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The phytohormone abscisic acid (ABA) plays a pivotal role in regulating essential plant processes, including seed
dormancy, germination, and stress responses. ABA signaling is mediated by PYR/PYL/RCAR receptors, which
interact with clade A PP2C phosphatases to control downstream signaling pathways. Advances in structural
biology have enabled the development of synthetic ABA modulators, such as agonists and antagonists, which can
enhance or inhibit ABA signaling for agricultural applications. However, the high production costs and potential
toxicity of synthetic modulators have motivated the search for natural alternatives. Here, we explore the po-
tential of polyphenols, a class of plant secondary metabolites, as eco-friendly non-canonical ligands for ABA
receptors. Through virtual screening and structural analysis, we identified coumaric acid and other hydrox-
ycinnamic acids as natural ABA antagonists. These compounds compete with ABA for receptor binding, dis-
rupting the ABA-dependent inhibition of PP2C phosphatases by PYR/PYL proteins. As a result, they counteract
ABA-imposed stress responses in Arabidopsis thaliana, promoting seed germination and seedling establishment.
Further chemical optimization yielded improved ABA antagonists based on hydroxycinnamic acid and natural
amino acid conjugates. Their use in plants provides a sustainable alternative to synthetic modulators and opens
new biotechnological strategies for crop management. In addition, our findings highlight a mechanism for fine-
tuning ABA receptor activity in vivo through the interaction of ABA receptors with endogenous hydroxycinnamic
acids.

1. Introduction (Daniel-Mozo and Albert, 2021; Fujii et al., 2009; Ma et al., 2009;
Melcher et al., 2010b; Miyazono et al., 2009; Moreno-Alvero et al.,

The phytohormone abscisic acid (ABA) regulates essential physio- 2017; Nishimura et al., 2009; Park et al., 2009; Santiago et al., 2009a).

logical processes in plants, including seed development, germination,
dormancy, and stress responses (Rodriguez et al., 2019). At low ABA
concentrations, the subgroup III of SnRK2 kinases forms self-inhibitory
complexes with clade A protein phosphatases (PP2Cs) (Soon et al.,
2012). When ABA levels increase, the PYR/PYL/RCAR (PYR/PYL) re-
ceptor family is activated, leading to the formation of ternary complexes
with ABA and the clade A PP2Cs, which is a key step for ABA signaling

* Corresponding author.
** Corresponding author.

As a result, PP2Cs are inhibited and SnRK2 kinases are released from
their inhibitory interaction with PP2Cs. SnRK2s that were previously
dephosphorylated by PP2Cs need to be phosphorylated by the upstream
activating B2- and B3-type RAF kinases (Lin et al., 2020, 2021; Soma
et al., 2023; Takahashi et al., 2020). Subsequently ABA-activated
SnRK2s phosphorylate downstream targets, including transcription
factors, to promote the expression of ABA-responsive genes (Furihata
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et al., 2006; Peirats-Llobet et al., 2016) and various transporters and
channels at the plasma membrane, which facilitates stomatal closure to
reduce water transpiration at leaves during stress conditions (Ma et al.,
2009; Park et al., 2009; Santiago et al., 2009a).

PYR/PYL receptors form a multigenic family of proteins in plants
(Rodriguez et al., 2019). They exist in different oligomeric states,
namely as monomers or dimers (Dupeux et al., 2011). These structural
forms influence their ABA binding affinity and functional roles in ABA
signaling. Dimeric ABA receptors have a lower affinity for ABA
compared to their monomeric counterparts which, consequently, are
more efficient in forming ternary complexes with PP2Cs. This variability
enables precise ABA responsiveness and regulation of ABA signaling
across a range of fluctuating ABA levels. In addition, it enables
specialized roles for PYR/PYLs. For instance, dimeric PYR/PYL receptors
are required for processes that require slower or sustained ABA re-
sponses, such as seed dormancy or long-term stress adaptation (Wang
et al., 2024). However, dimeric receptors also play a fundamental role
for regulation of stomatal closure (Okamoto et al., 2013). On the other
hand, certain monomeric receptors exhibit lower dependence on high
ABA levels for inhibition of PP2Cs, thus providing a baseline level of
signaling regulation at basal ABA levels (Dupeux et al., 2011; Hao et al.,

PPase active site
<™

C D

480 Control
+ABA0.2 {M
= +COU 500 uM
—— +ABA 0.2 iM +COU 500 M

|

AN-HAB1 phosphatase activity
(Absorbance A.U.)
8
=]

280
0 5 10 15 20 25

Time (min)

Plant Physiology and Biochemistry 227 (2025) 110155

2011).

