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SUMMARY

Abscisic acid (ABA) receptors belong to the START domain superfamily, which encompasses ligand-binding

proteins present in all kingdoms of life. START domain proteins contain a central binding pocket that,

depending on the protein, can couple ligand binding to catalytic, transport or signaling functions. In Ara-

bidopsis, the best characterized START domain proteins are the 14 PYR/PYL/RCAR ABA receptors, while the

other members of the superfamily do not have assigned ligands. To address this, we used affinity purifica-

tion of biotinylated proteins expressed transiently in Nicotiana benthamiana coupled to untargeted LC-MS

to identify candidate binding ligands. We optimized this method using ABA–PYL interactions and show that

ABA co-purifies with wild-type PYL5 but not a binding site mutant. The Kd of PYL5 for ABA is 1.1 lM, which

suggests that the method has sufficient sensitivity for many ligand–protein interactions. Using this method,

we surveyed a set of 37 START domain-related proteins, which resulted in the identification of ligands that

co-purified with MLBP1 (At4G01883) or MLP165 (At1G35260). Metabolite identification and the use of

authentic standards revealed that MLBP1 binds to monolinolenin, which we confirmed using recombinant

MLBP1. Monolinolenin also co-purified with MLBP1 purified from transgenic Arabidopsis, demonstrating

that the interaction occurs in a native context. Thus, deployment of this relatively simple method allowed

us to define a protein–metabolite interaction and better understand protein–ligand interactions in plants.

Keywords: abscisic acid, ABA signaling, PYR/PYL/RCAR, protein–metabolite interactions, in planta, START

domain, Bet v 1, technical advance, polyketide cyclase-like proteins, technical advance.

INTRODUCTION

In land plants, mechanisms that enable adaptive responses

to stresses involve the perception of abscisic acid (ABA) by

the pyrabactin resistance1/pyrabactin resistance1-like/regu-

latory components of ABA receptors (PYR1/PYL/RCAR) (Ma

et al., 2009; Park et al., 2009). The ABA receptors belong to

the START domain superfamily (Ma et al., 2009; Park et al.,

2009). The START domain represents an ancient protein

signature originally identified as a lipid-binding domain

superfamily present in a broad range of cellular proteins

across diverse species (Ponting and Aravind, 1999; Schrick

et al., 2004). The name START is an acronym for

StAR-related lipid transfer domain, with StAR referring to

the steroidogenesis acute regulatory protein involved in

the transport of cholesterol to the inner mitochondrial

membrane (reviewed in Stocco, 2001). Crystal structures

solved for mammalian MLN64 and STARD4 proteins

revealed an a-helix/b-grip fold forming a hydrophobic cav-

ity (Tsujishita and Hurley, 2000; Romanowski et al., 2002).

This cavity was later predicted to be shared by all the

members of the START domain superfamily and was sug-

gested to be involved in ligand binding (Iyer et al., 2001).

Evidence for the ability of the START domain to accommo-

date ligand molecules and its significance derives mainly
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from animal proteins, with only a few having been identi-

fied in plants. For instance, mammalian StAR binds and

transports cholesterol from the outer to the inner mito-

chondrial membrane for its conversion to biologically

active steroid hormones (reviewed in Stocco, 2001).

Human phosphatidylcholine transfer protein (PC-TP)

specifically interacts with PC to enhance the activity of

other enzymes involved in the regulation of cellular fatty

acid metabolism (Westerman et al., 1983; Roderick et al.,

2002; Ersoy et al., 2013; Kawano et al., 2014) and silkworm

carotenoid-binding protein (CBP) manifests binding of car-

otenoid lutein in a 1:1 ratio and plays a role in the yellow

pigmentation of the cocoon (Tabunoki et al., 2002, 2004).

Binding of ligands within the START domain cavity has

been attributed to the shape and size of the hydrophobic

pocket (Iyer et al., 2001). However, it should be pointed out

that the residues forming the pocket are not strictly

hydrophobic and also accommodate amino acid residues

forming polar interactions (Iyer et al., 2001), thus extend-

ing the chemical nature of potential ligands.

Genes encoding the START domain and their structural

relatives are present in genomes of bacteria, protists,

yeast, plants and animals, (Schrick et al., 2004; Gatta et al.,

2015), with an over-representation in plant genomes

(Schrick et al., 2004). For example, while the genomes of

Drosophila melanogaster and Caenorhabditis elegans

encode only a few START domain proteins, the Arabidop-

sis thaliana and rice genomes encode a few dozen (Schrick

et al., 2004). Sequence homology suggests birch pollen

allergen (Bet v 1) and polyketide cyclase protein subfami-

lies to be among the closest neighbors of START domain

proteins (Iyer et al., 2001). In plants, besides the minimal

START domain, many START proteins incorporate addi-

tional signaling domains such as a homeodomain (HD), a

pleckstrin homology (PH), transmembrane (TM) segments

and DUF 1336, a domain with an unknown function

(Schrick et al., 2004; Satheesh et al., 2016). Based on the

co-occurrence of START with signaling domains, it has

been hypothesized that the START proteins may partici-

pate broadly in ligand-mediated signaling (Ponting and

Aravind, 1999). This hypothesis was reinforced by the dis-

covery that PYR/L proteins serve as ABA receptors (Ma

et al., 2009; Park et al., 2009). The PYR/L proteins function

through type 2C protein phosphatases (PP2C) and SNF1-

related protein kinases (Ma et al., 2009; Park et al., 2009;

Umezawa et al., 2009; Vlad et al., 2009). Binding of ABA to

PYR/L receptors serves as a molecular switch, altering

receptor conformation and increasing their affinity towards

PP2Cs. Interaction between PYR/L receptors and PP2Cs

inactivates the latter, leading to the activation of SnRK2s,

which, in turn, results in regulation of plant development,

stress-induced gene expression and physiological changes

in stomatal closure (Choi et al., 2000; Uno et al., 2000; Negi

et al., 2008; Vahisalu et al., 2008; Geiger et al., 2009; Ma

et al., 2009; Melcher et al., 2009; Miyazono et al., 2009;

Park et al., 2009; Umezawa et al., 2009; Yin et al., 2009).

Because the previously mentioned START domain protein

ligands are indispensable for proper functioning of their

protein counterparts in both animals and plants, and since

plant START domain proteins have been demonstrated to

be implicated in essential physiological processes (Rerie

et al., 1994; Kubo, 1999; Abe et al., 2003; Prigge et al.,

2005; Nakamura et al., 2006; Takada et al., 2013), we

decided to optimize a method to allow identification of

START domain and START domain-related protein ligands

in planta.

