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SUMMARY

Isoprenyl diphosphate synthases (IDSs) catalyze some of the most basic steps in terpene biosynthesis by
producing the prenyl diphosphate precursors of each of the various terpenoid classes. Most plants investi-
gated have distinct enzymes that produce the short-chain all-trans (E) prenyl diphosphates geranyl diphos-
phate (GDP, C,o), farnesyl diphosphate (FDP, C,5) or geranylgeranyl diphosphate (GGDP, C,). In the genome
of Arabidopsis thaliana, 15 trans-product-forming IDSs are present. Ten of these have recently been shown
to produce GGDP by genetic complementation of a carotenoid pathway engineered into Escherichia coli.
When verifying the product pattern of IDSs producing GGDP by a new LC-MS/MS procedure, we found that
five of these IDSs produce geranylfarnesyl diphosphate (GFDP, C,s5) instead of GGDP as their major product
in enzyme assays performed in vitro. Over-expression of one of the GFDP synthases in A. thaliana confirmed
the production of GFDP in vivo. Enzyme assays with A. thaliana protein extracts from roots but not other
organs showed formation of GFDP. Furthermore, GFDP itself was detected in root extracts. Subcellular
localization studies in leaves indicated that four of the GFDP synthases were targeted to the plastoglobules
of the chloroplast and one was targeted to the mitochondria. Sequence comparison and mutational studies
showed that the size of the R group of the 5th amino acid residue N-terminal to the first aspartate-rich motif
is responsible for C,5 versus C,y product formation, with smaller R groups (Ala and Ser) resulting in GGDP
(C40) as a product and a larger R group (Met) resulting in GFDP (Cys).

Keywords: sesterterpenes, terpenes, geranylfarnesyl diphosphate, geranylgeranyl diphosphate, isoprenyl
diphosphate synthase, prenyltransferase, Arabidopsis thaliana.

INTRODUCTION

Despite the enormous structural diversity of over 60 000
known terpene natural products (Koksal et al., 2011), the
initial steps of terpene biosynthesis are highly conserved.
The basic Cgs building blocks of all terpenes, isopentenyl
diphosphate (IDP) and dimethylallyl diphosphate (DMADP),
are similar for all terpenes, and are synthesized by two
pathways: the mevalonate and the methylerythritol phos-
phate pathways (Arigoni etal, 1997; Rodriguez-
Concepcion, 2006; Vranova et al., 2013). For biosynthesis
of all terpenes larger than Cs, isoprenyl diphosphate
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synthases (IDSs) are required to condense the basic Cs
building blocks, forming Cq9, Ci5, Coo and larger prenyl
diphosphates. The IDS products then act as substrates for
terpene synthases that give rise to the enormous variety of
terpene skeletons produced (Tholl, 2006; Degenhardt et al.,
2009).

By controlling the size of the prenyl diphosphate inter-
mediates formed, IDSs control the major groups of terpe-
nes formed. Short-chain IDSs typically catalyze the
sequential head-to-tail condensation of IDP with an allylic
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substrate, usually either DMADP (Cs), geranyl diphosphate
(GDP, C+q0) or farnesyl diphosphate (FDP, C4s). Depending
on the geometry of the double bond in the product
formed, IDSs are classified as either cis- or trans-IDSs
(Liang et al., 2002). Although these two types perform
almost the same reactions, they are evolutionarily and
structurally distinct from each other. The catalytic activity
of trans-IDSs depends on the first and second aspartate-
rich motifs (FARM and SARM, respectively). The FARM
motif has either the sequence DDxxD or DDxxxxD, whereas
the SARM maotif is always DDxxD. Both motifs bind three
Mg?* ions, which in turn collectively bind the homoallylic
substrate IDP, and one of the allylic substrates (DMADP,
GDP or FDP), and thereby coordinate formation of longer
products (Aaron and Christianson, 2010). The product
specificity of short-chain trans-IDSs is to a large extent reg-
ulated by the identity of the amino acids on the N-terminal
side of the FARM. The so-called ‘molecular ruler theory’
hypothesizes that the size of the side chain of these amino
acids limits the dimensions of the active-site pocket (Wang
and Ohnuma, 2000; Liang et al, 2002; Schmidt et al.,
2010).

The cis-IDSs generally produce longer prenyl diphos-
phates than trans-IDSs, with up to 5000 Cs units in natu-
ral rubber. However, recently, a group of short-chain cis-
IDSs was described in several tomato species (Sallaud
et al., 2009; Schilmiller et al, 2009; Akhtar et al., 2013),
and a medium and long-chain trans-IDS that forms
C,5-C4s products was reported in Arabidopsis thaliana
(Hsieh et al., 2011). Most cis- and trans-IDSs are homod-
imeric proteins, but heterodimeric IDSs have also been
described, composed of a canonical IDS protein with two
aspartate-rich motifs that produces GGDP by itself, plus a
smaller IDS-like sequence that lacks one of the aspartate-
rich motifs and is catalytically inactive by itself. These
heterodimers produce shorter-chain products, either pure
GDP or varying proportions of GDP and GGDP (Burke
et al., 2004; Tholl et al, 2004; Wang and Dixon, 2009;
Chang et al., 2010).

In the genome of Arabidopsis thaliana, 15 short-chain
trans-IDSs are present. One IDS that was originally shown
to produce GDP (Cqo) (Bouvier et al, 2000) was more
recently shown to produce C,5-C4s prenyl diphosphates
instead (Hsieh et al., 2011). Two other IDSs produce FDP
(Closa et al., 2010). Of the remaining 12 enzymes, ten have
been shown to produce GGDP (C,), most recently demon-
strated by genetic complementation of a mutant carote-
noid pathway engineered in Escherichia coli using Erwinia
uredovora genes but lacking an active GGDP synthase
(Zhu et al., 1997a,b; Wang and Dixon, 2009; Beck et al.,
2013). Surprisingly, many of these GGDP synthases are
expressed only in the roots (Beck et al., 2013). None of
these have been shown to form geranylfarnesyl diphos-
phate (GFDP, Cys), and no other short-chain plant IDS has

yet been reported to form this product, although Cys ter-
penoids, known as sesterterpenoids, have occasionally
been reported in plants. However, IDSs that principally
form GFDP are known to exist in Archaea (Tachibana,
1994; Tachibana et al., 2000; Ogawa et al., 2010). Having
developed a new LC-MS/MS-based analytical method for
sensitive detection of IDS products (Nagel et al., 2012), we
re-investigated the catalytic activity of the A. thaliana
GGDP synthases, and found surprisingly that some show
geranylfarnesyl diphosphate (GFDP) synthase activity.

