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Summary

� We show here that the side chain of pogostone, one of the major components of patchouli

oil obtained from Pogostemon cablin and possessing a variety of pharmacological activities, is

derived from 4-methylvaleric acid.
� We also show that 4-methylvaleric acid is produced through the one-carbon a-ketoacid
elongation pathway with the involvement of the key enzyme 2-isobutylmalate synthase

(IBMS), a newly identified enzyme related to isopropylmalate synthase (IPMS) of leucine (Leu)

biosynthesis.
� Site-directed mutagenesis identified Met132 in the N-terminal catalytic region as affecting

the substrate specificity of PcIBMS1. Even though PcIBMS1 possesses the C-terminal domain

that in IPMS serves to mediate Leu inhibition, it is insensitive to Leu.
� The observation of the evolution of IBMS from IPMS, as well as previously reported exam-

ples of IPMS-related genes involved in making glucosinolates in Brassicaceae, acylsugars in

Solanaceae, and flavour compounds in apple, indicate that IPMS genes represent an impor-

tant pool for the independent evolution of genes for specialised metabolism.

Introduction

Pogostemon cablin is a traditional Chinese medicinal plant in the
Lamiaceae family, from whose aerial parts Pogostemonis Herba, a
herbal preparation, is obtained. Pogostemonis Herba or its essen-
tial oil component (known as patchouli oil) have been widely
used in many Asian countries for the treatment of many ailments
since ancient times due to a variety of pharmacological activities
(Li et al., 2013; Wang et al., 2016; Hu et al., 2017; Junren et al.,
2021). Pogostone, one of the major chemical components of
patchouli oil, has recently been demonstrated to possess various
bioactivities including antimicrobial activities as well as pharma-
cological activities (Li et al., 2012, 2014; Huang et al., 2014;
Peng et al., 2014; Chen et al., 2015; Cao et al., 2017; Luchesi
et al., 2020; Ye et al., 2021).

The biosynthetic pathway of pogostone is still unclear, but an
outline of the pathway has been proposed that involves the
branched-chain 4-methylvaleric acid (Fig. 1; Chen et al., 2021).
Furthermore, PcAAE2, a cytosolic acyl-activating enzyme that
catalyses the conversion of 4-methylvaleric acid to 4-

methylvaleryl-CoA as part of the proposed pogostone biosyn-
thetic pathway, has been identified and characterised (Chen et al.,
2021).

The formation of the branched C6 fatty 4-methylvaleric acid
has not yet been elucidated in any species, although evidence for
the involvement of either a-ketoacid elongation (aKAE) pathway
or the fatty acid synthase (FAS)-mediated elongation pathway in
the elongation of other branched-chain fatty acids in various
species has been presented (Ohlrogge & Browse, 1995;
Kroumova & Wagner, 2003; Slocombe et al., 2008; Li-Beisson
et al., 2013). In the FAS route, both carbons from acetyl-ACP are
retained per elongation cycle. In the aKAE pathway, acetyl-CoA
is added but only one carbon is retained per elongation cycle.
The aKAE pathway plays a role in the biosynthesis of some pri-
mary and specialised metabolites such as leucine (Leu) and glu-
cosinolates (Melendez-Hevia et al., 1996; de Quiros et al., 2000;
Halkier & Gershenzon, 2006; Binder, 2010).

The aKAE steps involved in leucine biosynthesis have been
well documented in various biological organisms (Binder, 2010)
and are illustrative of the aKAE route in general (Fig. 1). First, 2-
isopropylmalate synthase (IPMS; EC 2.3.3.13) catalyses an aldol-
type condensation between acetyl-CoA and 2-oxoisovalerate to*These authors contributed equally to this work.
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yield 2-isopropylmalate. Next, 2-isopropylmalate is converted
using isopropylmalate isomerase (IPMI; EC 4.2.1.33) to 3-
isopropylmalate. The final reaction, the oxidative decarboxylation
of 3-isopropylmalate to 4-methyl-2-oxovalerate, is catalysed by
the isopropylmalate dehydrogenase (IPMDH; EC 1.1.1.85). The
one-carbon elongated product 4-methyl-2-oxovalerate then
undergoes a reversible transamination catalysed by branched-
chain aminotransferase (BCAT; EC 2.6.1.42) to yield the
branched-chain amino acid (BCAA) leucine in plastid. 4-Methyl-
2-oxovalerate can be regenerated using transamination reactions
using BCAT from leucine in mitochondria and converted into
isovaleryl-CoA through irreversible oxidative decarboxylation
catalysed using a branched-chain keto acid dehydrogenase

(BCKDH, EC 1.2.4.4) (Binder, 2010). The isovaleryl-CoA gen-
erated in mitochondria from 4-methyl-2-oxovalerate might be
transported into cytosol using a transporter along with losing the
CoA group to give free 3-methylbutanoic (Xu et al., 2013).

In the Solanaceae, many species produce specialised metabo-
lites called acyl sugars, in which at least some of the acyls attached
to the sugar moiety are elongated branched chains (Kroumova &
Wagner, 2003; Slocombe et al., 2008; Ning et al., 2015). Feeding
studies with labelled amino acids have shown that the branched
short chain fatty acid (2-methylpropanoic acid, 3-methylbutanoic
acid and 2-methylbutanoic acid) are directly derived from Val,
Leu and Ile, respectively (Kroumova & Wagner, 2003), while the
branched acyl chains of C6 to C12 are derived from these BCAAs

Fig. 1 The proposed biosynthetic pathway of 4-methylvaleric acid for pogostone biosynthesis in Pogostemon cablin. The anabolism and catabolism of
branched chain amino acid leucine are well documented and occur in plastids and mitochondria, respectively, in land plants (Binder et al., 2007; Binder,
2010). The anabolism and catabolism of 2-amino-5-oxohexanoate, the leucine analogue with one more carbon than leucine, most likely occurs in the same
way as that of leucine. 5-Methyl-2-oxohexanoate, the precursor of 2-amino-5-oxohexanoate biosynthesis, is elongated by one carbon atom in plastids
through a a-keto acid elongation (aKAE) pathway from 4-methyl-2-oxovalerate, which is derived from the anabolism of leucine through the aKAE path-
way (Binder, 2010). The one-carbon elongation process for 5-methyl-2-oxohexanoate through the aKAE route is performed in three sequential chemical
reactions: 2-oxo acid substrate 4-methyl-2-oxovalerate first undergoes an aldol-type condensation with acetyl co-enzyme A (acetyl-CoA) by 2-
isobutylmalate synthase (IBMS) to give 2-isobutylmalate, which then undergoes isomerisation and oxidative decarboxylation by isopropylmalate isomerase
(IPMI) and 3-isopropylmalate dehydrogenase (IPMDH) or their homologies to yield 5-methyl-2-oxohexanoate in the plastid. 5-Methyl-2-oxohexanoate is
regenerated from 2-amino-5-oxohexanoate through transamination catalysed by aminotransferase (AT) in mitochondria. 4-Methylvaleryl-CoA is formed
from 5-methyl-2-oxohexanoate in a reaction catalysed by branched-chain keto acid dehydrogenase (BCKDH) in mitochondria, and then transported into
cytosol by a transporter along with losing the CoA group to give free 4-methylvaleric acid, which is subsequently activated again to CoA derivative by the
cytosol acyl-activating enzyme 2 from P. cablin (PcAAE2) for pogostone biosynthesis (Chen et al., 2021). The dashed arrows represent the proposed steps
remaining to be elucidated. IPMS, 2-isopropylmalate synthase.
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using elongation through the aKAE pathway in tobaccos and
petunia, but from the FAS pathway in Lycopsersicon pennellii and
Datura metel (Kroumova &Wagner, 2003).