Tagore et al. (2008) described an in vitro small-molecule

pull-down technique for the identification of protein–
metabolite interactions. Previously, Schrick et al. (2014)

immunoisolated the Arabidopsis HD-STARTs GLABRA2

and protodernal factor 2 from yeast cells and identified a

range of metabolites that interact with these proteins, with

phospholipids dominating over the other small molecular

interactors. Herein, we modified the method of Tagore

et al. (2008) to screen for endogenous START/Bet v/polyke-

tide cyclase-like protein ligands in planta focusing on com-

pounds with an amphiphilic/lipophilic nature. We used

PYR/L proteins for optimization of the method, as they are

the best-characterized Arabidopsis START domain-related

proteins with identified endogenous ligands (Melcher

et al., 2009; Santiago et al., 2009a). The overall effort

resulted in a simple and time-efficient method for screen-

ing of endogenous small molecules found in association

with START domain proteins. The technique facilitated the

discovery of two START domain-related protein ligands

with as yet unknown functions. Although the method was

only tested with START domain-related proteins, it was

designed as a general tool for identifying protein–small

molecule interactions. Thus, by considering chemical nat-

ure of a putative ligand, it can be applied to other soluble

proteins harboring ligand-binding domains.

RESULTS AND DISCUSSION

Co-purification of ABA with PYR/L receptors in planta

Optimization of the small-molecule pull-down was per-

formed with PYL5 as the biochemical properties of the

PYR/L-ABA-PP2C complex are well defined (Melcher et al.,

2009; Santiago et al., 2009a,b). The dissociation constants

of PYL5 (1.1 lM) and PYL5 in the presence of a PP2C

(38 nM) provide the range of affinity of the current ligand–
protein purification approach (Santiago et al., 2009a).

Formation of the PYL5–ABA–PP2C complex offers the

experimental means for the verification of protein activity

throughout the purification process. In addition, the mech-

anistic information about the key residues required for

ligand binding is well known (Melcher et al., 2009), facili-

tating a controlled experiment. Moreover, ABA is efficiently
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ionized and can thus be detected by mass spectrometry

(MS) (L�opez-Carbonell and J�auregui, 2005; Ma et al., 2008;

Pan et al., 2008, 2010; Balcke et al., 2012; Yu et al., 2014).

Taken together, we decided to optimize the method using

PYL5 co-expressed with HAB1 PP2C.

Complementary DNAs of receptor and phosphatase

were co-expressed in Nicotiana benthamiana leaves with

the receptor fused to an HPB tag (Qi and Katagiri, 2009)

and the phosphatase fused to GFP. Purification of PYL5

fused to HPB benefits from high biotin–strepavidin binding

affinity (Kd = 10�15
M) (Green, 1963), which limits the

degree of ligand co-purification due to competition with

unbound receptors.

To purify the protein–ligand complex, transfected

N. benthamiana leaves were homogenized and the lysate

was further ultra-centrifuged and filtered to get rid of insol-

uble plant debris to avoid potential clogging of the LC col-

umn. The protein of interest was enriched by affinity

chromatography using streptavidin Sepharose affinity

medium (Figure 1a,b). The next experimental phases were

guided by the ligands of interest. The ABA receptor pocket,

as well as the putative binding sites of other START, Bet v

and polyketide cyclase-like proteins, are mostly hydropho-

bic (Ponting and Aravind, 1999; Iyer et al., 2001), thus

defining the chemical properties of potential ligands and

the washing steps necessary to discriminate other mole-

cules. Correspondingly, the elution process should dena-

ture the protein while allowing ligand solubilization. On

this basis, the washing buffer was supplemented with low

levels of detergent and salt, to both remove unbound/non-

specifically bound components and to strengthen

hydrophobic interactions (Hofmeister, 1988). To prevent

interference of the detergent with downstream LC, addi-

tional washes were performed with salt only. A number of

organic solvents could be used for elution. However, con-

sidering that successive chromatographic separation was

to be carried out with an acetonitrile (ACN)/water gradient,

elution was performed with 60–80% ACN (Figure 1b,c).

The eluate was then subjected to LC-MS. Raw data were

analyzed using Thermo ScientificTM SIEVE software which

enables semi-quantitative differential analysis of isolated

small molecules by identifying components with statisti-

cally significant differences in inter-sample abundance

(Figure 1c).

As a negative control, a parallel experiment was per-

formed using different START/Bet v/polyketide cyclase-like

proteins or GFP. The assay was carried out using three

independent biological repeats, each consisting of leaf tis-

sue pooled from four different N. benthamiana plants.

Expression and purification of the proteins was confirmed

by SDS-PAGE and Western blotting (Figure S1a,b in the

online Supporting Information). To verify that PYL5

retained its activity throughout the purification process, a

small portion of the purified sample was tested for the

presence of HAB1 co-receptor (Figure S2), indicating the

formation of a biologically active complex.

Statistical analysis of inter-sample differences of ion

enrichment in eluates corresponding to PYL5, other

START/Bet v/polyketide cyclase-like proteins or GFP

revealed PYL5-specific ions matching ABA (m/z 263.1284,

RT 6.6) P < 0.05 (Figure 2a). Recovery of this specific ion

was reproducible, as shown by the consistent results of

several independent purification events (Figure S3a–c) and
by eluate analysis using different MS instruments (see

Experimental procedures). The identity of the ABA ions

was verified by spiking eluates corresponding to PYL5

samples with an ABA standard (Figure S4) and by MS–MS

fragmentation analysis of both the standard and the sam-

ple (Figure S5a,b).

The described transient expression in N. benthamiana

and subsequent protein–ligand co-purification offers a tool

for high-throughput identification of protein–ligand com-

plexes. However, established model systems like A. thaliana

provide genetic and bioinformatics infrastructures that

enable/ease subsequent ligand identification (e.g. aux-

otrophic mutants in a given metabolic pathway may narrow

down the range of possible molecule ligands). To test the

protein–ligand co-purification protocol in A. thaliana, we

generated transgenic plants stably expressing PYL5 and

two transgenic controls expressing PYL5 K87A, a mutant in

one of the key ABA-binding residues (Melcher et al., 2009),

or GFP (Pri-Tal et al., 2017). Expression of the proteins was

driven by 35S and tagged by HPB. Transgenic plants were

grown to the bolting stage and protein was isolated from

leaf tissue via biotin–streptavidin purification, as described

above. The efficiency of expression and purification was

verified via SDS-PAGE and Western blotting (Figure S1c)

and eluates were analyzed by LC-MS. Statistical analysis of

the total ion content indicated that a unique ion correspond-

ing to ABA (m/z 263.12, RT 6.5) was present in PYL5 eluates

but not in any of the PYL5 K87A or GFP samples (P-value

0.00005; Figure 2b). Hence, the same method can be

applied for co-purification of the PYL5–ABA complex

whether the receptor is transiently expressed in N. ben-

thamiana or stably expressed in A. thaliana.