RESULTS

Arabidopsis thaliana IDSs form geranylfarnesyl
diphosphate (GFDP) after expression in E. coli and A.
thaliana

Arabidopsis thaliana GGDP synthase 1 (GGDPS1) has
been described as an enzyme that produces geranylger-
anyl diphosphate (GGDP, C,) on the basis of a crude
TLC-based assay (Okada et al., 2000) and by genetic com-
plementation of a mutation in carotenoid biosynthesis
(Beck et al., 2013). However, when we heterologously
expressed the encoding gene in E. coli as a GST fusion
construct, provided IDP and DMADP as substrates, and
analyzed the enzyme product by LC-MS, a mixture of
substances was detected. The most abundant product
was the C,s compound geranylfarnesyl diphosphate
(GFDP, 72% of the total), identified by comparison of its
mass spectrum and retention time with those of an
authentic standard, followed by GGDP (25%) and a trace
of geranyl diphosphate (GDP, Ci, 2%) (Figure 1 and
Table S1). As GGDP was not actually the major product
of this enzyme, named as AtGGDPS1, we subsequently
refer to it and the other AtGGDPS enzymes by the more
general term isoprenyl diphosphate synthases (AtIDSs)
but retaining the enzyme number given previously (Tholl
and Lee, 2011).

Comparison of the amino acid sequence of AfiDS1 with
those of other AtIDSs showed an interesting polymor-
phism at position 175, five residues N-terminal to the first
aspartate-rich motif (FARM), which has been shown to
control product length. Position 175 is occupied by Ala in
AtlDS1 and Met or Ser in all other AHDS members (Fig-
ure 2). Upon heterologous expression, AtiDS6, 7, 9 and 10
(all with Ser at position 175) gave GFDP as the major pro-
duct (80-94% of the total), with only minor amounts of
GDP or GGDP (Figure 3 and Table S1), while AfiDS2 and
11 (Met at position 175) gave GGDP as the major product,
with traces of GDP but no GFDP (Figure S1). AtiDS5 was
not cloned and tested, as it has been reported to have a
frameshift mutation that introduces a stop codon early in
the sequence (Beck et al., 2013). AdDS3, AtlDS4 and
AtlDS8 were also tested, but we did not observe any activ-
ity in the enzyme assays (Figure S1).

© 2015 The Authors
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Figure 1. Heterologously expressed A. thaliana IDS1 has both geranylger-
anyl diphosphate (GGDP, C,o) and geranylfarnesyl diphosphate (GFDP, Cys)
synthase activity.

LC-MS/MS chromatograms are shown depicting the in vitro enzyme activity
of AtIDS1 (At1g49530) expressed in E. coli as a GST fusion construct and
purified using a glutathione sepharose column. Also shown is the retention
of a synthetic GFDP standard. Multiple reaction monitoring for GDP, FDP,
GGDP and GFDP was performed in negative mode for [M-H]~ and m/z 79
after fragmentation. The product distribution was calculated as: GFDP,
72.2%; GGDP, 25.1%; GDP, 2.4%; FDP, 0.3%. Three replicate assays were
performed with very similar results.

To compare the in vitro reaction with various IDS sub-
strates, one of the GFDP-synthesizing enzymes, AtDS9,
was characterized in more detail by determining apparent
K, values for allylic substrates of varying lengths (from Cg
to Cyp). The results summarized in Table 1 and Figure S2
indicate a higher affinity for the longer-chain substrates
(GDP, FDP and GGDP) and for IDP than for DMADP.

To confirm our results regarding the product spectrum
observed after expression in E. coli, we over-expressed
AtiIDS9 (S175) and AtDS11 (M175) in A. thaliana Col-0
under the control of the CaMV 35S promoter. AfiDS11 has

© 2015 The Authors

been recently reported to be a GGDP synthase in
A. thaliana that is required for the production of carote-
noids, chlorophylls and all other primary plastid iso-
prenoids (Ruiz-Sola et al., 2015). Analyses of IDS assays
performed with protein extracts from leaves of these plants
and leaves of wild-type controls showed that GFDP was
only produced by plants over-expressing AtiIDS9. AtiDS11
over-expression lines showed an increased GGDP activity
in comparison to wild-type plants (Figure 4). Plants over-
expressing AtIDS9 also displayed a distinct growth pheno-
type in which young leaves had bleached patches that
were not found on leaves of wild-type or AtIDS11 over-
expressing lines (Figure S3).

As further confirmation of GFDP versus GGDP product
specificity in vivo, we over-expressed several IDS genes in
the background of the loss-of-function ADS11 mutant
ggpps11-4 (Ruiz-Sola et al., 2015), which has an embryo-
lethal phenotype due to the lack of GGDP. Expression of
the genes encoding the GGDP-producing enzymes AtIDS2
and 11 complemented this embryo-lethal phenotype, while
those encoding the predominantly GFDP-producing
enzymes AtIDS6, 7, 9 and 10 (for which GGDP was present
at <6% in the in vitro assay, Table S1) did not (Figure S4).
These results further demonstrate that AIDS6-10 form lit-
tle GGDP in vivo compared to AIDS2 and 11. On the other
hand, AtfilDS1, a predominantly GFDP-producing enzyme
that nonetheless forms a sizable amount of GGDP (25%,
Table S1), did complement the embryo-lethal phenotype of
ggpps11-4 (Figure S4).

