tissue; GES, geraniol synthase; G8O, geraniol 8-
oxidase; IS, iridoid synthase; 10, iridoid oxidase; 7DLGT, 7-deoxyloga-
netic acid glucosyltransferase; 7DLH, 7-deoxyloganic acid hydrolase;
LAMT, loganate O-methyltransferase; SLS, secologanin synthase;
TDC, L-tryptophan decarboxylase; STR, strictosidine synthase; SGD,
strictosidine [B-p-glucosidase.

1l of Entry clone (~70ngpl™") and 0.5 ul of LR clonase Il (Invitrogen). The ex-
pression plasmids were isolated as described for the Entry clones.

Preparation of cRNA for expression in Xenopus
oocytes

The Entry plasmids were used to create linear DNA templates for in vitro
transcription by PCR. PCR amplification was performed using the forward
primer 5TGTGCTGAATTGTAATACGACTCACTATAGGGAGCTTGCTTGTT
CTTTTTGC3/, the reverse primer 5 CCATTCGCCATTCAGGCT3' and
HotMaster Taq DNA Polymerase (Five Prime), according to the manufacturer’s
instructions. The following PCR amplification cycle was used: initial denatur-
ation at 94°C for 2 min; 35 cycles of 94°C for 20’5, 55°C for 10s and 70°C for
2 min; final extension at 70°C for 10 min. PCR products were purified using the
QIAquick PCR Purification Kits (Qiagen). In vitro transcription was performed

for each transporter gene by mixing 8 pul of purified PCR product with 42 pl of
transcription master mix: [1x T7 transcription buffer (Fermentas), 10 mM
dithiothreitol (DTT), 25 ugml™" bovine serum albumin (BSA), 1TmM rATP,
1mM rUTP, 1mM rCTP, 0.05 mM rGTP (lllumina), 80 U of T7 RNA polymerase
(Fermentas), 20 U of Ribolock RNase (Fermentas), 0.01 U of inorganic pyropho-
sphatase (Fermentas) and 0.06 U of 3'-OMe-7 mG(5")ppp(5')G RNA cap struc-
ture analog (NEB)]. The reactions were incubated at 37°C for 30 min (capping
step) before 0.5 il of 100 mM rGTP was added. Incubation was continued at
37°C for an additional 2-3 h. The cRNAs were recovered by LiCl precipitation.
Briefly, 100 ul of 7.5M LiCl was added to each reaction before storing them
overnight at —20°C. The cRNAs were pelleted by centrifugation (>14,000 rela-
tive centrifugal force for 15 min at 4°C) and the supernatants were discarded.
The pellets were washed with 70% (v/v) ethanol and air-dried. The cRNAs were
resuspended in 20 pl of water and concentrations were normalized to
200 ngpl™".

Xenopus oocyte preparation

Xenopus oocytes were ordered from Ecocyte Bioscience or prepared as
described by Romero et al. (1998). Briefly, oocytes were obtained by surgery,
dissected and defolliculated for 1-2 h, with horizontal mixing (60 r.p.m.), in
digestion solution [90 mM NaCl, 1mM KCl, 1TmM CaCl,, 1TmM MgCl,, 5mM
HEPES, 10g I”" collagenase type 1 (Worthington) and 1g ™" trypsin inhibitor
(Sigma)]. Oocytes were washed (90 mM NaCl, 1TmM KCl, 1TmM CaCl,, TmM
MgCl,, 5 mM HEPES and 1g 17" BSA) and incubated for 1h in phosphate buffer
pH 6.5 (1g 17" BSA and 100 mM K,HPO,). After a final wash-step with Kulori
buffer pH 7.4, stage V and VI oocytes were selected for injection on the follow-
ing day.

Transporter expression in Xenopus oocytes by
cRNA microinjection

For transporter expression, Xenopus oocytes were injected with single trans-
porter cRNAs (200 ng pl™") or the CrNPF2 pool (CrNPF2.1, CrNPF2.2, CrNPF2.3,
CrNPF2.7 and CrNPF2.8; 40 ng pl™" of each cRNA). Mock RNA or water was
used to inject oocytes which served as negative controls. The cRNAs were
manually injected into oocytes using a Nanoject II"™ Auto-Nanoliter Injector
(Drummond) set to inject 50 nl. After injection, the oocytes were incubated for
3d at 17°C in Kulori pH 7.4 with 100 ugml™" gentamycin.

Uptake assays

Uptake assays (not including uptake assays for K,,, determination; see below) were
performed by incubating transporter-expressing oocytes for 30—60 min at room
temperature in Kulori pH 5.0-based buffers containing 250 L{M 7-deoxyloganic
acid  {(15,4aS,7S,7aR)-1-(B-o-glucopyranosyloxy)-7-methyl-1,4a,5,6,7,7a-hexahy-
drocyclopenta[c]pyran-4-carboxylic acid; provided by Karel Miettinen}, loganic
acid {(15,4aS,65,7R,7aS)-1-(B-o-glucopyranosyloxy)-6-hydroxy-7-methyl-1,43,5,6,7,
7a-hexahydrocyclopenta[c]pyran-4-carboxylic acid; provided by Nicolas Navrot},
loganin or secologanin [methyl (25,3R,4S)-3-ethenyl-2-(B-p-glucopyranosyloxy)-4-
(2-oxoethyl)-3,4-dihydro-2H-pyran-5-carboxylate; Sigma]. Assays were stopped by
rinsing the oocytes four times in Kulori pH 7.4 and disrupting them in 100 pul of
50% methanol. Samples were filtered using MSFBN6B MultiScreenHTS FB filter
plates (1.0/0.65 um, Milipore) and analyzed by LC-MS.