Discovering candidate ligands of the At4G01883 locus

encoding MLBP1

In pursuit of ligands for A. thaliana START domain-related

proteins, 66 HPB-tagged START/Bet v/polyketide cyclase-

like proteins for which no ligand had been previously

assigned were transiently expressed in N. benthamiana

(Tables S1 and S2). Of the 66 tested proteins, 37 showed

high accumulation and were subsequently purified and co-

eluted with small molecules and analyzed via LC-MS

(Table S2). Each ligand-screening experiment consisted of

four different START domain-related proteins, each repre-

sented by three biological repeats. Every protein was

© 2019 The Authors
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(a)
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Figure 1. Experimental workflow.

(a) Protein expression: each one of four START proteins was expressed via Agrobacterium infiltration into a triplicate of four Nicotiana benthamiana plants.

(b) Protein purification: leaves were grand to powder in extraction buffer. The native soluble fraction was obtained by ultracentrifugation or via Miracloth

filtering with subsequent centrifugation. An aliquot of supernatant was dissolved in Laemmli sample buffer to test target protein expression (IN). Supernatant

containing target protein–metabolite complexes was filtered and incubated with streptavidin Sepharose affinity medium. Affinity medium with bound

protein–metabolite complexes was harvested by centrifugation. Affinity medium was washed once with extraction buffer and twice with NaCl. The second and

third aliquots were sampled to test the binding efficiency of unbound (UB) and bound (B) target protein. Aliquots were analyzed by Western blot.

(c) Ligand identification: putative ligands were eluted and subjected to LC-MS analysis. SIEVE software was used to detect unique ions by statistical analysis.

Tandem mass spectrometry was deployed to unravel molecular structures of putative ligands of interest.
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tested for a unique co-purified ligand with respect to the

other three samples. We reasoned that comparison with

different START/Bet v/polyketide cyclase-like proteins

would be superior to using non-START domain-related

protein controls (i.e. GFP), since the former share a

hydrophobic cavity, thus presenting a similar background

signature (Iyer et al., 2001). Among the different samples

analyzed by SIEVE, eluates from two samples correspond-

ing to At4G01883 and AT1G35260 protein-encoding loci

were associated with unique ions (m/z 411.27, RT 12.7,

P-value 0.01–0.04 and m/z 295.22, RT 12.4, P-value 0.001–
0.04, respectively) (Figures 3a and S6). To further elucidate

ligand identity, we focused our efforts on the ion co-eluting

with At4G01883, which of the two is phylogenetically clo-

ser to ABA receptors. Repeated purifications with

At4G01883 and PYL5 or GFP, demonstrated a mean 5–25-
fold change in ion enrichment and a P-value ranging from

0.03 to 0.04 (Figures 3a and S7a,b). It should be noted that

the weak signal corresponding to the unique ion (m/z

411.27 RT 12.7), visible in both the PYL5 and GFP eluates,

is a background signal (Figure 3, lower table). Next, co-elu-

tion of At4G01883 with the above ion was tested in

A. thaliana, from which the protein originates. To this end,

a transgenic A. thaliana plant line stably overexpressing

At4G01883 was generated (Figure S1d). Proteins from the

plants and from control plants overexpressing PYL5 were

Experiment 
Screening

Ion in ABA receptor 
replicates m/z RT P-Value Control Fold change

Mass-
Analyzer Figure

II [C15H20O4 - H]– 263.12 6.6 1E-05 At4G01883 infinite Q Exactive current
I [C15H20O4 - H]– 263.12 6.6 1E-05 At1G35260 infinite Q Exac�ve
I [C15H20O4 - H]– 263.12 6.6 1E-05 GFP infinite Q Exac�ve
II [C15H20O4 - H]– 263.12 6.6 0.0272 At4G01883 369.76 Q Exac�ve S2a
III [C15H20O4 - H]– 263.12 6.9 1E-05 At4G01883 infinite LTQ Orbitrap S2b
IV [C15H20O4 - H]– 263.12 6.9 0.0147 At4G01883 5,684.05 LTQ Orbitrap S2c
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PYL5K89A

PYL5K89A

PYL5

ABA [M-H]-

m/z 263.12
RT 6.6

(a)

(b)

Figure 2. Co-purification of ABA ligand with the

PYL5 receptor.

Negative mode LC-MS extracted mass chro-

matograms (EMCs) (m/z range 263.12537–
263.13063) of three biological replicates of co-eluted

small molecules purified with GFP-PYL5-HPB

(AT5G05440), which was (a) transiently co-

expressed with HAB1-GFP (AT1G72770) in

Nicotiana benthamiana or (b) stably expressed in

Arabidopsis thaliana, are indicated in violet. Blue

graphs represent EMCs of eluates corresponding to

(a) At4G01883-HPB or (b) PYL5K89A-HPB which

served as controls. Molecular ion, m/z, retention

time (RT) and the structural formula of the detected

ABA molecule are indicated above the peaks. Statis-

tical analyses (Student’s t-test) of current and addi-

tional independent experiments are presented in

the table (in panel a), summarizing P-value and fold

change of the identified ion compared with the rele-

vant control. Additionally, the table includes the

chemical formula of the ions, m/z, RT and the

model of mass spectrometer used in the specified

experiment. Data displayed in the current figure are

highlighted in bold. Corresponding figures of the

additional experiments are indicated at the last col-

umn.
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isolated as described earlier. The efficiency of expression

and purification was verified via SDS-PAGE and Western

blotting, and the eluate was analyzed by LC-MS (Fig-

ure S1d). SIEVE data analysis once again detected the

unique ion (m/z 411.27, RT 12.7) in eluates from three bio-

logical replicates of At4G01883 samples (Figure 3b). Detec-

tion of the same molecule co-eluting with At4G01883 in

both heterologous as well as homologous systems implied

that it might be the actual ligand of the target protein.