Arabidopsis GFDP synthases are localized in mitochondria
and within the plastoglobules of plastids

Previous reports indicated that Arabidopsis IDSs localize
to distinct subcellular compartments, including the mito-
chondria and the plastids (Okada et al., 2000; Beck et al.,
2013). We considered it important to verify the locations
of all the GFDP-forming enzymes (AtIDS1, 6, 7, 9 and 10)
in light of the newly described biochemical functions of
these enzymes. To this end, C-terminal GFP fusions were
generated and transiently expressed in Nicotiana ben-
thamiana. The mitochondrial localization of AtiDS1 was
confirmed using a mitochondrial marker as described by
Nelson et al. (2007) (Figure 5). In contrast, AtiDS 6, 7, 9
and 10 all showed a plastidic localization, as previously
shown by Beck et al. (2013), albeit with a conspicuous
punctuate pattern. Similar within-plastid distributions
have been observed for phytoene synthases from various
organisms (Shumskaya et al., 2012; Pasare et al., 2013).
To further investigate the identity of the spots found for
AtDS 6, 7, 9 and 10, the Arabidopsis phytoene synthase
(AtPSY) was fused to the fluorescent marker mCherry in
the C-terminal position. Merged images of the GFP and
mCherry signals indicate a complete overlap, demonstrat-
ing co-localization of AtPSY and A#DS 6, 7, 9 and 10.

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 84, 847-859
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170 180 190 200

1 1 1 1
AtIDS2  At2g18620 VALPAACAVEMIHTMSLI HDDLPCMDNDDLRRGKPTNHKYV 154
AtIDS3  At2gl8640 LAl QAACAVEMIHTMSL I KDDLPCMDNDDLRRGKPTTHKY 180
AtIDS4  At2g23800 AAMPAACAVEMIHTMSLI KDDLPCMDNDDLRRGKPTTHKY 184
AtIDS11 At4g36810 TAMPAACAVEMIHTMSLI HDDLPCMDNDDLRRGKPTNHKYV 175
AtIDS5  At3g14510 TAMSAACAVEMIHTSSLI HDDLPCMDNADLRRGKPTNHKY 89
AtIDS6  At3g14530 TAMSAACAVEMIHTSSLI HDDLPCMDNADLRRGKPTNHKY 165
AtIDS7  At3g14550 TAMSAACAVEMIHTSSLI HDDLPCMDNADLRRGKPTNHKYV 165
AtIDS8 At3g20160 TAMSAACAI EMLHASSL I LDDLPCMDNDSLRRGKPTNHI V 150
AtIDS9  At3g29430 TAMSAACAVEMIHTSSLI HDDLPCMDDADLRRGKPTNHKE 162
AtIDS10 At3g32040 TAMSAACAVEMIHTSSLI HDDLPCMDDADLRRGKPTNHKYV 165
AtIDS1  At1g49530 TAMPAACAVEMIHAASLI LDDLPCMDDDSLRRGKPTNHKY 139

Figure 2. GFDP synthase activity is associated with specific amino acid residues.
Partial alignment of A. thaliana IDS is shown for the vicinity of the first arginine-rich motif (FARM, DDxxxxD, shown in green). Amino acids of all A. thaliana IDS
previously reported to produce GGDP were aligned by ClustalW (www.clustal.org). The 5th position N-terminal to the FARM is highlighted in orange, and the

DDxxxxD

sequences are sorted according to the amino acid present at this position.
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Figure 3. Heterologously expressed A. thaliana IDS6, IDS7, IDS9 and IDS10
principally have GFDP synthase activity.

LC-MS/MS chromatograms are presented to show the in vitro enzyme activ-
ities of ADS6 (At3g14530), AtiDS7 (At3g14550), AtiDS9 (At3g29430) and
AtIDS10 (At3g32040) expressed in E. coli as a GST fusion construct and
purified using a glutathione sepharose column. The product distributions
were calculated as: 94% GFDP, 4% GDP and 2% GGDP for IDS6; 82% GFDP,
15% GDP and 4% GGDP for IDS7; 90% GFDP, 6% GDP and 4% GGDP for
IDS9; 85% GFDP, 9% GDP and 6% GGDP for IDS10. At least three replicate
assays were performed for each construct, with very similar results.

Table 1 Apparent in vitro K, values of purified recombinant Ara-
bidopsis thaliana IDS9

Fixed
substrate

K for the varying substrate

Varying substrate (um)

DMADP (0- IDP (100 pm) 47
100 uM)

GDP (0-50 ym)  IDP (100 pw) 17

FDP (0-50 um) IDP (100 um) 12

GGDP (0-15 um)  IDP (100 pum) 14

IDP (0-50 pm) GGDP (50 ) 11

Varying concentrations of DMADP, GDP, FDP and GGDP were
incubated with 100 um IDP, and varying concentrations of IDP
were incubated with 50 uym GGDP. All assays contained 1 pg of
purified recombinant protein at 20°C in a volume of 200 pl. Line-
weaver-Burk plots are shown in Figure S2.

Furthermore, for IDS9, we found that 42 amino acids from
the N-terminus were required for import into plastids, but
were insufficient to confer the sub-organellar foci seen
with the full-length protein (Figure Sb), indicating that the
signals for plastid import and sub-organellar distribution
are distinct.

Change of a single amino acid residue near the first
aspartate-rich motif leads to GFDP formation

To further explore the role of the amino acid residue at the
5th position N-terminal to the FARM in AfiDS product
specificity, we mutated the Ser residue of the GFDP-form-
ing proteins AfiDS6, 7, 9 and 10 into a Met. After expres-
sion, the mutated AtiDS6, 7, 9 and 10 proteins (S175M)
produced mainly GGDP and only small quantities of GFDP
(Figure 6), showing the importance of Ser or Ala for GFDP
formation.

© 2015 The Authors
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Figure 4. AtIDS9 has GDFP activity upon expression in A. thaliana.

IDS activity was measured in vitro using total protein extracts prepared
from leaves of A. thaliana over-expressing AtiIDS9 (S175) and AtIDS11
(M175) compared with wild-type plants. Representative LC-MS/MS chro-
matograms are shown. At least three replicate assays were performed for
each genotype of each type, from at least five individual plants.

GFDP synthases are not part of a heterodimeric GGDP
synthase

Arabidopsis thaliana possesses heterodimeric IDSs form-
ing GDP or mixtures of GDP and GGDP. Combination of
AtiDS2 and 11, which were shown to be GGDP synthases
when expressed alone, with a small subunit IDS was
reported to give increased amounts of GDP as the product
(Wang and Dixon, 2009). Therefore, we also analyzed the
enzyme activity of one of the GFDP-forming IDSs, AtiDS7,
together with the small subunit, but did not observe a dif-
ferent product pattern between enzyme assays where
AtiDS7 was tested alone or in combination with the small
subunit (Figure S6).