As the branched C5 fatty 3-methylbutanoic acid is derived
from leucine metabolism involving the one-carbon elongation
aKAE pathway (Kroumova & Wagner, 2003; Binder, 2010), 4-
methylvaleric acid, the branched C6 fatty acid with one more car-
bon than 3-methylbutanoic acid, is most likely to be derived
from leucine metabolism by one additional elongation cycle of
aKAE involving three reactions catalysed using IPMS, IPMI and
IPMDH, or analogous enzymes (Fig. 1). We show here that the
first reaction, in which 4-methyl-2-oxovalerate is elongated to 2-
isobutylmalate, is catalysed using a novel enzyme, 2-
isobutylmalate synthase (IBMS), that is closely related to IPMS.

Materials and Methods

Plant materials and chemicals

The plants of P. cablin and Nicotiana benthamiana were grown in
soil under conditions described previously (Chen et al., 2021).
The harvested tissues were flash frozen in liquid nitrogen and
stored at �80°C until use.

As standard 2-isobutylmalate is not available commercially,
the substituted 2-malate derivative generated by the condensation
of acetyl-CoA to 4-methyl-2-oxovalerate by PcIBMS1 was identi-
fied as 2-isobutylmalate based on the exact mass and fragment
pattern by liquid chromatography–quadrupole time-of-flight–
mass spectrometry (LC-QTOF-MS). All other commercial
chemicals were purchased from Sigma-Aldrich.

Isotope feeding study with deuterium-labelled [2H11] 4-
methylvaleric acid (4MVA-d11)

The 5-wk-old top leaves (5W-TLeaf) of P. cablin plants were
placed in a 10-ml feeding solution immediately before the onset
of darkness and transferred to a vacuum desiccator equipped with
a vacuum pump. After incubation for 4 min at the atmospheric
pressure of 0.04MPa, the leaves in the feeding solution were
transferred to a growth chamber and incubated under darkness
for 12 h at 25°C. Feeding for both 4-methylvaleric acid (4MVA)
and 4MVA-d11 were performed at a concentration of 1 mM. The
detailed procedures for analysis of metabolites of P. cablin leaves
fed with 4MVA or 4MVA-d11 can be found in Supporting Infor-
mation Methods S1.

Gene identification and coexpression analysis

Identification of gene candidates involved in 4-methylvaleric acid
biosynthesis from our previously constructed P. cablin transcrip-
tome database (bioproject accession no. PRJNA713906) was per-
formed by querying our local nucleotide database with
Arabidopsis representative enzymes involved in BCAA Leu
metabolism using the TBLASTN function as previously described
(Chen et al., 2021). Coexpression analysis was performed by com-
paring the transcript abundance of PcAAE2 and the identified

gene candidates involved in 4-methylvaleric acid biosynthesis
using the Pearson correlation method to quantitate the similarity
of their expression profiles as described previously (Li et al., 2018).

Quantitative RT-PCR analysis of the identified gene
candidates involved in 4-methylvaleric acid biosynthesis

For quantitative real-time PCR (RT-qPCR) analysis of tran-
scripts in different tissues, RNA was extracted using the Total
RNA Isolation Kit from Omega (Norcross, GA, USA) with a
DNA digestion step. The reverse transcription reaction was per-
formed using the High-Capacity cDNA Reverse Transcription
Kit from Thermo Fisher Scientific (Waltham, MA, USA), fol-
lowing the manufacturer’s instructions using random primers.
The RT-qPCR analysis was performed using the Power SYBR
Green PCR master mix as previously described (Chen et al.,
2021). The relative expression levels of these genes relative to the
three reference genes (GAPDH, Actin7 and Tubulin3) in each tis-
sue were calculated as previously described (Chen et al., 2021).
Primers used in this study are listed in the Table S1.

Isolation of His-tagged recombinant proteins of PcIBMS1,
PcIPMS1, PcIBMS1-M132L and PcIPMS1-L135M

The constructs for expression of His-tagged recombinant proteins
of PcIBMS1, PcIPMS1, PcIBMS1-M132L and PcIPMS1-
L135M in Escherichia coli were constructed based on expression
vector pET-28a(+). The details of vector construction can be
found in Methods S1. Recombinant proteins of PcIBMS1,
PcIPMS1, PcIBMS1-M132L and PcIPMS1-L135M were
expressed in E. coli strain BL21(BE3) and purified using Ni-NTA
agarose chromatography (Qiagen) as previously described (Xu
et al., 2018). The primer pairs used for construction of these
pET-28a(+) expression vectors fused with HIS6 residues at the
N-terminus for expression in E. coli are listed in Table S1.

Enzymatic assays of recombinant PcIBMS1, PcIPMS1,
PcIBMS1-M132L and PcIPMS1-L135M

The enzyme assay for the condensation reaction between acetyl-
CoA and different 2-oxo acids was performed with a spec-
trophotometric end-point assay with DTNB as previously
described (de Kraker et al., 2007) with minor modifications and
the enzymatic products of PcIBMS1 and PcIPMS1 towards 2-
oxoisovalerate and 4-methyl-2-oxovalerate were further mea-
sured using an LC-QTOF-MS-based method. Details of these
enzymatic assays for the condensation reaction can be found in
Methods S1.

Modelling structures of PcIBMS1, PcIPMS1, PcIPMS1-
L135M and PcIBMS1-M1132L

The target sequences were first split into domains by FUPRED

based on the deep-learning predicted contact map (Zheng et al.,
2020). Then the model of each domain and the full-chain
sequence were generated through ALPHAFOLD2 (Jumper et al.,
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2021). Finally, all individual domains were assembled together to
create the final full-length model by DEMO (Zhou et al., 2019)
based on the domain orientations derived from the ALPHAFOLD2
full-length model.

Subcellular localisation of PcIBMS1 and PcIPMS1

The vector used for subcellular localisation of analysis was
pTF486. The construction of these vectors expressing fusion pro-
teins of PcIBMS1 and PcIPMS1 with green fluorescent protein
(GFP) fused at C-terminus was performed as previously
described (Chen et al., 2021). The full-length open reading
frames of PcIBMS1 and PcIPMS1 were cloned into pTF486
between the SalI and BamHI sites using the In-Fusion® HD
Cloning Kit (Takara, Kusatsu, Japan) and following the protocol.
Protoplasts were prepared from Arabidopsis leaves, and transfor-
mation and confocal microscopy were performed as described
previously (Yoo et al., 2007). Primers used in the construction of
these vectors are listed in Table S1.

Transient expression in N. benthamiana leaves

The pEAQ-HT constructs carrying each of PcIBMS1 and
PcIPMS1 used for transformation were constructed as described
previously (Xu et al., 2019). The procedure used for transient
expression in N. benthamiana leaves was performed as previously
described (Xu et al., 2019). N. benthamiana plants transformed
with empty pEAQ-HT vector were used as the control. The infil-
trated leaves were collected 7 d after infiltration. The detailed
procedures for analysis of metabolites in N. benthamiana leaves
can be found in Methods S1.

GC-MS analysis and LC-QTOF-MS analysis

For GC-MS analysis, 1 µl aliquot of the sample was injected into
the Agilent GC-MSD (Agilent 7890B-5977B, Santa Clara, CA,
USA) system equipped with the Rxi-5Sil MS column
(30 m9 0.25 mm9 0.25 lm film thickness; Restek, Bellefonte,
PA, USA). The oven temperature was programmed as previously
described (Chen et al., 2021). For LC-QTOF-MS analysis, 2 µl
aliquot of the sample was injected into the LC-QTOF-MS sys-
tem (6545 LC/QTOF-MS; Agilent) coupled with a C18 column
(Zorbax RRHD Plus C18, Φ2.1 9 50 mm, 1.8 lm) at 35°C.
The gradient (solvent A, water + 0.1% formic acid; solvent B,
acetonitrile) program and operating parameters were set as previ-
ously described (Chen et al., 2021).