Therefore, we proceeded to characterize the chemical

structure of the molecule. The LC-MS data of control

(PYL5) and At4G01883 eluates were acquired in positive

and negative electrospray ionization (ESI) modes. The

same ion unique to At4G01883 was detected in positive

mode as m/z 353.26818 and in negative mode as m/z

411.27520 (Figures 4a and S8a). Atomic composition calcu-

lations of the detected ions suggested a formula of

C21H37O4 [C21H36O4 + H]+ for the ion detected in positive

mode and C23H39O6 [C21H36O4 + CH3COO]� for that

detected in negative mode (Figures 4b and S8b). Next, the

unknown compound co-eluting with At4G01883 was ana-

lyzed by LC-MS/MS, where the ions (m/z 411.27 and

353.27) were subjected to collision-induced dissociation

(CID). Negative CID of the parent ion (m/z 411.27) gave rise

to m/z 59.01375, indicating loss of the acetate adduct

(CH3COO�) from an ion–molecule complex [C21H36O4 +
CH3COO]� (Figure S8c). The CID spectrum of the ion mea-

sured in positive mode (m/z 353.27) was consistent with

the structure of the ester of glycerol (C3H8O3) with a fatty

acid containing three double bonds (C17H29COOH) (Fig-

ure 4c,d). Further analysis demonstrated that chromato-

graphic retention time, accurate masses and CID spectra of

the unknown molecule measured in both positive and neg-

ative modes were identical to the characteristics of monoli-

nolenin (AccuStandard UG-024N) (Figure S9). This finding

was confirmed by spiking eluates corresponding to

At4G01883 (Figure 5) with a monolinolenin standard. This

resulted in two overlapping peaks, which is a strong indi-

cation that the two compounds are identical. Moreover,

spiking recombinant GST-tagged At4G01883 purified from

Escherichia coli with a monolinolenin standard in an

in vitro pull-down assay demonstrated a mean 16-fold

change in ion enrichment in contrast to the GST control

(Figure 6). This result once again supported our proposal

that monolinolenin is the At4G01883 protein ligand and it

was given the name monolinolenin-binding protein 1 or

MLBP1. To assess the specificity of monolinolenin to

MLBP1, we spiked HPB-tagged PYL5, GFP and MLBP1-

related proteins purified from N. benthamiana with

monolinolenin and conducted an in vitro pull-down assay.

Negative-mode LC-MS analysis of the MLBP1 eluates iden-

tified an ion corresponding to monolinolenin [C21H36O4 +
F]� (m/z range 371.2598), at an intensity significantly

higher than that of the control eluates (Figure S10).

Isothermal calorimetry (ITC) was then applied to study

the MLBP1–monolinolenin interaction (Methods S1). Titra-

tion of GST-MLBP1 to monolinolenin, but not GST,

resulted in an endothermic reaction, which reached satura-

tion with an increase in the protein concentration (Fig-

ure S11). Such a heat change was not observed when the

buffer or MLBP1 was titrated to buffer free of monoli-

nolenin. A similar response was observed when ITC was

carried out by titrating ABA to dimeric PYR1 but not to the

mutated PYR1H60P monomer (Dupeux et al., 2011). Dupeux

et al. (2011) associated the endothermic reaction with

ABA-induced dissociation of the PYR1 dimer. While MLBP1

ITC data cannot alone support the hypothesis of MLBP1

dimerization, they do support an interaction between

MLBP1 and monolinolenin.

MLBP1 is a protein with an unknown function

At4G01883 is predicted to be a polyketide cyclase/dehy-

drase and lipid transport protein (TAIR database). In Ara-

bidopsis rosettes and N. benthamiana leaves the protein

was demonstrated to be localized to chloroplasts [Zybailov

et al. (2008) and Figure S12a, respectively]. Image analysis

of protein localization confirmed the presence of

At4G01883-eGFP fusion in chloroplasts and identified the

first 18 amino acids as the transit peptide sequence (Fig-

ure S12a,c–e). Due to the phylogenetic relationship of the

protein to ABA receptors (Figure S13), we hypothesized

that MLBP1 and/or monolinolenin might be involved in sig-

naling. To test this hypothesis, 50 lM monolinolenin was

applied to Arabidopsis seedlings. While this dose resulted

in no visible effect, application of 200 lM monolinolenin

had an inhibitory effect on roots. To test whether the inhi-

bitory effect is specific to monolinolenin, several other

compounds were applied (Figure S14). The free acid, lino-

lenic acid and the reduced version of monolinolenin,

monolinolein (C21H38O4), demonstrated a similar inhibitory

effect on roots (Figure S14). Furthermore, application of

200 lM monolinolenin to the MLBP1 T-DNA mutant

(SAIL_504_A06) or transgenic plants overexpressing

MLBP1 resulted in similar root inhibition to that seen in the

wild type plant (Figures S15a–c and S1d). It is therefore

likely that root inhibition is not related to MLBP1.

Neither the T-DNA mutant nor the overexpressing trans-

genic plants showed any phenotypes to indicate any

involvement of MLBP1 in plant development. Although one

can argue that the presence of the two MLBP1-related

polyketide cyclase/dehydrase-like proteins encoded by

At1G02470 and At1G02475 (Figure S13) could obscure the

mutant phenotype, it should be noted that neither in planta

pull-downs nor monolinolenin spiking assays involving

these two proteins indicated significant binding of monoli-

nolenin (Figure S10). Moreover, subcellular localization

analysis of MLBP1 and its closet homolog, At1G02475, indi-

cated distinct subcellular localization for the two proteins;

© 2019 The Authors
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while MLBP1 localized to the chloroplast (Figure S12a),

At1G02475 was visualized in the nucleocytoplasm (Fig-

ure S12b). We therefore conclude that it is unlikely that

either of the two MLBP1-related proteins function in a

redundant fashion with respect to monolinolenin binding.

CONCLUSIONS

Protein–metabolite interactions are indisputably essential

for the biochemical reactions fundamental to life. Never-

theless, the endogenous small molecular ligands of a large

number of proteins with predicted ligand-binding domains

have still not been identified (Anantharaman and Aravind,

2001; Schrick et al., 2004; Shinohara et al., 2012; Das and

Rahman, 2014; Grotewold et al., 2017; Hohmann et al.,

2017). While several methods allowing identification of

endogenous protein ligands have been demonstrated in

yeast, bacteria and animal systems (Saghatelian et al.,

2004; Li and Snyder, 2012; Piazza et al., 2018), only a hand-

ful have been applied in planta. These include profiling

metabolomes in unique genetic backgrounds and the

application of affinity co-purification of a target protein in

complex with its ligand (Casanal et al., 2013; Luzarowski

et al., 2017). Herein, we have presented a robust approach

for the discovery of protein ligands in planta. Initially, pro-

teins are expressed and co-purified in complex with their

putative ligands through an avidin-based handle. Next,

small molecule eluates are analyzed by LC-MS. The

method was demonstrated to be highly reproducible in

Experiment
Screening

Ion in At4G01883 
replicates m/z RT P-Value Control Fold change Mass-Analyzer Figure

III [C21H36O4 + CH3COO]-– 411.3 12.7 0.04 PYL5 6.18 Q Exactive current
III [C21H36O4 + CH3COO]– 411.3 13.2 0.03 PYL5 3.92 LTQ Orbitrap Sup 4A

[C21H36O4
35Cl] 387.2 13.2 0.04 PYL5 4.47

IV [C21H36O4 + CH3COO]– 411.3 13.2 0.03 PYL5 5.9 LTQ Orbitrap Sup 4B
[C21H36O4

35Cl] 387.2 13.2 0.04 PYL5 6.1
[C21H36O4

37Cl] 389.2 13.2 0.04 PYL5 7.5
V [C21H36O4

35Cl] 387.2 16.9 0.04 GFP 25.6 6224 Mass TOF
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Figure 3. Co-purification of monolinolenin with

At4G01883 protein.