At the molecular level, ABA-mediated receptor activation and sub-
sequent PP2C inhibition require the dissociation of dimeric receptors,
along with a structural rearrangement of two key loops, the gate and
latch loops, located at the entrance of the binding pocket (Melcher et al.,
2009). The latch loop adjusts its structure to accommodate ABA, while
the gate loop undergoes further reorganization or closure upon inter-
action with the phosphatase, facilitating the inhibition of phosphatase
activity (Moreno-Alvero et al., 2017). Within the binding pocket, ABA is
stabilized by many hydrophobic and water-mediated hydrogen bonds
(Fujii et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009; Park
et al., 2009; Santiago et al., 2009a). Among them, the hydrogen bond
between ABA carboxylate group and a conserved Lys residue, along with
a water-mediated interaction linking the ABA ketone group to the latch
and gate loops are essential. When in complex with the phosphatase, this
water molecule additionally forms a hydrogen bond with a conserved
tryptophan residue in the PP2C, establishing a structure known as the
“Trp Lock” (Fig. 1A) (Melcher et al., 2009).

Advances in structural studies of protein components involved in
ABA signaling have enabled the development of synthetic ABA receptor
agonists and antagonists, utilizing techniques originally established for
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Fig. 1. The structural basis of the hydroxycinnamic acids as modulators of PYR/PYL activity. (A) The ternary complex AtHAB1-ABA-CsPYL1, together with a section
showing details of the “Trp-lock™ feature that links ABA, the gate and latch loops from CsPYL1 and W385 from AtHAB1 (PDB code 5MNO). (B) The chemical
structures of the hydroxycinnamic acids. (C) The comparison of the HAB1 activity monitored using para-nitrophenylphosphate as a substrate in the presence of
CsPYL1, with 500microM COU, 0.250microM ABA and 500microM COU plus 0.250microM ABA. (D) A detailed view of the ABA-binding pocket in SIPYL1 structures
in complex with ABA (PDB code 5MNB), Coumaric (COU), Caffeic (CAF) and Ferulic (FER) Acids. Water mediated hydrogen bonds and those between ligands and
receptors are represented as dashed lines. All the panels are oriented consistently for comparison (E) A section showing the superimposition of COU (wheat) from its

complex with SIPYL1 onto the CsPYL1-ABA-HAB1 complex (PDB code 5SMNO).
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structure-based drug design (Lozano-Juste et al., 2020). The agonists,
have shown potential as agronomic tools to mitigate drought stress, as
they enhance plant water-use efficiency by promoting stomatal closure,
reducing water loss through transpiration (Cao et al., 2013; Loz-
ano-Juste et al., 2023; Okamoto et al., 2013; Vaidya et al., 2019).
Additionally, ABA agonists activate stress-responsive pathways that help
plants conserve resources and maintain cellular function under
water-limiting conditions, effectively increasing resilience against
drought. Conversely, ABA antagonists enhance transpiration (Takeuchi
etal., 2014, 2018; Vaidya et al., 2021; Wang et al., 2024). This effect can
be beneficial in environments where water is not limiting, as it allows for
greater carbon dioxide uptake, improving growth and productivity
(Miao et al., 2018; Pizzio et al., 2024). Additionally, ABA antagonists
can aid in controlling germination timing, helping to stimulate seed
growth even in conditions where ABA would typically inhibit it, which
can be valuable in optimizing crop cycles and enhancing yields
(Eckhardt et al., 2024; Takeuchi et al., 2014). While agonist molecules
mimic the natural interaction pattern of ABA with its receptors, known
antagonists employ various mechanisms to impede PP2C inhibition.
They may lock the latch in a non-productive conformation (Melcher
et al.,, 2010a), prevent gate closure (Vaidya et al., 2021), block the
interaction with the phosphatase (Takeuchi et al., 2014), or interfere
with the dissociation of dimeric members of the PYR/PYL family, which
is essential for receptor activation (Wang et al., 2024). Despite this
knowledge, the widespread application of synthetic modulators of ABA
signaling in agriculture is limited due to the high production costs and
the need for thorough toxicity testing. Thus, the investigation of natu-
rally occurring plant compounds that might interact with PYL/PYR re-
ceptors, offers a sustainable alternative. However, few examples have
been reported in contrast to the myriad of synthetic molecules (Hewage
et al., 2020; Infantes et al., 2022; Wang et al., 2024).

We define non-canonical natural ligands of ABA receptors as natu-
rally occurring compounds that may differ structurally from ABA but
can still bind to and activate or inhibit ABA receptors to some extent.
These ligands are present in plants or their associated organisms and
may contribute to fine-tuning ABA receptor activity under specific
environmental or physiological conditions. Examples include phaseic
acid, a catabolite of ABA, which can act as an agonist of certain ABA
receptors (Weng et al., 2016) or niacin, the vitamin B3, which functions
as a weak antagonist of certain PYR/PYL receptors in the pM range
(Infantes et al., 2022). However, given that niacin is a precursor of
nicotinamide adenine dinucleotide (NAD™), its typical plant concen-
trations are in the millimolar to sub-millimolar range (Zhang and Mou,
2009) and it might function as a physiological modulator of ABA
activity.