Results

4-Methylvaleric acid is a precursor of pogostone

Chen et al. (2021) hypothesised that the side chain of pogostone
is derived from 4-methylvaleric acid, and furthered showed that
the expression of PcAAE2, a cytosolic acyl-activating enzyme that
catalyses the conversion of 4-methylvaleric acid to 4-
methylvaleryl-CoA, is correlated with pogostone biosynthesis.

However, a direct proof that 4-methylvaleric acid is a precursor
of pogostone has not yet been presented. To determine if the side
chain of pogostone is derived from 4-methylvaleric acid, 5-wk-
old top leaves (5W-TLeaf) of P. cablin plants were placed in a
solution containing the deuterium-labelled [2H11] 4-
methylvaleric acid (4-methylvaleric-d11 acid or 4MVA-d11) at
the concentration of 1 mM. Following an overnight treatment
with the labelled 4MVA-d11, volatiles were extracted with methyl
tert-butyl ether (MTBE) and aliquots were analysed using gas
chromatography–mass spectrometry (GC-MS) (Fig. 2). Another
portion of each MTBE extract was further dried and dissolved in
90% methanol for LC-QTOF-MS (Fig. S1). We observed that
7.8% of the pogostone molecules extracted had an 11-D shift
(from 223.0976 for pogostone to 234.1666 for pogostone-d11 in
negative mode in LC-QTOF-MS analysis and from 224.1 for
pogostone to 235.2 for pogostone-d11 in GC-MS analysis) in the
parent ion mass (Figs 2, S1), indicating that 4-methylvaleric acid
is a genuine precursor of pogostone biosynthesis.

Identification of the gene candidates involved in
4-methylvaleric acid biosynthesis using coexpression analysis

To identify the candidate genes involved in 4-methylvaleric acid
biosynthesis, we performed homology searches on our previously
constructed P. cablin RNA-seq database (Chen et al., 2021), using
genes involved in leucine metabolism in Arabidopsis thaliana
using TBLASTN software (Fig. 1). We obtained a total of 13 unique
genes (Table S2): two genes with similarity to AtIPMS (named
PcIBMS1 and PcIPMS1, please refer to the following lines); two
genes (PcIPMIL SSU and PcIPMIL LSU; ‘L’ for ‘-like’) related to
the small subunit and large subunit of Arabidopsis IPMI, respec-
tively; one gene (PcIPMDHL) related to AtIPMDH; three genes
putatively encoding branched-chain aminotransferases
(PcBCATL1, PcBCATL2 and PcBCATL3); and five genes puta-
tively encoding the three subunits of branched-chain a-keto acid
dehydrogenase (PcBCKDHL E1a1, PcBCKDHL E1a2,
PcBCKDHL E1b, PcBCKDHL E2 and PcBCKDHL E3).

We next performed coexpression analysis of these 13 unique
genes through Pearson correlation analysis to look for genes
whose expression was best correlated with that of PcAAE2, whose
expression was previously shown to be correlated with pogostone
biosynthesis (Chen et al., 2021), in all six P. cablin tissues includ-
ing Seedling, 5W-Root, 5W-Stem, 5W-TLeaf, 8W-TLeaf and
8W-SLeaf (Table S3). Two of the 13 genes, PcIBMS1 and
PcIPMDHL, showed a statistically significant correlation
(P < 0.01) (Table 1). In addition, in the coexpression analysis of
all the unique genes in the P. cablin RNA-seq database with the
PcAAE2 gene through Pearson correlation analysis, PcIBMS1
ranked the top third unique gene (Table S4).

To more accurately test whether the transcript profiles of these
13 genes correlated with that of PcAAE2 in different P. cablin tis-
sues at different developmental stages as previously described
(Chen et al., 2021), their expression patterns were further con-
firmed using RT-qPCR in the same 13 tissue samples used for
PcAAE2 (Fig. S2). Again, the expression patterns of PcIBMS1 in
the tested tissue samples showed a strong positive correlation with
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(a) (d)

(b)

(c)

Fig. 2 Gas chromatography–mass spectrometry (GC-MS) analysis of stable isotope incorporation into pogostone from Pogostemon cablin leaves fed with
4-methylvaleric-d11 acid. (a) Chemical structures of pogostone from 4-methylvaleric acid (4MVA) and 4-methylvaleric-d11 acid (4MVA-d11). (b) GC-MS
analysis of P. cablin 5-wk-old top leaf (5W-TLeaf) fed with 4MVA or 4MVA-d11. The total ion chromatograms (TIC) (left) and extracted ion chro-
matograms ofm/z 224 for pogostone (middle) and ofm/z 235 for pogostone-d11 (right) are shown. Tetradecane was used as an internal standard. The
retention times of pogostone and pogostone-d11 are slightly different, most probably due to the slight differences in physical and chemical properties
between these two compounds. (c) Mass spectra in GC-MS analysis of standard pogostone (upper left), pogostone from P. cablin 5W-TLeaf fed with
4MVA (upper right) and pogostone-d11 from P. cablin 5W-TLeaf fed with 4MVA-d11 (lower left). Note the 11-mass-unit shift of the parent ions of pogos-
tone (224) to pogostone-d11 (235) upon feeding with 4MVA-d11. (d) Relative abundances of pogostone and pogostone-d11 in P. cablin 5W-TLeaf fed with
4MVA-d11. Relative abundances in GC-MS analysis of pogostone and pogostone-d11 in P. cablin 5W-TLeaf fed with 4MVA-d11 were calculated by peak
area normalisation to the internal standard tetradecane and the relative abundance of pogostone was set as 100%. Data are represented as mean � SD of
three independent biological replicates.
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that of PcAAE2, displaying a similar developmental pattern as
that of PcAAE2 and the distribution pattern of pogostone (Chen
et al., 2021).

Subcellular localisation of PcIBMS1 and PcIPMS1

To investigate the subcellular compartmentation of PcIBMS1,
subcellular localisation prediction software TARGETP 2.0 was first
utilised for signal peptide prediction of PcIBMS1 as well as for
PcIPMS1. Both PcIBMS1 and PcIPMS1 were predicted to har-
bour chloroplast transit peptides in their N-termini with a high
score (Table S2). The subcellular localisations of these two pro-
teins were further analysed experimentally by transient expression
in Arabidopsis leaf protoplasts PcIBMS1 and PcIPMS1 each
fused to the GFP at their C-termini. In these experiments, com-
plete co-localisation of both PcIBMS1-GFP and PcIPMS1-GFP
signals with red chlorophyll autofluorescence was observed
(Fig. 3), indicating that both proteins are targeted to the plastids.

In vitro characterisation of isopropylmalate and
isobutylmalate synthase activities of PcIBMS1

The combination of the positive correlation of expression pat-
terns of PcIBMS1 with that of PcAAE2 and its further confirma-
tion by RT-qPCR analysis made it the most likely candidate gene
encoding the key enzyme in the biosynthetic pathway of 4-
methylvaleric acid compared with the other 12 unique genes. To
test this hypothesis, we performed in vitro biochemical assays
with PcIBMS1 and, for comparison, PcIPMS1. Truncated
PcIBMS1 and PcIPMS1 proteins, both lacking the first 40 amino
acids (the estimated length of the transit peptide), were produced
in E. coli with a fused N-terminal His6 tag, and purified as sol-
uble proteins. Both purified recombinant proteins were initially
tested in a spectrophotometric end-point enzyme assay (5,50-
dithiobis(2-nitrobenzoic acid) (DTNB)) with a variety of 2-oxo
acid substrates at a 0.3 mM concentration of the 2-oxo acid sub-
strate and 1 mM of acetyl-CoA.