Negative mode LC-MS extracted mass chro-

matograms (EMCs) (m/z range 411.27089–
411.27911) of three biological replicates of co-eluted

small molecules purified with At4G01883-HPB,

which was (a) transiently expressed in Nicotiana

benthamiana or (b) stably expressed in Arabidopsis

thaliana, are indicated in violet. Blue graphs repre-

sent EMCs of eluates corresponding to (a) GFP-

PYL5-HPB (AT5G05440) transiently co-expressed

with HAB1-GFP (AT1G72770) or (b) PYL5-HPB

(AT5G05440), which served as controls. Molecular

ion, m/z, retention time (RT) and the structural for-

mula of detected monolinolenin molecule are indi-

cated above the peaks. Statistical analyses

(Student’s t-test) of current and additional indepen-

dent experiments are presented in the table (in

panel a), summarizing P-value and fold change of

the identified adducts in comparison with the rele-

vant control. Additionally, the table includes the

chemical formula of adducts, m/z, RT and the

model of mass spectrometer used in the specified

experiment. Data displayed in the current figure are

in bold. Corresponding figures of additional experi-

ments are indicated at the last column.
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numerous independent experiments conducted in various

biological systems. Identification of protein–metabolite

complexes was equally successful when using different

MS apparatuses. An experimental design in which proteins

carrying similar structural binding sites served as controls

and the application of SIEVE software circumvented an

(a)

(b)

(c)

(d)

Figure 4. Monolinolenin is co-purified with

At4G01883 protein.

(a)–(c) Structural determination of the ligand co-

purified with At4G01883-HPB protein from Ara-

bidopsis thaliana leaves. Structure was determined

by a three-phase analysis. Co-purification of the

unique ligand (m/z 353.2682) was re-confirmed by

(a) positive atmospheric pressure chemical ioniza-

tion extracted-ion chromatogram (APCI-EIC; blue)

and tandem mass spectrometry chromatogram

(MS/MS; red). The atomic composition of m/z

353.26798 at retention time (RT) of 22.60 min was

obtained by (b) a positive APCI MS spectrum. The

fragmentation spectrum of m/z 353.27 detected at a

RT of 22.60 was acquired from (c) the positive APCI

MS/MS spectrum.

(d) Proposed chemical structures of the protonated

ion and its derivatives detected at positive APCI

MS/MS.
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uninformed putative ligand elimination process. The tech-

nique was demonstrated to be sensitive for detection of

low-abundance molecules such as hormones. Finally, the

short time frames required for transient Agrobacterium-

mediated expression together with protein purification

made the method favorable for high-throughput screening.

Figure 5. Verification of the identity of the ligand

co-purified with At4G01883 protein.

Overlay of negative electrospray ionization LC-MS

extracted ion chromatograms (m/z 411.27523) of

monolinolenin detected in the standard (upper

panel), the sample (middle panel) and a sample

spiked with 0.1 lg ml�1 standard solution of mono-

linolenin at a ratio of 1:1 (lower panel).
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GST
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ytisnetni etulosbA

Ion in AT4G01883-GST 
replicates m/z

RT P-Value Control Fold change
Mass-Analyzer Figure

[C21H36O4 + CH3COO] – 411.27 12.7 0.0007 GST 16.7 Q Exac�ve current
[C21H36O4

35Cl] 387.23 12.7 0.0025 GST 85

[C21H36O4
37Cl] 389.22 12.7 0.001 GST 688

Figure 6. In vitro pull-down of monolinolenin with At4G01883-GST protein.

Recombinant GST-At4G01883 or GST alone was purified from Escherichia coli. Twenty micrograms of GST-At4G01883 (about 400 nM) or 100 lg of glutathione

S-transferase (GST; about 400 nM) were bound to glutathione Sepharose beads (20 ll), excess protein was washed and incubated with 4 lM monolinolenin.

Bound small molecules were eluted by acetonitrile and subjected to negative-mode LC-MS analysis. Extracted mass chromatograms (EMCs) (m/z range

411.27089–411.27911) of three technical replicates eluted from GST-At4G01883 are shown in violet and those for GST alone in blue. Molecular adduct, m/z,

retention time (RT) and the structural formula of detected ions are indicated above the peaks. Results of non-targeted statistical analyses (Student’s t-test) are

presented in the table, summarizing P-value and fold change of the identified adducts compared with GST. Additionally, the table includes the chemical formula

of adducts, m/z, RT and the model of mass spectrometer used. Data displayed in the current figure are in bold.
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Although the approach was adjusted to discover START

ligands it can easily be adapted to ligands of a different

chemical nature by adjustment of the analytical conditions.

Nevertheless, as with any other, this method is not free of

limitations. Although transient protein expression takes

place in N. benthamiana leaves, these do not represent the

physiological environment of all target proteins. However,

this might be overcome by spiking lysates with metabolite

extracts from the designated tissues of relevant plant spe-

cies. In addition, proteins in our system are overproduced,

violating protein homeostasis within the cells, which may

result in false-positive interactions. Moreover, the method

is unable for discriminating between direct and indirect pro-

tein–metabolite complexes as they might be purified

together with associated proteins, which may prove to be

binding agents. That said, the current approach successfully

identified hitherto unknown ligands of two of the 37 tested

START domain-related proteins. While one could argue this

is a low success rate, it should be noted that apart from a

few known ligands and the structural indications of START

domain-related proteins pointing in favor of ligand binding,

there is no certainty that a ligand for each and every one of

the START/Bet v/polyketide cyclase-like proteins exists.

Moreover, expression of target proteins in leaf cells limited

the metabolites to which the proteins were exposed, leav-

ing the rest beyond their reach. Considering these limita-

tions, it is impossible to assess the true success rate. Given

the alternatives (Casanal et al., 2013; Luzarowski et al.,

2017), and the relative ease of application of the proposed

approach, this method presents a good technique for initial

probing of protein ligands in planta.