GFDP-forming activity and GFDP pools were found in A.
thaliana root extracts

Previous reports suggested that GFDP-forming AtiDS1, 6,
7, 9 and 10 were predominantly expressed in roots (Beck
et al,, 2013; Coman et al., 2014). To corroborate this, IDS
assays were performed on a protein extract of A. thaliana

© 2015 The Authors

Col-0 roots, and formation of GFDP was clearly detected
(Figure 7), although the levels of GDP, FDP and GGDP for-
mation were much higher than the formation of GFDP (Fig-
ure S7). However, GFDP formation was not seen in
extracts of leaves and other organs (Figure 4). In addition,
GFDP was also detected in methanol/water extracts of root
tissue, as were GDP, FDP and GGDP (Figure 7 and Fig-
ure S7).

DISCUSSION

GFDP synthase activity has not been previously detected
in plants

IDSs producing the C,s isoprenoid pathway intermediate
GFDP have previously been reported from Archaea (Tachi-
bana, 1994; Tachibana et al., 2000; Ogawa et al., 2010).
Here we describe GFDP synthases from the plant
A. thaliana that are 55-65% similar at the amino acid level
to A. thaliana IDSs producing GGDP (Figure 8). Five
enzymes (AtiDS1, 6, 7, 9 and 10) were shown to form GFDP
as the sole or dominant product. AIDS6 had previously
been reported to produce a compound larger than GGDP,
but this substance was not identified (Wang and Dixon,
2009). Other previous work had designated these
A. thaliana enzymes as GGDP synthases. However, in
some cases, activity was demonstrated by a genetic com-
plementation assay for carotenoid biosynthesis using a set
of genes from E. uredovora expressed in E. coli that lacked
the necessary GGDP synthase (Zhu et al, 1997b; Beck
et al., 2013). Our LC-MS/MS assay showed that GGDP was
produced in at least trace amounts by these GFDP-forming
enzymes, which explains their ability to complement caro-
tenoid biosynthesis. In other cases, the GGDP activities of
these enzymes was demonstrated by in vitro assay after
expression in E. coli, but the assays were performed with
crude E. coli extracts without purification of the expressed
proteins (Zhu et al., 1997a,b; Okada et al., 2000), creating
background products that may have interfered with GFDP
detection. In the present work, the IDS assay was per-
formed using proteins with a GST tag expressed in E. coli,
and purified from the crude extract using a glutathione
sepharose column. The formation of GFDP by these
A. thaliana IDSs was confirmed by several additional lines
of evidence. First, use of either a His tag (Figure S6) or a
GST tag (Figures 1 and 3) resulted in enzymes producing
GFDP. Second, expression in A. thaliana also resulted in
GFDP formation (Figure 4). Finally, we showed that
extracts of wild-type roots have the ability to produce
GFDP, and GFDP metabolite pools were detected in the
roots themselves (Figure 7). Previous work had demon-
strated that the genes encoding these GFDP synthases are
predominantly expressed in roots, based on quantitative
RT-PCR, microarray data and use of promoter-GUS fusion
constructs (Beck et al., 2013).

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 84, 847-859
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For the previously described IDS from Archaea that
produce GFDP, no kinetic measurements have been
reported. However, when comparing the GFDP-producing
AtiIDS9 with the characterized GGDP synthases from Cap-
sicum annum, Sinapsis alba and Saccharomyces cere-
visiae, similar kinetic parameters were observed for
DMADP (Dogbo and Camara, 1987; Laferriere and Beyer,
1991; Lo et al., 2009). In the same way, the pattern of
lower K., values for longer diphosphate substrates was
also reported for the GGDP synthases from Nicotiana

Figure 5. Subcellular localization of IDS-GFP fusion
proteins.

Confocal microscopy of N. benthamiana leaves
expressing IDS::eGFP with AtPSY::mCherry (IDS 6,
7,9, and 10) or with a mitochondrial mCherry mar-
ker (IDS1). The first column shows the eGFP signal,
the second column shows the mCherry signal, and
the third shows overlays of the eGFP and mCherry
signals, with chlorophyll fluorescence in magenta.
Scale bar = 10 pm.

tabacum and Taxus canadensis (Burke and Croteau, 2002;
Orlova et al., 2009).

The presence of smaller amino acid residues at positions
near the first aspartate-rich motif promotes GFDP
formation

Structure-activity studies of IDSs have centered on the first
aspartate-rich motif (FARM), which is involved in substrate
binding. For FARMs of the DDxxxxD type, as in A. thaliana,
substitution at the 5th amino acid N-terminal to the FARM

© 2015 The Authors
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Figure 6. The 5th residue before the FARM motif is critical for GFDP activ-
ity.

A. thaliana 1DS6, IDS7, IDS9 and IDS10 were mutated at the 5th residue
before the first aspartate-rich motif (position 175, Figure 2) such that the
Ser residue characteristic of these GFDP-forming IDS was altered to Met,
which is characteristic of GGDP-forming IDS in A. thaliana. LC-MS/MS chro-
matograms are presented, showing the in vitro enzyme activities of mutated
S175M AtiDS6 (At3g14530), AtiDS7 (At3g14550), AtiDS9 (At3g29430) and
AtIDS10 (At3g32040) heterologously expressed in E. coli as GST fusion con-
structs and purified using glutathione sepharose columns. At least three
replicate assays were performed for each construct with similar results.

influences product distribution, with larger residues limit-
ing space for isoprenyl chain expansion and thus shorten-
ing the product (Wang and Ohnuma, 2000; Liang et al.,
2002). Consistent with this finding, we demonstrated here
that the presence of the large amino acid residue Met
resulted in a smaller product, GGDP (C,,), while the pres-
ence of the smaller amino acid residues Ala and Ser prefer-
entially resulted in the larger product GFDP (Cys).
Moreover, mutation of Ser to Met switched the product
spectrum to the smaller compound (GGDP). Putative GFDP
synthases still awaiting discovery in plants may also pos-
sess Ser, Ala or another small residue at this position, five
amino acids N-terminal to the FARM. The results fit with
previous work on a bacterial IDS from Pantoea ananatis
with Ala at the 5th position, which produces mostly GGDP
with some GDFP (Noike et al., 2008). Mutation of this Ala
to a larger residue, such as Phe, Leu or His, decreased the

© 2015 The Authors

GFDP

4 IDS enzyme activty of
1.5 x 10% — root protein extract

1.0 x 10% —

5.0 x 103 —

Root extract
3 x 104 —

2% 10%—
1% 10%—

0 f\’\j\fv\\,’\‘.ﬂ.ﬁ_ FA

Intensity [cps)

7 Root extract + GFDP
3x104—

2% 10%—

1% 10%—

t [min]

Figure 7. GFDP formation is detected in A. thaliana roots.