Recombinant PcIBMS1 showed strong activity with 4-methyl-
2-oxovalerate as a substrate, and also had significant activity with
2-oxoisovalerate (55% of its activity with 4-methyl-2-
oxovalerate), but lower or no activity with the other substrates
tested (Table 2). Recombinant PcIPMS1 utilised 2-
oxoisovalerate as the best substrate, with only low levels of activ-
ity or no activity with all other substrates tested (Table 2). In par-
ticular, PcIPMS1 showed no detectable activity with 4-methyl-2-
oxovalerate (Table 2).

To further characterise PcIBMS1 and PcIPMS1, we first tested
the dependency of their enzymatic activities on pH and cations.
The highest levels of activities of PcIBMS1 and PcIPMS1 with their
respective preferred substrates were observed at pH 8.0 (Fig. S3).
The activities of PcIBMS1 and PcIPMS1 were dependent on diva-
lent cations with Mg2+ being the most preferred cation at optimal
concentration of 10mM (Fig. S3). The kinetic properties of
PcIBMS1 with 4-methyl-2-oxovalerate and 2-oxoisovalerate as sub-
strates, and PcIPMS1 with 2-oxoisovalerate as the substrate were

Table 1 Ranking of 4-methylvaleric acid biosynthetic pathway gene candi-
dates using coexpression correlation analysis with the PcAAE2 gene.

Genes Pearson correlation coefficient P (two tailed)

PcIBMS1 0.969 0.001
PcIPMDHL 0.95 0.004
PcIPMIL SSU 0.732 0.098
PcBCATL3 0.528 0.281
PcIPMIL LSU 0.455 0.365
PcIPMS1 0.451 0.369
PcBCATL2 0.387 0.449
PcBCKDHL E3 0.228 0.664
PcBCKDHL E1b �0.066 0.9
PcBCKDHL E1a2 �0.143 0.788
PcBCKDHL E2 �0.203 0.699
PcBCKDHL E1a1 �0.385 0.452
PcBCATL1 �0.605 0.203

Fig. 3 Subcellular localisation of PcIBMS1
and PcIPMS1 in Arabidopsis leaf mesophyll
protoplasts revealed using laser confocal
microscopy. The signal of free GFP was used
as a control and chloroplasts are revealed by
red chlorophyll autofluorescence. Bar, 10 lm.
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measured in a spectrophotometric end-point enzyme assay. The
kinetic analysis revealed that PcIBMS1 had a Km value of
139.8� 39.4 µM and a catalytic efficiency of 1.729 104 s�1M�1

for 4-methyl-2-oxovalerate and a Km value of 1303.3� 127.7 µM
and a catalytic efficiency of 3.3379 103 s�1M�1 for 2-
oxoisovalerate, and that PcIPMS1 had a Km value of
288.3� 8.2 µM and a catalytic efficiency of 9.949 103 s�1M�1

for 2-oxoisovalerate (Table 3). The enzymatic products of PcIBMS1
and PcIPMS1 with 2-oxoisovalerate and 4-methyl-2-oxovalerate as
substrates were further verified with LC-QTOF-MS (Fig. S4).

Heterologous expression of PcIBMS1 and PcIPMS1 in
N. benthamiana

To further test the activities of PcIBMS1 and PcIPMS1
in planta, N. benthamiana leaves were infiltrated with
Agrobacterium tumefaciens strains harbouring plasmids con-
taining either PcIBMS1 or PcIPMS1. For control, A. tumefa-
ciens strains harbouring empty vector (pEAQ-HT) were
infiltrated into N. benthamiana leaves. In these experiments,
the complete open reading frames of PcIBMS1 and PcIPMS1
were used, including the corresponding transit peptides that
were shown to direct the protein to the plastid. Transformed
leaves were harvested 7 d after infiltration and the products
were extracted and analysed using LC-QTOF-MS. As
expected, transient expression of PcIBMS1 in N. benthamiana
leaves resulted in the overproduction of 2-isobutylmalate and
2-isopropylmalate, which were verified by the comparison of
their retention times and mass spectra with corresponding
standards (Fig. 4a). By contrast, transient expression of
PcIPMS1 in N. benthamiana leaves resulted in negligible
amounts of 2-isopropylmalate and 2-isobutylmalate com-
pared with that produced in N. benthamiana leaves tran-
siently expressing PcIBMS1 (Fig. 4a).

To test whether the introduction of PcIBMS1 or PcIPMS1
can lead to the production of free 4-methylvaleric acid or an
increase in its content, N. benthamiana leaf samples were
extracted with MTBE, and the MTBE extracts were further
analysed using GC-MS. No free 4-methylvaleric acid was

Table 2 Substrate specificity of recombinant PcIBMS1 and PcIPMS1.

Substrate Structure PcIBMS1 PcIPMS1

Pyruvate nd nd

2-Oxobutyrate 18 10

4-Methylthio-2-oxobutanoic acid 15 nd

2-Oxoisovalerate 55 100b

2-Oxovalerate 34 20

2-Oxoglutaric acid nd nd

3-Methyl-2-oxovalerate 8 nd

4-Methyl-2-oxovalerate 100a nd

2-Oxohexanoic acid 7 nd

These activities were measured with substrate and acetyl-CoA at concen-
tration of 0.3 and 1mM, respectively, in the end-point enzyme assay
(DTNB). Data are expressed as relative mean percentages from triplicate
independent assays. nd, not detected or relative activities < 5%.
a100% relative activity of PcIBMS1 corresponds to 1.60 lmol min–1 mg–1

on 4-methyl-2-oxovalerate.
b100% relative activity of PcIPMS1 corresponds to 1.42 lmol min–1 mg–1

on 2-oxoisovalerate.

Table 3 Kinetic properties of recombinant PcIBMS1, PcIPMS1, PcIBMS1-M132L and PcIPMS1-L135M.

Enzyme Substrate Km (lM) Kcat (s
–1) Kcat/Km (s–1 M–1)

PcIBMS1 2-Oxoisovaleratea 1303.3� 127.7 4.5� 0.21 3337� 156
Acetyl-CoAb 42.0� 5.8 2.3� 0.07 26 361� 761
4-Methyl-2-oxovaleratec 139.8� 39.4 2.4� 0.09 17 246� 653
Acetyl-CoAd 145.4� 21.2 2.5� 0.02 17 124� 106

PcIBMS1-M132L 2-Oxoisovaleratea 443.5� 44.4 3.6� 0.16 8007� 352
Acetyl-CoAb 57.6� 11.7 3.1� 0.01 53 336� 220
4-Methyl-2-oxovaleratec 95.0� 17.9 0.95� 0.01 9978� 87
Acetyl-CoAd 131.9� 6.5 0.95� 0.03 7185� 189

PcIPMS1 2-Oxoisovaleratea 288.3� 8.2 2.9� 0.04 9940� 126
Acetyl-CoAb 48.1� 2.8 2.7� 0.02 56 094� 429

PcIPMS1-L135M 2-Oxoisovaleratea 621.5� 58.3 1.2� 0.03 1985� 49
Acetyl-CoAb 22.7� 1.9 1.1� 0.02 48 828� 1072