EXPERIMENTAL PROCEDURES

Binary plasmid construction

All START domain-encoding genes were cloned in a translational
fusion to a biotinylation tag sequence and expressed under the
35S constitutive promoter (Pri-Tal et al., 2017). An RNA mixture
from A. thaliana Col-0 seedlings, seeds, flowers and fruits was iso-
lated using the ConcertTM Plant RNA Reagent. Samples were trea-
ted with DNase [AmbionTM DNase I (RNase-free), Catalog number
AM2222, https://www.thermofisher.com] according to the manu-
facturer’s instructions. Complementary DNA was generated from
1–5 lg of total RNA, using Reverse Transcriptase (SuperScriptTM II
Reverse Transcriptase, Catalog number 18064014, https://www.the
rmofisher.com), in a reaction mixture containing oligo-dT20. The
START gene coding sequences were amplified from cDNA using
the primers listed in Table S3. One of the following restriction site
combinations was added to each START domain-coding
sequence: NgoMIV and EcoRI, XmaI or XmaI and SalI. The restric-
tion sites generated to clone each START domain-encoding gene
are referred to in the primer name (Table S3). Coding sequences
were then inserted into the pHeGHPB (Pri-Tal et al., 2017) lin-
earized expression vector in either AgeI and EcoRI, XmaI or XmaI
and XhoI restriction sites. DN HAB1 was cloned into the pEGAD
(Cutler et al., 2000) binary vector using the EcoRI and XhoI restric-
tion enzymes harboring a GFP translational fusion.

Nicotianan benthamiana growth

Nicotiana benthamiana seeds were densely seeded in a single pot
with watered tuff soil mix and kept in the dark at 4°C for 1 week
for synchronized germination. After 1 week the seeds were trans-
ferred to a PERCIVAL AR-41L2 growth chamber (https://www.perc
ival-scientific.com/) with a light intensity of about 150 lmol pho-
tons m�2 sec�1 and 12-h day/night cycles at 22°C. After 1 week
the plants were transferred, one by one, into separate pots with
the same soil mix and grown under the same conditions. Plants
were infiltrated with Agrobacterium tumefaciens at 3–4 weeks fol-
lowing transplant. The described growth conditions result in short
internodes and postpone flowering. While the former brings about
the necessary rigidity to withstand the load caused by transfection
of the leaves, the latter elongates the physiological stage in which
the experiment can be performed.

Transient expression in N. benthamiana

Agrobacterium tumefaciens strains transformed with each one of
the plasmids were grown in 50 ml Luria–Bertani medium, supple-
mented with 50 mg L�1 kanamycin and 50 mg L�1 rifampicin,
overnight at 28°C while shaking. Bacterial cultures were cen-
trifuged at 3220 g, at room temperature (25°C), for 30 min. The
pellets were resuspended in 5 ml of 5% sucrose and the OD600

was measured. Next, the cultures were centrifuged at 3220 g at
28°C for 5 min. The pellets were further resuspended in an induc-
tion buffer (10 mM MgCl2, 10 mM MES, pH 5.6, 150 lm acetosy-
ringone) and diluted to an OD600 of 1. Bacteria were infiltrated into
N. benthamiana leaves using a blunt-end 1-ml syringe.

Generation of transgenic Arabidopsis

Arabidopsis thaliana strain Col 0 was grown in 16-h day/8-h night
cycles at 20–22°C and 70% humidity in a PERCIVAL AR-41L2
growth chamber with a light intensity of about 150 lmol pho-
tons m�2 sec�1, and then transformed using the floral-dip method
(Clough and Bent, 1998). T1 transgenic plants were selected with
15 mg L�1 glufosinate. Selected transgenic plants bearing a single
copy of a transgene were further propagated up to T3 homozy-
gous plants.

Purification of protein–ligand complexes

For each experiment, approximately 10 g of the leaf tissue was
harvested from N. benthamiana 2 days post-infiltration or from
bolting transgenic A. thaliana. Leaves were ground to a powder
with a mortar and pestle in liquid nitrogen. The powder was sup-
plemented with two volumes of chilled extraction buffer [50 mM

TRIS, pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% NP-40 (Sigma
I8896, https://www.sigmaaldrich.com/), supplemented with TRIS
(2-carboxyethyl) phosphine) (TCEP; Thermo Scientific 20490,
https://www.thermofisher.com/) and protease inhibitor cocktail
(Sigma P9599)]. The extract was cleared by ultracentrifugation at
4°C and 100 000 g for 1 h. Alternatively, sample clearing was
performed with a tabletop centrifuge at 4°C and 20 000 g, with
pre-cleaning using Miracloth (Calbiochem 475855, https://uk.vwr.c
om/). To prevent clogging during the liquid chromatography,
either ultracentrifuged or Miracloth-treated samples were further
filtrated through reinforced 0.45-lm nylon syringe filters (VWR�

Syringe Filters, Catalog number 28145–489, https://us.vwr.com/).
The clear lysate was loaded onto 50–100 ll streptavidin Sepharo-
seTM affinity chromatography medium (GE Healthcare 17-5113-01,
https://www.gehealthcare.com/) and incubated at 4°C, while rotat-
ing at a speed of 18 r.p.m. for 30 min. Streptavidin SepharoseTM
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affinity chromatography medium with bound proteins was sepa-
rated from the rest of the lysate by a short centrifugation at 4°C at
1810 g. The streptavidin SepharoseTM affinity chromatography
medium was then washed once with extraction buffer and twice
with 150 mM NaCl. Small molecular ligands were eluted using 60–
80% ACN. The lysate and the affinity media were sampled
throughout the experiment to ensure protein integrity and check
for effective protein purification.

SDS-PAGE and Western blotting

Aliquots sampled before and after addition of the affinity medium
were resuspended in sample buffer (final concentration 0.25 M

TRIS-HCl pH 6.8, 50% glycerol, 15% SDS, 28% b-mercaptoethanol).
Elution of the protein from the streptavidin SepharoseTM affinity
chromatography medium was accomplished by resuspension in
urea sample buffer (final concentration 0.2 M TRIS-HCl pH 6.8, 10%
glycerol, 8% SDS, 20% b-mercaptoethanol, 5 M urea). For Western
blot analysis, samples were pre-heated at 80°C for 10 min, sepa-
rated by SDS-PAGE and then electrophoretically transferred onto
nitrocellulose membranes (GE Whatman 10401180, https://www.
gelifesciences.com/). Membranes were then treated with blocking
buffer [5% non-fat dry milk, 19 TRIS-buffered saline (TBS), 0.1%
Tween 20], washed three times with TBS–Tween 20 and incubated
with strepavidin–horseradish peroxidase conjugate (GE Healthcare
RPN1231). Proteins were detected with the Western LightningR
Plus ECL reagent (PerkinElmer NEL103001EA, http://www.perkine
lmer.com/) and visualized using the ImageQuant LAS 4000 mini
(GE Healthcare).