Top: total protein extracts of roots were assayed for synthesis of GFDP
activity from IDP and DMADP. Middle and bottom: LC-MS/MS chro-
matograms of root extracts purified by solid-phase extraction were either
untreated or spiked with authentic GFDP. Only the MRM trace for GFDP is
shown.

chain length of the product to GGDP or FDP. In another
study, a bacterial IDS with Tyr at the 5th position that pro-
duced GGDP was converted to GFDP production by chang-
ing the Try to Ala, Gly, Cys or Ser (Ohnuma et al., 1996).
Among GFDP-forming IDSs from the Archaea, the FARM is
of the DDxxD type, and the 8th position N-terminal to the
FARM appears to be more important for product determi-
nation than the 5th residue. Mutational studies that con-
verted the Met at this position into Ala resulted in a
change in product from GFDP to GGDP (Ogawa et al.,
2011).

Multiple subcellular locations of GFDP synthases suggest
multiple pools of GFPP

C-terminal GFP fusions show that AtfiIDS1 is localized to
the mitochondria and that AtiDS 6, 7, 9 and 10 are localized
to the plastids. This indicates that there are at least two
distinct pools of GFDP in the cell. The existence of sestert-
erpenes in plants (see below) suggests that at least one of
these pools is used for biosynthesis of these C,5 ter-
penoids. Because, to the best of our knowledge, no plant
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Q9LUE1-IDS6 Arabidopsis thaliana
QYLUD9S-1DS7 Arabidopsis thaliana

Figure 8. Phylogenetic tree of plant trans-IDS
enzymes producing C20 or longer prenyl diphos-
phates, highlighting branches producing longer
products.

As the presence of an Ala or Ser residue at the 5th
residue before the FARM motif instead of the typi-
cal Met was shown to confer GFDP activity on
enzymes of the GGDP group, only branches con-
taining Ala or Ser are shown. Other branches are
collapsed, and only the number of sequences for
them are given. The phylogenetic tree was modified
from that created by Coman et al. (2014). The Uni-
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ASBEV9 Vitis vinifera
Q39108-10512 A. thaliana ssu Il
B9HR16 Populus trichocarpa
BYH1MS Populus trichocarpa
BISUY3 Ricinus communis
A9ZN21 Havea brasiliensis
C6T7T0 Glycine max
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-3 ISSUI

polyprenyl diphosphate synthase; SSU, small
subunit.

Land plants

-3

terpene synthase has yet been found to be localized in the
mitochondria of a native plant, it seems more likely that
the plastidial pool acts in biosynthesis of sesterterpenes.
There are a number of as yet uncharacterized Arabidopsis
terpene synthases with predicted plastidic transit peptides,
which represent potential candidates for the biosynthesis
of sesterterpenes. The possible fate of GFDP in the mito-
chondria is unknown. One striking observation is the site
of localization of AtIDS 6, 7, 9 and 10 within the plastids
and the co-occurrence of these enzymes with PSY.
Whether these sites are indeed plastoglobules is still a
matter of debate (Pasare et al., 2013). Nonetheless, this
sub-organellar distribution of GFDP synthases contrasts
with that of AtIDS11, the major GGDP synthase in Ara-
bidopsis, which has a stromal localization (Beck et al.,
2013). Such spatial segregation of IDSs with distinct prod-
ucts may allow independent regulation of isoprenyl
diphosphates for specific purposes. It should also be noted
that plastoglobules are present in roots (Piller et al., 2012),
where AtiDS6, 7, 9 and 10 are mostly expressed. Thus the
localization in leaf plastoglobules may be relevant for
roots, and suggests that the sub-organellar distribution of
IDSs within plastids may direct fluxes of isoprenoid to dis-
tinct classes of isoprenoids. This direction of flux may
explain the fact that over-expression of the GFDP synthase
AtiDS9 in leaves, which is targeted to plastids, gave rise to

Aquatic plants

bleaching (Figure S3). Reduction in leaf pigments is proba-
bly a consequence of diversion of plastidial GGDP to GFDP
instead of its use in the formation of carotenoids or the
phytol side chain of chlorophyll. The root location of
AtlDS9 and other GFDP synthases (Beck et al., 2013;
Coman et al., 2014) may avoid competition for GGDP with
carotenoid and chlorophyll formation.

GFDP synthases are likely to be involved in sesterterpene
formation

GFDP-forming IDSs may have diverse metabolic roles. In
Archaea, these enzymes are thought to be involved in the
biosynthesis of prenol lipids for membranes (Tachibana,
1994; Tachibana et al, 2000; Ogawa et al., 2010). In
A. thaliana roots, they are probably involved in producing
substrate for one of the uncharacterized root-localized ter-
pene synthases (Chen et al., 2003; Tholl and Lee, 2011) that
produce a C,5 sesterterpene product that accumulates or is
further metabolized.

Sesterterpenes have been identified in nature largely in
marine sponges, where they have anti-bacterial, anti-mol-
lusk and fish-deterrent activities, and thus probably serve
in defense against predators and pathogens (Ebada et al.,
2010). Their presence has also been shown in insects (Rios
et al., 1974; Veloz et al., 1975; Kusumi et al., 1979), fungi
(Wang et al., 1998, 2013; Cueto et al., 2002; Nihashi et al.,
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2002; Chiba et al., 2013), bacteria (Sato et al., 2013; Shi-
nozaki et al., 2013) and plants of the Solanaceae (Toyoda
et al., 1969; McDowell et al., 2011) and Lamiaceae (Dal Piaz
et al., 2010; Luo et al., 2010), as well as in Gossypium hir-
sutum (Malvaceae; Stipanovic et al., 1977), Croton hiero-
nymi (Euphorbiaceae; Catalan et al, 2003) and Aletris
farinosa (Liliaceae; Challinor et al., 2013). When the roles
of these sesterterpenes were investigated, they were also
shown to function in protection against predators and
pathogens. The broad distribution of sesterterpenes
reported indicates a corresponding broad distribution of
GFDP-forming IDSs, justifying increasing interest in these
enzymes.