Data are presented as mean� SD from triplicate independent assays using end-point enzyme assay (DTNB) method.
aKinetic parameters were determined with 1mM acetyl-CoA.
bKinetic parameters were determined with 2 mM 2-oxoisovalerate.
cKinetic parameters were determined with 1 mM acetyl-CoA.
dKinetic parameters were determined with 2 mM 4-methyl-2-oxovalerate.
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Fig. 4 Liquid chromatography–quadrupole time-of-flight–mass spectrometry (LC-QTOF-MS) and gas chromatography–mass spectrometry (GC-MS) anal-
yses of Nicotiana benthamiana leaves expressing PcIBMS1 and PcIPMS1. (a) LC-QTOF-MS analyses of N. benthamiana leaves expressing the two
enzymes PcIBMS1 and PcIPMS1. Nicotiana benthamiana leaves transformed with empty vector (EV) were used as a negative control. Extracted ion chro-
matograms in negative mode of bothm/z 175.0612 for 2-isopropylmalate and 189.0768 for 2-isobutylmalate are shown. Standard 2-isopropylmalate is
available commercially, whereas standard 2-butylmalate was generated by the in vitro enzymatic reactions of purified PcIBMS1 with 4-methyl-2-
oxovalerate as the substrate in the presence of acetyl co-enzyme A (acetyl-CoA). (b) GC-MS analyses of N. benthamiana leaves expressing the two
enzymes PcIBMS1 and PcIPMS1 with or without base treatment. The methyl tert-butyl ether (MTBE) extracts of N. benthamiana leaf samples with or with-
out base treatment were analysed using GC-MS and total ion chromatograms are shown. (c) Concentration of 4-methylvaleric acid and 5-methylhexanoic
acid in N. benthamiana leaves expressing the two enzymes PcIBMS1 and PcIPMS1 with or without base treatment. The quantifications were achieved by
normalisation of the peaks to the internal standard geraniol and comparison with the standard curves of authentic 4-methylvaleric acid and 5-
methylhexanoic acid (n = 3; means� SD). FW, fresh weight; nd, not detected.
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detected in control N. benthamiana leaves and in N. benthami-
ana leaves transiently expressing PcIBMS1 or PcIPMS1
(Fig. 4b). As it had been previously observed that compounds
with carboxylic groups generated in N. benthamiana leaves by
the introduction of heterologous genes tended to be modified
by endogenous glycosylases (Yang et al., 2011; Xu et al., 2018),
we searched for glycosylated 4-methylvaleric acid by preforming
hydrolysis on leaf samples with 0.4 N NaOH at 80°C for
20 min. Surprisingly, 4-methylvaleric acid and 5-
methylhexanoic acid (containing one more carbon than 4-
methylvaleric acid) were detected at low levels in the hydrolysed
MTBE extracts of control N. benthamiana leaves. However,
these two compounds in N. benthamiana leaves expressing
PcIBMS1 showed 6.9-fold and 2.7-fold increases in their con-
tents, respectively, compared with that in the control N. ben-
thamiana leaves (Fig. 4b,c). Transient expression of PcIPMS1
did not result in any observable changes in the contents of these
two branched-chain fatty acids in the hydrolysed MTBE
extracts compared with that in the control N. benthamiana
leaves (Fig. 4b,c). In addition, the relative content of Leu in N.
benthamiana leaves expressing PcIBMS1 declined to c. 58%
compared with that in the control N. benthamiana leaves
(Fig. S5), while no change in Leu concentrations was observed
in N. benthamiana leaves expressing PcIPMS1, which yielded
almost the same content of Leu as the control N. benthamiana
leaves (Fig. S5).

Leu feedback inhibition assay of PcIBMS1 and PcIPMS1

Isopropylmalate synthases from plants and bacteria generally
form a homodimeric protein (Koon et al., 2004; de Carvalho
et al., 2005; de Kraker et al., 2007; de Kraker & Gershenzon,
2011). Each monomer contains two core domains including
an N-terminal catalytic region consisting mainly of a (b/a)8
barrel (TIM barrel) with a divalent metal cofactor necessary
for substrate binding (Koon et al., 2004), and a C-terminal
allosteric regulatory domain responsible for Leu feedback inhi-
bition in microbes and plants (de Carvalho et al., 2005; de
Kraker & Gershenzon, 2011). The two major domains are sep-
arated by two small subdomains that have a flexible hinge in
between them (Koon et al., 2004). The full-length PcIBMS1
gene encodes a protein containing 591 amino acids, showing
74%, 66% and 64% amino acid identities with PcIPMS1,
AtIPMS1 and OsIPMS1, respectively (Fig. S6), the latter two
proteins were functionally identified as typical IPMSs in
A. thaliana and Oryza sativa (de Kraker et al., 2007; Xing &
Last, 2017; He et al., 2019). Sequence comparison with other
typical IPMSs showed that the protein encoded by the
PcIBMS1 gene contains the N-terminal catalytic region and
the likely C-terminal allosteric regulatory domain (Fig. S6).
However, many changes in residues occur in the PcIBMS1
protein at positions corresponding to the conserved sites of the
other typical IPMS proteins in both the N-terminal catalytic
region (Fig. 5) and the C-terminal allosteric regulatory
domain, notably the loss of five amino acids in the C-terminal
domain of the PcIBMS1 protein (Fig. S7). The sequence

divergence in the C-terminal allosteric regulatory domain of
PcIBMS1 protein compared with other typical IPMSs that are
sensitive to Leu feedback inhibition led us to hypothesise that
PcIBMS1 encoded an IPMS family protein that was not sub-
ject to Leu feedback inhibition.

To test this hypothesis, both recombinant PcIBMS1 and
PcIPMS1 were assayed for aldol-type condensation activities
between acetyl-CoA and 4-methyl-2-oxovalerate and 2-
oxoisovalerate, in the end-point enzyme assay (DTNB) in the
presence of Leu at a series of concentrations from 0.05 to
10 mM. PcIBMS1 activity was insensitive to Leu concentra-
tions up to the highest concentration measured (10 mM) no
matter whether the 2-oxo acid substrate was 4-methyl-2-
oxovalerate or 2-oxoisovalerate (Fig. 6a,b). Conversely, the
activity of PcIPMS1 with the substrate 2-oxoisovalerate
declined to 57.8% at 50 lM Leu and was reduced to 34.7% at
the highest Leu concentration measured (10 mM) (Fig. 6b).
The observations of substrate specificity and kinetic properties
of PcIPMS1 enzyme towards 2-oxoisovalerate and acetyl-CoA
and its sensitivity to Leu feedback inhibition indicated that
PcIPMS1 encoded a genuine IPMS enzyme responsible for
Leu biosynthesis.

Determination of amino acid sites in the N-terminal domain
that may affect the substrate specificity of PcIBMS1 and
PcIPMS1

Our data indicate that PcIBMS1 is an IPMS-like protein with an
altered preferred substrate (4-methyl-2-oxovalerate rather than 2-
oxoisovalerate). Previous studies on the 3D structure of MtIPMS
from Mycobacterium tuberculosis and BjMAM1-A from Brassica
juncea identified seven amino acid sites in the N-terminal cat-
alytic domain that may affect the 2-oxo acid substrate chain
length specificities of IPMS and methylthioalkylmalate synthase
(MAMS) (de Kraker & Gershenzon, 2011; Kumar et al.,
2019), the latter is a neofunctionalised form of IPMS involved
in the biosynthesis of methionine-derived glucosinolates (de
Kraker et al., 2007; de Kraker & Gershenzon, 2011). The
overall fold of MAMs shares with IPMSs the N-terminal cat-
alytic a/b-barrel domain and the C-terminal a-helical region
that forms part of the CoA binding site (Kumar et al., 2019).
The two major structural differences between MAMs and
IPMSs are the loss of the N-terminal extension and the C-
terminal Leu binding regulatory domain found in the Leu
biosynthesis enzyme. In both MAMs and IPMSs, the catalytic
machinery and reaction chemistry are conserved (Kumar et al.,
2019).