Purification of recombinant protein from E. coli

The coding sequence of At4G01883 was cloned into the pGEX-4T1
vector (GE Healthcare, 28-9545-49), resulting in a glutathione S-
transferase (GST)-fused protein. At4G01883-GST and GST were
expressed in BL21(DE3) pLysS (Promega, https://www.promega.c
om/) by inoculating 50 ml of the overnight culture into 1 L of TB
(1.2% tryptone, 2.4% yeast extract, 0.4% glycerol 17 mM KH2PO4,
72 mM K2HPO4, pH 7.0) and incubated at 30°C. Protein expression
was induced at OD600 = 0.8 with 1 mM isopropyl b-D-1-thiogalacto-
pyranoside for 16 h at 15°C. Bacteria were harvested by centrifuga-
tion at ≥3220 g and resuspended in 3 ml g�1 TBS [50 mM TRIS,
150 mM NaCl, pH 7.5, and tablet per 50 ml cOmpleteTM Protease Inhi-
bitor Cocktail (Sigma)]. The suspension was then frozen and stored
at �80°C. Bacteria were thawed, sonicated and centrifuged at 20 000
g for 10 min. Clear lysate was applied to a 3 ml glutathione Sephar-
ose column (GE Healthcare). The column was then washed with 70
volumes of TBS. Proteins were eluted with TBS supplemented with
20% glycerol, 1 mM TRIS (2-carboxyethyl) phosphine (TCEP;
Thermo Scientific 20490), 30 mM reduced glutathione and 300 mM

NaCl and then dialyzed in TBS supplemented with 20% glycerol.

In vitro pull-down

For the GST-based pull-down assay, GST (about 400 nM; 100 lg) or
GST-At4G01883 (about 400 nM; 20 lg), in triplicate, was dissolved
in 1 ml of extraction buffer supplemented with 20 ll of glutathione
Sepharose beads and incubated for 1 h at room temperature
(25�C). Excess unbound protein was washed with 1 ml of extraction
buffer. Bound protein was quantified via SDS-PAGE and compared
with BSA standards. The bound protein was incubated in 1 ml of
extraction buffer, spiked with 4 lM monolinolenin, for 1 h at room
temperature (25�C). Beads were then washed twice with 1 ml of
extraction buffer and twice more with extraction buffer without NP-
40. Twelve additional samples with GST were similarly treated.
These samples were later used to plot a standard curve by spiking

with known monolinolenin concentrations (0.125–4 lM in dupli-
cates), while considering the ion suppression resulting from the
buffer. Then, ACN (50 ll) was added to all samples and the eluates
subjected to LC-MS analysis.

For biotin-based in vitro pull-down assay, GFP, PYL5 and eight
polyketide cyclase-like proteins fused at the C-terminus to the HPB
tag were purified from N. benthamiana as described above and
stringently washed to remove bound endogenous metabolites
[four washes with extraction buffer (150 mM NaCl, 50 mM TRIS-
HCl pH 7.5, 10% glycerol, 0.5% NP-40 (Sigma I8896) supplemented
with 1 mg ml�1 BSA, followed by four washes with extraction buf-
fer supplemented with 1 mg ml�1 BSA]. The purified protein was
incubated for 1 h in extraction buffer supplemented with 20 nM

monolinolenin. Unbound compound was washed away by one
rinse with extraction buffer supplemented with 1 mg ml�1 BSA
and two washes with TBS supplemented with 1 mg ml�1 BSA.
Metabolites were eluted in ACN and subjected to LC-MS.

Seedling response to chemical treatments

Col-0 wild type seeds were gas sterilized and plated on 0.5 MS
media with 0.5% sucrose. Seeds were then stratified for 5 days at
4°C and incubated at 22°C. For the assay, 3-day-old seedlings were
transferred to MS medium containing 200 lM of one of the follow-
ing chemicals: stearic acid (Sigma S4751), 1-stearoyl-rac-glycerol
(Sigma M2015), linoleic acid (Sigma L1376), linolenic acid (Sigma
L2376), monovaccenin (Accustandard UG-018N, https://www.accus
tandard.com/), monolinolenin (Accustandard UG-024N) or monoli-
nolein (Accustandard UG-021N). All chemicals were dissolved or
diluted in methanol to a stock solution of 91000. Methanol served
as a mock control. The plates were oriented vertically and the
response was assessed 2 days later.

Q ExactiveTM Plus hybrid quadrupole-OrbitrapTM mass

spectrometer LC-MS/MS

Samples were analyzed by the LC-MS system which consisted of
a Dionex Ultimate 3000 RS HPLC coupled to a Q Exactive Plus
hybrid FT mass spectrometer, equipped with a heated electro-
spray ionization source (Thermo Fisher Scientific). Two different
chromatographic separations were utilized. A shorter protocol
was used to analyze small molecules in the screening phase and a
longer protocol for spiking or MS/MS. In the short protocol, com-
pound separation was carried out using a Kinetex Hexyl-Phenyl
column (2.1 9 150 mm, particle size 2.6 lm, Phenomenex, https://
www.phenomenex.com/), employing a linear ACN/water (with
0.1% acetic acid) gradient. In the longer protocol, separation was
carried out using an Acclaim C18 column (3 9 250 mm, particle
size 3 lm, Thermo Scientific) employing a linear ACN/water (with
0.1% acetic acid) gradient.

The negative ionization mode was applied for ionization of
small molecules during the screening phase and for ABA MS/MS.
The positive ionization mode was only applied for monolinolenin
MS/MS analysis. In the negative ionization mode, ion source
parameters were as follows: spray voltage 3 kV, capillary tempera-
ture 300°C, sheath gas rate (arb.) 40, auxiliary gas rate (arb.) 10.
Mass spectra were acquired in scan mode; the resolving power
was 140 000. The MS/MS spectra were acquired using an HCD cell
in PRM acquisition mode at 20, 30 and 40 normalized collision
energy values. For the positive ionization mode, the following ion
source parameters were used: corona discharge needle current
5 lA, capillary temperature 300°C, vaporizer temperature 400°C,
sheath gas rate (arb.) 40, auxiliary gas rate (arb.) 10.

Mass spectra were acquired in scan mode; resolving power was
70 000. The MS/MS spectra were acquired using an HCD cell in

© 2019 The Authors
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PRM acquisition mode at 10, 20 and 30 normalized collision
energy values.

The LC-MS system was controlled and data were analyzed
using Xcalibur software (Thermo Fisher Scientific).