EXPERIMENTAL PROCEDURES
Plant material

Arabidopsis thaliana (Col-0) and IDS over-expressing lines were
grown from seeds in a climate chamber (22°C, 55% relative
humidity and 100 pmol m~2 sec™" photosynthetically active radia-
tion) under long-day conditions (16 h light/8 h dark) until flowers
developed. For quantification of GFDP-producing activity and
GFDP presence in planta, seedlings were grown in a mixture of
sand and expanded clay aggregate.

Chemicals

Isopentenyl diphosphate, dimethylallyl diphosphate, geranyl
diphosphate, farnesyl diphosphate, geranylgeranyl diphosphate,
ammonium bicarbonate, methanol and acetonitrile (LC-MS grade)
were purchased from Sigma-Aldrich (www.sigmaaldrich.com).

Syntheses

Geranylfarnesyl ~ bromide. Tetrabromomethane  (2.05 g,
6.19 mmol) and triphenylphosphine (1.62 g, 6.19 mmol) were
added to a solution of geranylfarnesol (1.85 g, 5.16 mmol) in
dichloromethane (25 ml) at 0°C. After 1 h stirring, n-hexane
(200 ml) was added. The precipitate was filtered off, and the fil-
trate was concentrated under reduced pressure. Purification of the
residue was performed by flash chromatography on silica (n-hex-
ane/methyl tert-butyl ether, 20:1), yielding geranylfarnesyl bro-
mide (1.99 g, 472 mmol, 91%) as a colorless oil: "H NMR
(400 MHz, CDCly): 6 = 5.53 (t, J = 8.4 Hz, 1H), 5.16 — 5.04 (m, 4H),
4.02 (d, J=8.4 Hz, 2H), 2.16 — 1.94 (m, 16H), 1.73 (s, 3H), 1.68 (s,
3H), 1.60 ppm (s, 12H); *C NMR (101 MHz, CDCls): & = 143.57,
135.63, 134.96, 134.88, 131.21, 124.39, 124.22, 124.17, 123.36,
120.53, 39.71, 39.70, 39.67, 39.52, 29.63, 26.76, 26.65, 26.61, 26.09,
25.68, 17.67, 16.05, 16.01, 16.00, 15.96 ppm.

Geranylfarnesyl diphosphate (GFDP). N,N-di-isopropylethy-
lamine (2.40 ml, 14.09 mmol) and a mixture of acetone (1.10 ml,
14.95 mmol) and water (154 pl, 8.54 mmol) were added to tetrakis
(trimethylsilyl) diphosphate (9.96 g, 21.35 mmol) at 0°C (Wessjo-
hann and Dessoy, 2004, 2014). After 10 min stirring, geranylfarne-
syl bromide (1.80 g, 4.27 mmol) was added, and the reaction
mixture was left for additional 24 h at room temperature without
stirring. Subsequently, the liquid phase was separated from the
crystals formed, and added to a stirred ammonium hydroxide
solution (6 M, 20 ml) at 0°C. The resulting solution was washed
three times with 20 ml diethyl ether for 1 min at room tempera-
ture. Then ethanol (200 ml) was added under vigorous stirring.

© 2015 The Authors

The precipitate formed was filtered off, and the filtrate was con-
centrated to less than 5 ml. Ammonium hydroxide solution (6 M,
5 ml) and acetonitrile (200 ml) were then added to the stirred solu-
tion. The precipitate was filtered off and dissolved in ammonium
hydroxide solution (10 ml). The resulting solution was lyophilized,
yielding geranylfarnesyl diphosphate as the corresponding trisam-
monium salt (379 mg, 665 pmol, 16%) as a white solid: "H NMR
(400 MHz, D,0 + CD;0D + ND,OD): = 5.43 (m, 1H), 5.19 - 5.00
(m, 4H), 4.46 (m, 2H), 2.22 - 1.81 (m, 16H), 1.71 (s, 3H), 1.63 (s, 3H),
1.59 (s, 3H), 1.57 (s, 3H), 1.56 ppm (s, 6H); *C NMR (101 MHz,
D,0 + CD;0D + ND,OD): § = 144.05, 137.85, 137.24, 137.07, 133.20,
127.28, 127.15, 127.12, 126.80, 123.13 (m), 65.23 (d, J = 5.3 Hz),
42.70, 42.60, 42.54, 42.49, 29.78, 29.58, 29.56, 29.49, 28.22, 20.15,
18.81, 18.57, 18.54, 18.48 ppm; 3'P NMR (162 MHz, D,O + CD;0D
+ ND,OD): —6.79 (br), —10.10 ppm (br); MS/ESI: m/z = 517.6 ([M-
2NH3-NH,4]~, 100%), 1035.0 ([2M-5NH5-NH,]~, 21%); HRMS/ESI: cal-
culated for C5H4307P,: 517.2489 [M-2NH5-NH,4]~, found: 517.2481.

Heterologous expression of IDS in E. coli

Cloning, transformation and expression. The truncated
GST-IDS fusion constructs as described by Beck et al. (2013) were
used. Additionally AtIDS7 and the AfIDS small subunit were
cloned from cDNA into the C-terminal His tag-containing pET-101
vector (Life Technologies, www.lifetechnologies.com) according
to the manufacturer’s instructions. Primers are shown in Table S2.
For expression, all vectors were transformed into E. coli BL21
(DE3) pLysS (Life Technologies). Cultures were grown in 100 ml of
liquid LB medium at 18°C and 200 rpm. Expression was induced
using the Overnight Express Autolnduction System 1 (Merck
Millipore, www.emdmillipore.com). Bacterial pellets were resus-
pended in 3 ml 25 mm 3—-(N-morpholino)-2-hydroxypropanesulfo-
nic acid (MOPSO), pH 7.2, 10 mm MgCl,, 10% v/v glycerol, and
purified using 0.2 ml glutathione spin columns (Thermo Fisher
Scientific, www.piercenet.com) for GST-tagged proteins, or Ni-
NTA spin columns (Qiagen, www.giagen.com) for His-tagged pro-
teins, according to the manufacturer’s instructions.