Sequence comparison of the N-terminal domain of PcIBMS1
that catalyses the extension of the longer chain substrate 4-
methyl-2-oxovalerate with those of the five IPMS proteins,
including PcIPMS1, AtIPMS1, AtIPMS2, MdIPMS1 and
MdIPMS2, all of which show no or negligible activities towards
the longer chain substrate 4-methyl-2-oxovalerate compared with
that towards the classic IPMS substrate 2-oxoisovalerate (de
Kraker et al., 2007; Sugimoto et al., 2021), highlights the
sequence divergence in PcIBMS1 (Fig. 5). Twenty conserved
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Fig. 5 Multiple sequence alignment of N-terminal catalytic regions of Pogostemon cablin,Malus domestica and Arabidopsis isopropylmalate synthases
(IPMS) and Brassica junceaMAM1-A (BjMAM1-A). Multiple sequence alignment of the N-terminal catalytic regions of P. cablin,M. domestica and Ara-
bidopsis IPMS and BjMAM1-A is shown. Sequence features corresponding to the characterised BjMAM1-A crystal structure are shown (Kumar et al.,
2019). Residues in catalytic sites, metal binding sites, CoA binding sites and a-ketoacid binding sites are marked by an asterisk, solid circle symbol, hollow
circle symbol and solid diamond symbol, respectively. The black solid diamond symbol depicts a-ketoacid binding sites implicated in substrate selectivity,
while red solid diamond symbol are those shown to impact substrate size discrimination (de Kraker & Gershenzon, 2011; Kumar et al., 2019). Protein
domain designations are derived from the BjMAM1-A crystal structure (Kumar et al., 2019). Black background shows perfectly conserved sequences across
the IPMS, while the light blue background shows that amino acids in the conserved sites in the selected five typical IPMSs diverge from that in the corre-
sponding sites in PcIBMS1. PcIBMS1 and PcIPMS1 were directly obtained from the P. cablin transcriptome database. The information for other proteins
used in this sequence alignment is shown in Supporting Information Table S5.
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amino acid sites of N-terminal catalytic domains of these five typ-
ical IPMS proteins diverged from the corresponding sites in
PcIBMS1 protein (Fig. 5). In particular, the conserved Leu
located in one of the seven sites in these IPMSs that were identi-
fied as accounting for the differences in substrate binding
between IPMSs and MAMs (de Kraker & Gershenzon, 2011;
Kumar et al., 2019), was replaced by Met132 in the same position
in PcIBMS1 (Fig. 5), suggesting that the substituted Met132 may
play a vital role in the alteration of substrate specificity of
PcIBMS1 from typical IPMSs. To further explore the implica-
tion of the Leu-to-Met substitution, we performed structure
modelling of PcIBMS1 and PcIPMS1. The overall structures of
PcIBMS1 and PcIPMS1 obtained by modelling were similar and
shared a conserved substrate binding pocket (Fig. S8). The Leu-
to-Met substitution in this pocket resulted in the distance
between 4-methyl-2-oxovalerate and the residues changing from
4.9 to 3.1�A (Figs S8, S9). Therefore, the Met132 in PcIBMS1
had a stronger binding affinity to 4-methyl-2-oxovalerate than
Leu135 in PcIPMS1.

To test the effect of Met132 in determining substrate specificity
of PcIBMS1, we mutated this residue in PcIBMS1 to the corre-
sponding residue Leu found in the typical IPMS, and we did the
reciprocal experiment by changing the corresponding Leu135 in
PcIPMS1 to Met. We assayed the resulting PcIBMS1-M132L
and PcIPMS1-L135M point mutants using 4-methyl-2-
oxovalerate and 2-oxoisovalerate and determined their kinetic

parameters (Table 3). The PcIBMS1-M132L mutant exhibited
c. a three-fold decrease in Km value for 2-oxoisovalerate with a
corresponding c. 2.4-fold increase in catalytic efficiency (kcat/Km),
while showing only a modest difference in the Km value for 4-
methyl-2-oxovalerate and c. a two-fold decrease in catalytic effi-
ciency vs the wild-type. The PcIPMS1-L135M point mutant
exhibited c. a 2.2-fold increase in Km value for 2-oxoisovalerate
with a corresponding c. five-fold decrease in catalytic efficiency
(kcat/Km) vs the wild-type, while still showing no detectable activ-
ities with 4-methyl-2-oxovalerate. These results suggested that
this amino acid site indeed contributed to the ability of the
enzyme to accept the longer chain 2-oxo acid 4-methyl-2-
oxovalerate but that other amino acids played a crucial role as
well.

Phylogenetic relationships of PcIBMS1 homologues

To gain further insight into the evolution of PcIBMS1, we
expanded the phylogenetic analysis of PcIBMS1 and PcIPMS1 to
include their closest homologues from plant species and microor-
ganisms, including genuine IPMSs, MAMs from A. thaliana and
B. juncea, and citramalate synthase (CMS) from Malus domestica
(Fig. 7). PcIBMS1, MdCMS1 and MAMs, as well as SlIPMS3, a
tomato true IPMS that is nonetheless lacking the regulatory C-
terminal regulatory domain and is involved in synthesising the C5
acyl precursor for acylsugar biosynthesis rather than leucine, split
off from typical plant IPMSs before the split between monocot
and dicot IPMSs (Fig. 7a). However, these leucine-insensitive
enzymes represented neofunctionalised forms of typical plant
IPMS (Ning et al., 2015; Kumar et al., 2019; Sugimoto et al.,
2021) that either lack the regulatory C-terminus domain altogther
or possess the C-terminal domain but show high rates of change
in it. We therefore redid the phylogenetic analysis with the protein
sequences from which the C-terminal regulatory domain was
removed (Fig. 7b). The phylogenetic tree obtained in this analysis
showed that PcIBMS1 was most closely related to PcIPMS1.

Discussion

4-Methylvaleric acid is a precursor of pogostone

Pogostone possesses many pharmaceutical activities and therefore
is considered as a potential therapeutic agent for treatment of
many diseases. In our previous study, we constructed a P. cablin
RNA-seq database, from which we isolated and characterised
PcAAE2, an enzyme that catalyses the formation of 4-
methylvaleryl-CoA from 4-methylvaleric acid, a branched-chain
fatty acid (Chen et al., 2021). The expression of PcAAE2 corre-
lated spatially and temporally with pogostone biosynthesis and,
based on these data as well as the structure of pogostone, 4-
methylvaleric acid was hypothesised as a precursor of pogostone
(via 4-methylvaleryl-CoA). Here, by feeding P. cablin young
leaves with deuterium-labelled [2H11] 4-methylvaleric acid
(4MVA-d11) and following the incorporation of this label into
pogostone, we were able to show that 4-methylvalerate was
indeed a precursor in pogostone biosynthesis (Figs 2, S1).