K., studies of loganin uptake

The K, determination studies for CrNPF2.4, CrNPF2.5 and CrNPF2.6, using
loganin, were performed at pH 5.0 in Kulori buffer using substrate concentra-
tions ranging from 12.5 UM to 2 mM. Appropriate incubation times were deter-
mined for each substrate concentration, for all three transporters. This was
done using uptake assays to identify incubation times for which the transport
rate (V) was approximately equal to the initial transport velocity (V). The
purpose of these experiments was to define assay conditions where back-trans-
port of substrate could be disregarded. All K, assays were performed in media
volumes of 500 pl with a minimum of 4 x 4 oocytes per substrate concentra-
tion. Oocyte extracts and LC-MS analysis were performed as previously
described. The data was fitted to the Michaelis—Menten equation, assuming
one site saturation {f = B, X abs(x)/[Kq + abs(x)]} using SigmaPlot 12.5 (Systat
Software).
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Fig. 8 Model for orchestration of the seco-iridoid pathway with multiple mobile intermediates. The broad iridoid glucoside substrate specificity
of CrNPF2.4, CrNPF2.5 and CrNPF2.6 allows for the existence of multiple mobile intermediates between the IPAP and epidermal cells. This
suggests that one or more of the three transporters could function to import mobile intermediates into epidermal cells or other cell types where

MIAs are produced.

Efflux assays

For the export screen, the cRNAs were mixed with 7-deoxyloganic acid, loganic
acid, loganin and secologanin, to a final concentration of 40 WM iridoid gluco-
side, prior to oocyte injection. The oocytes were incubated for 3d at 17°C in
Kulori pH 7.4 with 100 pg ml™" gentamycin for transporter expression. On day 3,
oocytes pools, injected with single cRNAs or cRNA pools, were split in two and
incubated in Kulori pH 5.0 or pH 7.4 for 1h. Oocyte extracts were prepared for
LC-MS analysis as described above for the uptake assays. Loganin export was
further characterized for CrNPF2.6 using an additional export assay. CrNPF2.6-
expressing oocytes were injected with loganin stock solutions to achieve in-
ternal concentrations of approximately 0.5, 1 and 10 mM (oocyte volume was
assumed to be 1 pl). After a 10 min recovery period in Kulori buffer pH 7.5, the
oocytes were transferred to Kulori pH 5.0 for 1h. The loganin content in the
Kulori pH 5.0 assay media was analyzed for its loganin content by LC-MS after
filtering (1 pum).

Iridoid glucoside detection by LC-MS analysis

LC-MS analysis was performed using an Agilent 1100 Series LC (Agilent
Technologies) coupled to a Bruker HCT-Ultra ion trap mass spectrometer
(Bruker Daltonics). The mass spectrometer was run in positive electrospray
mode and loganin was detected from integration of extracted ion chromato-
grams. All iridoid glucosides were detected as single-charged sodium adducts
[M + Na*]: 7-deoxyloganic acid, m/z 383; loganic acid, m/z 399; secologanin, m/
z 411; and loganin, m/z 413. For details on the LC set-up, see Supplementary
Table S2.

Confocal microscopy of Agrobacterium-infiltrated
N. benthamiana leaves

The constructs for CrNPF localization, and a pCaMV35S;p19 construct to sup-
press gene silencing (Voinnet et al. 2003), were individually transformed into
the Agrobacterium tumefaciens strain C58C1, carrying the pMP90 helper plas-
mid. The resulting strains were used for infiltration of N. benthamiana (Onrubia
et al. 2014). Plasmolysis was performed by immersing leaf discs in 1M KNO,

10 min prior to imaging (Szydlowski et al. 2013). Microscopic analysis was
carried out with an LSM 710 confocal laser scanning microscope (Zeiss)
using a X 63 water immersion objective (numerical aperture of 1.2). GFP was
excited at a wavelength of 488 nm and emission was detected at 500-550 m.

Quantitative (q)PCR analysis of C. roseus stem
and leaf tissues

Stem and leaf tissues were generated as described (Van Moerkercke et al. 2015).
In brief, whole stem tissue was collected between the mature leaves of green-
house-grown plants. Stem epidermis-enriched tissue and peeled stems were
obtained by peeling mature stems with a potato peeler. Central leaf vein tissue
was cut out from leaves with a scalpel. To obtain veinless leaf tissue from leaves,
the central vein was removed from the leaf, and then the tissue between the
secondary veins was cut out with a scalpel. Tissue samples were ground in liquid
nitrogen and total RNA was extracted with RNeasy (Qiagen). A 1 g aliquot of
DNase-treated total RNA was used for cDNA synthesis with iScript (BioRad).
Gene-specific primers for qPCR were designed with the online software Primer3
(http://biotools.umassmed.edu/bioapps/primer3_www.cgi)  (Supplementary
Table S3). Two reference genes for normalization, N2227 and SAND, were
used for the experiments (Pollier et al. 2014). gqPCR was performed using a
Lightcycler 480 (Roche) with SYBR Green QPCR master Mix (Stratagene). All
measurements represent the average of three biological replicates; each biolo-
gical replicate comprises two technical replicates.

Data deposition

The sequences reported herein have been deposited in the GenBank data
libraries under accession numbers KR054375-KR054382 for CrNPF2.1-
CrNPF2.8, respectively.

Supplementary data =

Supplementary data are available at PCP online.
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