Assay and product analysis. Enzyme assays were performed
using 1 pg of purified heterologously expressed protein (or 10 ug
of total protein for A. thaliana extractions) in 200 pl of 25 mm
MOPSO buffer at pH 7.2 with 10% v/v glycerol and 10 mm MgCl,,
and 50 um IDP and 50 pm DMADP (both Sigma-Aldrich) as sub-
strates. After incubation for 1 h at 30°C, identification and quantifi-
cation were performed as described by Nagel et al. (2014) with the
addition of multiple reaction monitoring (MRM) of m/z517 to 79 for
GFDP. Quantification of the product ratios was performed using
external calibration curves. Data analysis was performed using
Analyst Software 1.6, build 3773 (AB Sciex, www.sciex.com).

Heterologous expression in N. benthamiana

Cloning. For cytosolic expression of AiDS9 in N. benthamiana,
the predicted transit peptide (first 81 bp according to http:/
www.cbs.dtu.dk/services/TargetP/) was removed. The sequences
were amplified from A. thaliana (Col-0) root cDNA, and Bsal and
Bpil restriction sites were removed from the IDS9 sequence by
dividing the gene sequence into sub-fragments. Oligonucleotide
sequences are listed in Table S2. Fragments were cloned into the
pAGM1311 vector (Engler et al., 2014), and sequenced before
cloning the truncated sequence of AtiDS9 into the pAGM1287 vec-
tor (Engler et al, 2014). In the final cloning step, the IDS9
sequence was further fused to an N-terminal 6xHis tag in a
tobacco mosaic virus-based vector containing a RdRp gene with
16 introns (vector pICH18722, as described by Marillonnet et al.,
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2005) to allow for RNA amplification and increased gene expres-
sion. The viral vector is under the control of the A. thaliana Act2
promoter, and was cloned into the T-DNA vector pICH75044 (Eng-
ler et al., 2014).

Transformation, expression and purification. Agrobac-
terium tumefaciens strain GV3101 (pMP90) was transformed with
IDS9 recombinant plasmids, with cultivation of agrobacteria and
infiltration of N. benthamiana leaves being performed as
described previously (Briickner et al., 2014). After transformation,
the plants were returned for 6 days to the growth chamber before
leaf material was harvested and frozen in liquid nitrogen, and
300 mg was ground with mortar and pestle to a fine powder.
Purification of the Hisgtagged AtIDS9 protein was performed
using Ni-NTA magnetic agarose beads (Qiagen), according to the
manufacturer’s instructions. After purification, size exclusion fil-
ters (Amicon Ultra-4, 10 K, www.merckmillipore.com) were used
to enrich the protein concentration while exchanging the imida-
zole-rich buffer from the purification step with the enzyme assay
buffer (26 mm MOPSO, pH 7.2, 10 mm MgCl, and 10% v/v
glycerol).

Kinetic assays and product analysis. For determination of
apparent kinetic constants, eight concentrations each of the sub-
strates DMADP (0-100 um), GDP (0-50 pm), FDP (0-50 pm) or GGDP
(0-50 um) were used in the presence of a fixed IDP concentration
(100 pm). The assay mixtures contained 25 mm MOPSO (pH 7.2),
10 mm MgCl, and 10% v/v glycerol, plus IDP and DMADP, GDP,
FDP or GGDP and 1 ug purified AtiDS9 per assay in a 200 pl vol-
ume. The reaction mixture was incubated in glass vials at 20°C for
times ranging from 0-2 min in 10 sec intervals with shaking using
an Eppendorf Thermomixer® Comfort (www.eppendorf.com), and
the reaction was stopped by immediately freezing the sample in
liquid nitrogen. To determine the GFDP concentration, samples
were analyzed via UPLC/MS using a calibration curve. All MS anal-
yses were performed on an AB Sciex Q-Trap 6500 mass spec-
trometer connected to a Waters Aquity UPLC (www.waters.com),
and data were collected and analyzed using Analyst 1.6.2 software
(Sciex, www.sciex.com). Separation was accomplished using a
Macherey-Nagel Nucleoshell Hilic 2.7 um UPLC column (150 mm
x 2 mm). The injection volume was 5 pl. A solvent system was
used containing solution A (20 mm ammonium formate in water,
pH 2.5) and solution B (20 mm ammonium formate in 95:5
acetonitrile/water, pH 4) with the following gradient: 0-1.5 min
isocratic with 100% B, 1.5-9 min linear from 100% to 30% B, 9-
11 min isocratic with 30% B, 11-12 min linear from 30% to 100%
B, and 12-14 min isocratic with 100% B. The flow rate was
400 pl min~" and the column temperature was 40°C. After each
injection, the injection needle was washed with 1.5 ml 10 mm
ammonium formate in 80:20 methanol/water, pH 4, and 600 pl
acetonitrile. Mass spectrometric data were recorded in MRM
mode (Table S3) with negative ionization. Peak area integration
was performed using the AB Sciex program Multiquant version
3.0.5373.0.

Subcellular localization. For cloning of C-terminal eGFP (IDS
1, 6, 8, 9 and 10) and mCherry fusions (Arabidopsis phytoene
synthase, At5g17230), the Golden Gate cloning method (Engler
et al., 2008) was use. Oligonucleotide sequences are provided in
Table S2. The predicted transit peptide according to ChloroP
(http://www.cbs.dtu.dk/services/ChloroP/) was amplified from
cDNA from A. thaliana Col-0 roots, and the rest of the coding
sequence was amplified from expression vectors that contain

the truncated IDS sequence (see above). Prior to cloning,
removal of any Bpil and Bsal restriction sites that were present
within the IDS gene sequences was performed as described by
Engler etal. (2008). IDS fragments were cloned into the
pAGM1311 vector (Engler et al., 2014), and gene sequences for
the AtIDS9 transit peptide deletion study were cloned into the
pUC18 vector (Thermo, www.thermofisher.com) by a single
restriction/ligation reaction using Bsal and T4 ligase and
sequenced. The full-length coding sequences of the AtIDS1, 6, 9
and 10 genes were then cloned into the pAGM1287 vector (Eng-
ler etal., 2014). In the last cloning step, the IDS coding
sequences and the gene sequences for the IDS9 transit peptide
deletion study were fused to a C-terminal eGFP tag under the
control of the CaMV 35S promoter and with the Ocs terminator,
and cloned into T-DNA vector pICH75044 (Engler et al., 2014).
A. tumefaciens strain GV3101 was transformed with IDS::eGFP-
or PSY:mCherry-containing recombinant plasmids as described
previously (Brlckner et al, 2014). The mitochondrial marker
(mCherry fusion protein) has been described previously (Nelson
et al., 2007).