Fig. 6 Effect of leucine (Leu) on the enzymatic activity of PcIBMS1 and
PcIPMS1. (a) Effect of Leu on the enzymatic activities of PcIBMS1 towards
4-methyl-2-oxovalerate. (b) Effect of Leu on the enzymatic activities of
both PcIBMS1 and PcIPMS1 towards 2-oxoisovalerate. Activities are
expressed as a percentage of the activity. The 100% activity was set in the
absence of Leu. Data represent means � SD of three independent biologi-
cal replicates.
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PcIBMS1 is a key enzyme involved in the formation of 4-
methylvaleric acid

Branched and straight fatty acids have been hypothesised as the
precursors of many specialised metabolites such as bitter acids in

Humulus lupulus, acylsugars in Solanaceae and cannabinoids in
Cannabis sativa (Kroumova & Wagner, 2003; Stout et al., 2012;
Xu et al., 2013; Ning et al., 2015), although direct evidence for
the activity of key enzymes in their biosynthesis has seldom been
presented. To further elucidate the route leading to biosynthesis

(a)

(b)

Fig. 7 Phylogenetic analyses of PcIBMS1
homologues, methylthioalkymalate
synthases (MAMSs) and citramalate synthase
(CMS) from selected species.
(a) Phylogenetic analyses of whole PcIBMS1
homologues, MAMSs and CMS from
selected species. The whole protein
sequences of PcIBMS1 homologues, MAMSs
and CMS were used in this phylogenetic
analysis. (b) Phylogenetic analyses of the N-
terminal domains of PcIBMS1 homologues,
MAMSs and CMS from selected species.
PcIBMS1 and all the 2-isopropylmalate
synthases (IPMS) except SlIPMS3, from
which the predicted C-terminal allosteric
regulatory domains were removed, were
used in this phylogenetic analysis. The
proteins naturally lacking the C-terminal
allosteric regulatory domain that is presented
in typical IPMS were marked in red colour.
For the construction of phylogenetic trees in
(a) and (b), all proteins except PcIBMS1 and
PcIPMS1 were obtained from the PHYTOZONE

v.12.1 (https://phytozome.jgi.doe.gov/pz/
portal.html), National Center for
Biotechnology Information (NCBI) website
(https://www.ncbi.nlm.nih.gov/), The
Arabidopsis Information Resource (TAIR)
website (https://www.arabidopsis.org/) and
UniProt website (https://www.uniprot.org/)
(Supporting Information Table S5). PcIBMS1
and PcIPMS1, the protein sequences of
which were directly obtained from
Pogostemon cablin transcriptome database,
are marked in blue colour. Sequences were
aligned using MUSCLE (Edgar, 2004), and the
trees were conducted using the maximum
likelihood algorithm and the Jones–Taylor–
Thornton (JTT) matrix-based model in MEGA

X (Jones et al., 1992; Kumar et al., 2018).
Branch point bootstrap values were
calculated with 1000 replicates. The
percentage of trees in which the associated
taxa clustered together is shown next to the
branches. The tree is drawn to scale, with
branch lengths measured in the number of
substitutions per site. The species are listed
along with the protein names.
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of pogostone, we set out to characterise the key enzyme involved
in the biosynthesis of 4-methylvaleric acid. This branched C6
fatty acid is longer by one carbon than 3-methylbutanoic acid, a
derivative of Leu whose own synthesis involves the a-ketoacid
elongation (aKAE) pathway (Kroumova & Wagner, 2003; Bin-
der, 2010). Therefore, 4-methylvaleric acid is most likely to have
been derived from leucine metabolism by one additional elonga-
tion cycle through the aKAE pathway.

Among the 13 gene candidates for 4-methylvaleric acid
biosynthesis that were identified by utilising Arabidopsis repre-
sentative genes involved in leucine metabolism to query the
assembled P. cablin transcriptome data through homology search
by TBLASTN software, PcIBMS1 showed the highest correlation
with pogostone biosynthesis markers (Tables 1, S4; Fig. S2) and
was homologous to IPMS, the key enzyme in the one-carbon
elongation of 2-oxoisovalerate to 4-methyl-2-oxovalerate (via 2-
isopropylmalate) in Leu biosynthesis, making it the most likely
candidate encoding the key enzyme for 4-methylvaleric acid
biosynthesis. In vitro biochemical assays of the recombinant
PcIBMS1 protein showed that PcIBMS1 not only effectively
catalysed the formation of 2-isobutylmalate from 4-methyl-2-
oxovalerate and acetyl-CoA, but was also able to catalyse the
formation of 2-isopropylmalate from 2-oxoisovalerate and
acetyl-CoA (Table 2, 3; Fig. S4). A second IPMS-like gene found
in the P. cablin transcriptome, but whose expression pattern did
not correlate with pogostone biosynthesis, did not have activity
with 4-methyl-2-oxovalerate (Table 3). This gene, which was des-
ignated as PcIPMS1, was shown to be a bona fide isopropylmalate
synthase that effectively used 2-oxoisovalerate as a substrate with
kinetic properties similar to other plant typical IPMSs (Table 3;
de Kraker et al., 2007; Ning et al., 2015). The Km value of
PcIBMS1 for 2-oxoisovalerate was c. five-fold higher than that of
PcIPMS1, but its Km value for 4-methyl-2-oxovalerate was three-
fold lower than the Km value of PcIPMS1 with 2-oxoisovalerate.
However, PcIBMS1 has a somewhat high Km value for acetyl-
CoA when acting on its preferred substrate, compared with
IPMSs (Table 3; de Kraker et al., 2007; Ning et al., 2015). These
enzymatic properties of PcIBMS1 suggested that it may perform
distinct biological functions from typical plant IPMSs that are
responsible for Leu biosynthesis.

Attempts to establish a reliable P. cablin transformation sys-
tem, including gene silencing (VIGS) using tobacco rattle virus,
were not successful, preventing us from testing the biological
functions of PcIBMS1 directly in P. cablin plants. Therefore, the
activities of PcIBMS1 in planta were tested in N. benthamiana
leaves by transient expression. Analysis of compounds produced
in N. benthamiana leaves when PcIBMS1 was transiently
expressed lent additional evidence for its function in 4-
methylvaleric acid biosynthesis. We were able to directly detect
free 2-isopropylmalate and 2-isobutylmalate, which were not
detected in the control, as well as a large increase in the content
of glycosylated 4-methylvaleric acid and glycosylated 5-
methylhexanoic acid (Fig. 4). These results indicated that when
PcIBMS1 was overexpressed in N. benthamiana, the resulting
protein could also act with 2-oxoisovalerate, despite its high Km

value for this substrate, and also with 5-methyl-2-oxohexanoate.

This further indicated that endogenous N. benthamiana proteins
could complete the elongation cycle with 2-isobutylmalate and
longer intermediates. N. benthamiana is known to synthesise
these longer branched-chain fatty acids as part of its acylsugar
biosynthesis in glandular trichomes (Kroumova & Wagner,
2003; Slocombe et al., 2008), which is a possible explanation
why we detected low levels of glycosylated 4-methylvaleric acid
and glycosylated 5-methylhexanoic acid in control N. benthami-
ana leaves.

Met132 amino acid site in PcIBMS1 affects its substrate
preference

The MAM structure of a MAMS from B. juncea, designated as
BjMAM1-A, was determined using X-ray crystallography
(Kumar et al., 2019). Seven amino acid sites that may affect sub-
strate preference of IPMS and MAMS were identified. Our
sequence comparisons showed that one of the seven correspond-
ing sites was substituted by Met132 in PcIBMS1 (Fig. 5). This site
corresponded to Leu143 in Mt-IPMS that was shown to have a
hydrophobic interaction with one of the two methyl groups of 2-
oxoisovalerate by RCSB PDB Ligand Explorer 3.5 (Koon et al.,
2004; de Kraker & Gershenzon, 2011), suggesting that Met132

may play a vital role in substrate preference of PcIBMS1. The
PcIBMS1-M132L mutant obtained using site-directed mutagen-
esis showed much higher affinity and catalytic efficiency towards
2-oxoisovalerate and lower catalytic efficiency towards 4-methyl-2-
oxovalerate than wild-type PcIBMS1 (Table 3), which was consis-
tent with the prediction of the effect of the Leu-to-Met substitution
in the binding pocket in the structural modelling of PcIBMS1
(Figs S8, S9). The reciprocal PcIPMS1 mutant, PcIPMS1-
L135M, showed a strong decrease in affinity and catalytic effi-
ciency towards 2-oxoisovalerate compared with the wild-type
enzyme, but it still did not have the capability of utilising the
larger substrate 4-methyl-2-oxovalerate. Therefore, while Met132

plays a critical role in PcIBMS1 substrate specificity, simply sub-
stituting Leu in this position in IPMS, is clearly not sufficient to
convert it into IBMS.