Thermo Scientific LTQ Orbitrap Discovery LC-MS

Samples were analyzed on an LC-MS system comprising a Dionex
Ultimate 3000 HPLC coupled to an LTQ Orbitrap Discovery hybrid
FT mass spectrometer, equipped with an ESI source (Thermo
Fisher Scientific Inc.). The chromatography separation solvent sys-
tem was A = 0.1% acetic acid in water (JT Baker, 9831-03, https://
www.merckgroup.com), B = ACN (Fluka Analytical, 00683, https://
www.merckgroup.com) and C = IPA/ACN [acetonitrile (ACN) and
isopropanol (IPA)] at a ratio of 7:3. Gradient elution started at 85%
A and was followed by 15% B (0–14 min), 5% A and 95% B (14–
22 min), 5% A and 95% C (22–27.1 min), 85% A, 15% B (27.1–
32 min). The flow rate for each run was 0.35 ml min�1 for the
duration of the gradient, and the column oven temperature was
40°C. The temperature of the sample tray was 15°C. The injection
volumes were 5 ll. The HPLC separations were carried out using a
Kinetex Hexyl-Phenyl column (2.1 9 150 mm, particle size 2.6 lm,
Phenomenex). The mass spectrometer was operated in negative
ionization mode and the ion source parameters were as follows:
spray voltage 3.5 kV, capillary temperature 300°C, ion-transfer
optics parameters optimized using the automatic tune option,
sheath gas rate (arb.) 35, auxiliary gas rate (arb.) 15. Mass spectra
were acquired in the m/z 130–2000 Da range. The LC-MS system
was controlled and data were analyzed using Chromeleon and
Xcalibur software (Thermo Fisher Scientific).

Agilent 6224 accurate-mass time-of-flight (TOF) LC-MS

Samples were analyzed on a LC-MS system which comprised a
HPLC-system (Agilent Technologies 1200 series, G1367B, https://
www.agilent.com/) coupled to a 6224 TOF LC/MS (Agilent Tech-
nologies), operated in negative ESI mode.

Samples were separated using an Agilent Poroshell, 120 EC-C18
2.7 lm, 50 9 3.0 mm (Agilent, part no. 699975-302). In negative
ionization mode the solvent system was A = 1 mM ammonium flu-
oride (Sigma Aldrich, http://www.sigmaaldrich.com/) in LC-MS-
grade water (JT Baker, 9831-03) and B = ACN (Fluka Analytical,
00683). Gradient elution started at 99.5% A (2 min), and was fol-
lowed by 80% A (4 min), 55% A (11 min), 2% A (18.1–19.6 min)
and 99.5% A (20 min). The flow rate for each run was
0.5 ml min�1 for the duration of the gradient, and the column
oven temperature was 41°C. The injection volumes ranged from 1
to 5 ll.

The ESI conditions were: gas temperature 325°C, drying gas
11 L min�1, nebulizer 30 psig, fragmentor 120 V, skimmer 65 V.
Data acquisition was performed in an extended dynamic range
(2 GHz mode), with a scan range of 200–1700 m/z and an acquisi-
tion rate of 1.3 spectra sec–1. The MassHunter Workstation (Agi-
lent Technologies, B.04.00) was used to manually quantify
extracted ion chromatograms by integrating peak intensities.

Differential ion enrichment analysis using SIEVE�

Differential analysis of full scan MS data was performed using
SIEVE� version 2.2. All experiments were specified as Small
molecule domain type with Component extraction algorithm.
Frame parameters were adjusted to be automatic for Frame time
width. The m/z values ranged between 130.00 and 1500.00 and m/
z window size was adjusted to 10 p.p.m. and retention times

ranged between 0.01 and 24.99 min out of 25 min. Component
extraction parameters were set to: Intensity threshold 3000, Mini-
mum scans across a peak 5, Signal-to-noise was adjusted to 3 and
m/z step size to 10.

Total ion count chromatograms of the analyzed samples were
initially aligned for the peak detection process to provide accurate
results. Overlap of the base peaks was visually assessed, and if
aggravated by the use of the ChromAlign Algorithm, the unalign-
ment option was preferred. Up to four data files obtained from dif-
ferent samples, each represented by a set of three biological
repeats, were processed against each other. A single replicate of
one of the samples was assigned as the reference file for chro-
matographic alignment and a triplicate corresponding to a specific
sample served a control. Because statistical SIEVE� analysis per-
forms paired t-tests between samples and control, the experiment
was processed several times, each time defining a different sam-
ple as a control. To overcome the multiple testing problem, a pos-
itive result was defined only if it was reproduced in a separate
experiment.

Compounds that exhibited P ≤ 0.05 with an associated Ratio
value of mean peak intensities ≥5 between a sample and control
were selected for further analysis by Xcalibur�. Whenever a Ratio
value was inaccurate due to the presence of additional non-speci-
fic peaks adjacent to the specific peak, the Ratio was manually
extracted by Xcalibur�. Xcalibur� enabled visual comparison of
sample and control chromatograms, provided accurate signal
intensities and determined chemical formulae of specific mass-to-
charge values. SIEVE� and Xcalibur� software were purchased
from Thermo Fisher Scientific.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. Quality control of protein expression and purification.

Figure S2. The SDS-PAGE of AtPYL5-HPB interacting with HAB1-
GFP.

Figure S3. Co-purification of ABA ligand with PYL5.

Figure S4. Verification of the identity of the ligand co-purified with
PYL5 protein.

Figure S5. The ligand co-purified with PYL5 displays a MS/MS
spectrum identical to that of the ABA standard.

Figure S6. Co-purification of C18H32O3 with AT1G35260 protein.

Figure S7. Co-purification of monolinolenin with At4G01883 pro-
tein.

Figure S8. The ligand co-purified with At4G01883 protein is an
acetate adduct.

Figure S9. The ligand co-purified with At4G01883 displays a MS/
MS spectrum identical to that of the monolinolenin standard

Figure S10. At4G01883 polyketide cyclase-like protein binds
monolinolenin

Figure S11. Isothermal titration calorimetry with GST-MLBP1 and
GST control.

Figure S12. At4G01883 localizes to the chloroplast.

Figure S13. Evolutionary relationships of PYR/PYL ABA receptors
and START domain-related polyketide cyclase-like proteins.

Figure S14. Root elongation is inhibited by monolinolenin, mono-
linolein, linolenic and linoleic acids.

Figure S15. Similar inhibitory effect on root growth of monoli-
nolenin on wild-type and At4G01883 mutant strains.

Table S1. Arabidopsis thaliana START-domain and START
domain-related proteins.

Table S2. The START domain proteins analyzed in this study.

Table S3. Primers used for cloning START/Bet v/polyketide
cyclase-like genes.

Method S1. Supplementary Methods.
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