Over-expression in A. thaliana

Coding sequences of the A. thaliana genes AfiIDS9 (S175) and
AtIDS11 (M175) were amplified from total Arabidopsis cDNA using
the oligonucleotide sequences given in Table S2, and cloned into
the Gateway-compatible pENTR/D-TOPO entry vector (Invitrogen,
http://www.invitrogen.com), resulting in the pENTR/D-TOPO-IDS9
and pENTR/D-TOPO-IDS112 vectors. Constructs were checked by
DNA sequencing. LR reactions were then performed to clone these
cDNAs into the binary pK7WG2.0 vector (http:/gate-
way.psb.ugent.be; Karimi et al., 2005). The resulting constructs
(pIDS9 and pIDS11) consisted of the IDS genes under the control
of the CaMV 35S promoter. Constructs were introduced into
A. tumefaciens strain C58C1 (pMP90) (Koncz and Shell, 1986), and
then into wild-type Arabidopsis plants via the floral-dip method
(Clough and Bent, 1998). Primary transformants were selected on
MS medium supplemented with kanamycin (50 ug ml~").

Complementation of the AtIDS11 loss-of-function mutant
by AtIDPS isoforms

The heterozygous AHDPS11 loss-of-function embryo-lethal
A. thaliana mutant (ggpps11-4, SAIL_712_D06; Ruiz-Sola et al.,
2015) was transformed using A. thaliana genes AtIDS1
(At1949530), AtIDS2 (At2g18620), AtIDS6 (At3g14530), AHDS7
(At3g14550), AtiDS9 (At3g29430), AtiIDS10 (At3g32040) and
AtiIDS11 (At4g36810) under the control of the native AIDS11 pro-
moter. The individual AfIDS genes were cloned into the binary
pK7WG2.0 vector by Gateway technology in similar way to that
described above, e.g. via pPENTR/D-TOPO cloning and LR reaction.
GGDPS-/comp primers were used to amplify GGDPS (Table S2).
Then the original CaMV 35S promoter was cut out by digestion
with Spel/Sall and replaced by an Spel/Xhol restriction fragment
of the AIDS11 promoter. The sequences of primers used for clon-
ing are listed in Table S2. Primary transgenic plants (T;) were
selected on MS medium supplemented with 1% w/v sucrose,
phosphinotricin (40 ug ml~") and kanamycin (50 pg ml~").

Site-directed mutagenesis
Specific nucleotides of IDS-GST fusion constructs were mutated
using a Q5 site-directed mutagenesis kit (New England Biolabs,

www.neb-online.de) according to the manufacturer’s instructions.
Primers are listed in Table S2. The resulting vector constructs
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were checked for successful mutation by sequencing. Expression
was performed in E. coli as described above.

Preparation of protein extracts from A. thaliana

Protein extraction was performed as described by Nagel et al.
(2012). Plant tissue was ground with a mortar and pestle under
liquid nitrogen by hand to a fine powder. Cooled extraction buffer
was added to frozen tissue at a ratio of 5:1 buffer:tissue (ml g~").
The extraction buffer contained 250 mm MOPSO (pH 6.8), 5 mm
ascorbic acid, 5 mm sodium bisulfite, 5 mm dithiothreitol, 10 mm
MgCl,, 1 mm EDTA, 10% v/v glycerol, 1% w/v polyvinylpyrrolidone
(M, = 10 000), 4% w/v polyvinylpolypyrrolidone, 4% w/v Amberlite
XAD-4 (Sigma-Aldrich) and 0.1% v/v Tween-20. Extraction was
performed in Eppendorf Protein LoBind tubes with an Eppendorf
Thermomixer at 4°C and 1400 rpm for 30 min. After centrifugation
for 20 min at 4°C and 20 000 g, the supernatant was passed
through a 2 ml Zeba Spin desalting column with a 7 kDa molecu-
lar weight cut-off (Thermo Scientific) to exchange the buffer with
25 mm MOPSO (pH 7.2), 10 mm MgCl,, 10% (v/v) glycerol, accord-
ing to the manufacturer’s instructions. The protein concentration
was determined using the Protein Assay Dye Reagent Concentrate
(Bio-Rad, www.bio-rad.com) with BSA (Bio-Rad) as standard.
Assays and product quantification were performed as described in
Nagel et al. (2014) with an injection volume of 1 ul and without
MRMs for the internal standards GSDP and FSDP.

Extraction of prenyl diphosphates from A. thaliana

A 0.5 g portion of ground root tissue was extracted and quantified
as described by Nagel et al. (2014), except that the eluent from the
solid-phase-extraction column was dissolved in 300 pul water/
methanol (1:1) after evaporation.
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Figure S1. A. thaliana|DS2 and IDS11 have GGDP synthase activity.
Figure S2. Lineweaver-Burk plots for calculation of apparent
in vitro K, values for AtIDS9 with various substrates.

Figure S3. Morphology of A. thaliana Col-0 wild type and lines
over-expressing AtIDS9 or AtiDS11.

Figure S4. Complementation of the A. thaliana AtDS11 mutant
ggpps11-4 with various AtIDS genes driven by the AtIDS11 pro-
moter.

Figure S5. Subcellular localization of truncated AiDS9-GFP fusion
proteins.

Figure S6. A. thaliana IDS7 GFDP activity is not affected by the
presence of A. thaliana IDS small subunit protein.

Figure S7. Prenyl diphosphate formation in A. thaliana roots.
Table S1. Product distribution of AtiDS1, 6, 7, 9 and 10.

Table S2. List of primers used.

Table S3. MRM transitions used in LC-MS quantification.
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