PcIBMS1 has altered feedback regulation of enzyme
activity

PcIPMS1 is a typical IPMS enzyme that exhibits Leu feedback
inhibition both in vitro (Fig. 6) and in planta (overexpression of
PcIPMS1 in N. benthamiana did not lead to an increase in Leu
concentrations; Fig. S5). By contrast, our sequence comparisons
showed that PcIBMS1 had a wide sequence divergence from typi-
cal plant IPMS proteins in both the catalytic N-terminal (Fig. 5)
and the C-terminal regulatory domain (Fig. S7). In the latter
domain, a deletion of five amino acids in PcIBMS1 was particu-
larly notable (Fig. S7). The feedback inhibition assay indicated
that PcIBMS1 encoded an enzyme that was not subject to Leu
inhibition (Fig. 6). The loss of Leu regulation by the sequence
divergence and the loss of five amino acids in PcIBMS1 were
therefore obtained by a different mechanism of the complete loss
of the C-terminal domain, which is how Brassica MAMS and
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Solanaceae SlIPMS3 acquired their insensitivity to Leu inhibi-
tion. In addition, the loss of Leu feedback inhibition in PcIBMS1
was consistent with the observation that transient expression of
PcIBMS1 in N. benthamiana led to the overproduction of 2-
isopropylmalate, but transient expression of PcIPMS1 did not.
Further structure analysis and gain-of-function mutations in the
C-terminal regulatory domain of PcIBMS1 might provide a bet-
ter understanding of the mechanism leading to the insensitivity
to feedback inhibition of this enzyme.

IPMSs have been recruited and neofunctionalised to
specialised metabolism pathways multiple times
throughout plant evolution

Several instances of IPMS neofunctionalisation and recruitment
to specialised metabolism within eudicots have been docu-
mented, including Brassicaceae MAMSs involved in the biosyn-
thesis of Met-related glucosinolate compounds, apple CMS
involved in flavour esters, and wild tomato IPMS3 involved in
acylsugar biosynthesis (Ning et al., 2015; Kumar et al., 2019;
Sugimoto et al., 2021). In these three cases, a loss of the C-
terminal allosteric regulatory domain had occurred, which freed
these enzymes from Leu inhibition. When the phylogeny of these
enzymes was analysed using standard methodology, they
appeared to have split from the genuine IPMS clade before the
split of monocot and dicot IPMSs (Fig. 7a). However, this analy-
sis is probably misleading, as the genes encoding these enzymes
have undergone a major change involving the loss of a domain
and possibly accelerated substitutions elsewhere. When only the
catalytic domain was used in the phylogenetic analysis, MAMs
and CMS still split early from the IPMS clade, but PcIBMS1
now clustered with PcIPMS1, and wild tomato IPMS3 groups
with other Solanaceae IPMSs (Fig. 7b). This analysis indicated
that at least for PcIBMS1, its recruitment and neofunctionalisa-
tion into the pogostone pathway occurred relatively recently.

In addition to the changes in the catalytic domain that were
obviously necessary to evolve a new substrate specificity, the uni-
form loss of Leu inhibition is of interest. As the end product of
the pathways in which these enzymes participate is not Leu, a
Leu sensitivity will serve no clear function. But perhaps, more
importantly, specialised metabolites such as glucosinolates,
flavour esters, acylsugars, and pogostone are typically made in
large quantities in specific tissues or organs, and inhibition by
related metabolites would be detrimental to achieving such high
levels of production.

Based on our results with PcIBMS and the previous research
on the origin of MAMs and CMS, it is likely that many more
IPMS-derived enzymes responsible for synthesising substrates for
the biosynthesis of specialised metabolism are still to be discov-
ered. In particular, one anticipates these genes in the Solanaceae,
in which many species synthesise acyl sugars using acyls up to 12
carbons long, and for which the aKAE pathway was shown to be
involved in Nicotiana and Petunia. In fact, our detection in N.
benthamiana leaves (not expressing PcIBMS) of basal levels of 4-
methylvaleric acid and 5-methylhexanoic acid (Fig. 4) suggested
that N. benthamiana has endogenous enzymes related to IBMS.

However, the three IPMS-like genes that can be presently identi-
fied in the N. benthamiana genome all clustered together with
genuine IPMS sequences, whereas PcIBMS1 was in a separate
clade (Fig. 7). Furthermore, all three shared the motif that was
responsible for Leu feedback inhibition (Fig. S10), and the
IPMS-specific Leu residue corresponding to Met132 in PcIBMS1
(Fig. S11). Therefore, at this point it cannot be determined if any
of these three IPMS-like genes from N. benthamiana encoded an
enzyme with IBMS activity, or whether the observed IBMS activ-
ity in N. benthamiana was due to an enzyme encoded by another
gene.

PcIBMS1 catalyses the committed step in pogostone
biosynthesis

The initial elongation step of 4-methylvaleric acid biosynthesis
catalysed by PcIBMS1 was critical for connecting primary and
specialised metabolism (Fig. 1). It is of interest that PcIBMS1 has
evolved to use 4-methyl-2-oxovalerate as a more efficient sub-
strate than 2-oxoisovalerate, the preferred substrate of typical
plant IPMSs, but still retained high enzymatic activities towards
the latter substrate (Table 3). Both 2-isobutylmalate and 2-
isopropylmalate were detected in N. benthamiana leaves tran-
siently expressing PcIBMS1 (Fig. 4), suggesting that 2-
oxoisovalerate can also be a natural substate in planta. It is plausi-
ble that the initial elongation steps from both 2-oxoisovalerate
and 4-methyl-2-oxovalerate in the aKAE route for 4-
methylvaleric acid biosynthesis are catalysed by only PcIBMS1,
allowing ultimately high levels of pogostone production from
Leu inhibition. As only one homologue of each of IPMI and
IPMDH was screened from P. cablin transcriptome database
(Table S2), the elongation cycles of the aKAE route for 4-
methylvaleric acid biosynthesis probably shared both enzymes
with Leu biosynthetic pathway in the plastid.

Four out of five screened BCKDH subunits were predicted to
locate in mitochondria (Table S2), suggesting that the proposed
BCKDH-like reactions in 4-methylvaleric acid formation occurred
in mitochondria such as leucine catabolism (Fig. 1; Binder, 2010).
A recent characterisation of the intrinsic acyl-CoA thioesterase
activity of a peroxisomal ATP binding cassette transporter that
was required for transport and metabolism of fatty acids (Lousa
et al., 2013) raised the possibility of the involvement of this type
of transporter in the transport of 4-methylvaleryl-CoA generated
by the action of BCKDH-like reactions in mitochondria into the
cytosol, along with losing the CoA group to yield free
4-methylvaleric acid (Fig. 1). Although the complete pathway lead-
ing to pogostone biosynthesis is still unresolved, the characterisa-
tion of PcIBMS1 will allow the breeding of high-yield-pogostone
P. cablin varieties and reconstitution of the pathway leading to
biosynthesis of the branched side of pogostone combined with
PcAAE2 in a heterologous system (e.g.N. benthamiana).
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