Polyphenols are a major class of bioactive phytochemicals, classified
as secondary metabolites, that are abundant in a wide variety of plant-
based foods (Rodriguez-Larrea et al., 2010; Sikuten et al., 2020). They
are well-known for their role in enhancing plant resilience against pests
and environmental stresses (Erb and Kliebenstein, 2020; Zagoskina
et al., 2023). This prompted us to explore whether polyphenols could act
as non-canonical ligands of ABA receptors and/or can be repurposed as
eco-friendly ABA response modulators. Virtual screening of large
chemical libraries, an in silico method to predict ligand-receptor inter-
action, has proven effective in identifying compounds that mimic ABA
action (Lozano-Juste et al., 2023). Using this approach, we screened the
Phenol-Explorer database, a comprehensive resource on polyphenol
compounds (Rothwell et al., 2013). Through this screening, followed by
crystal structure determination, we identified coumaric acid and its
derivatives as potential eco-friendly ABA antagonists. We showed that
they can restore PP2C activity in the presence of ABA and PYR/PYL
dimeric receptors and, in addition, we demonstrated that these mole-
cules restore seed germination and establishment in Arabidopsis thaliana
under ABA-imposed stress. Moreover, an additional step of chemical
optimization led to an improved class of ABA antagonists, based on the
conjugation of hydroxycinnamic acids with natural aromatic amino
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acids. Our findings suggest that these compounds represent a family of
non-canonical natural ligands for ABA receptors, offering a unique
mechanism to fine-tune receptor activity under specific environmental
or physiological conditions.

2. Materials and methods
2.1. Virtual screening

The molecular models for the virtual screen were prepared from the
SMILES, available at the database site (http://phenol-explorer.eu/)
(Rothwell et al., 2013) minimized with the Cambridge Crystallographic
Data Center (CCDC)’s conformer-generator program and stored as.mol2
files.

The virtual databases were screened using CCDC’s Genetic Optimi-
zation of Ligand Docking (GOLD) software (Jones et al., 1997). The
coordinates of the proteins CsPYL1 and SIPYL1 (PDB codes SMNO and
5MOB) were prepared following the standard software’s procedure,
from previously determined crystal structures (Moreno-Alvero et al.,
2017) to account for gate close and gate open conformations of ABA
receptors. All water molecules except for those directly involved in
ligand binding, and the bound ligand were removed, whereas hydrogen
atoms were modelled. The natural ligand abscisic acid (ABA) was used
to define the binding site, and it was extended by 7 A around it. A
docking protocol was designed using the software’s descriptors to ac-
count for the most important interactions that occur in the ABA binding
site, including the hydrogen bond to the water lock, the polar network
with water molecules deep in the binding pocket and the hydrophobic
belt (Moreno-Alvero et al., 2017). These descriptors contributed to the
chemPLP scoring function to rank the molecules accordingly (Korb et al.,
2009). This ranking was used for an initial filtering, followed by a visual
inspection to allow the identification of a final list of candidate
compounds.

2.2. Protein preparations

The ABA receptors used in this study were: sweet orange (Citrus
sinensis) CsPYL1 and tomato (Solanum lycopersicum) SIPYL1. The protein
phosphatase co-receptor was the ANHAB1 from A. thaliana. All the
proteins were produced following slight modifications of a standard
procedure, as described before (Bono et al., 2024; Infantes et al., 2022;
Moreno-Alvero et al., 2017; Santiago et al., 2009b). In short, the cDNAs
were cloned into the pETM11 expression vector and expressed in E. coli
(DE3). The proteins were purified by standard immobilized metal af-
finity chromatography (IMAC). The purification process was monitored
by SDS-PAGE and Coomassie blue staining. The proteins concentrations
were measured spectroscopically. Each of the proteins were treated in
their own buffers: for CsPYL, 30 mM Tris pH 8.0 and 5 mM B-mercap-
toethanol; for SIPYL1, 30 mM Tris pH 7.5, 150 mM NaCl and 1 mM
dithiothreitol (DTT; For AN-AtHAB1, 30 mM Tris pH 7.5, 150 mM NaCl,
1 mM MnCl, 5 % (v/v) GlyOH and 1 mM DTT.

2.3. Phosphatase inhibition assays

The biological effect of the selected hydroxycinnamic acids was
assessed by a phosphatase activity assay, which takes advantage of a
phosphatase inhibition induced by the PYR/PYL receptors upon ABA
binding (Lozano-Juste et al., 2021) The AN-AtHABI1 phosphatase ac-
tivity was monitored using 25 mM para-nitrophenylphosphate (pNPP) as
a substrate. The reactions were performed in quadruplicates in 25 mM
Tris-HCI, pH 7.5 buffer containing 150 mM NaCl, 1 mM dithiotreitol
(DTT) and 1 mM MnCl,. Protein concentrations were adjusted to a 4:1
receptor-to-phosphatase molar ratio (1 pM PYR/PYL, 0.25 pM
AN-AtHABL1), and the indicated concentrations of several ligands, in the
presence of 10 % (v/v) DMSO. The reaction was incubated for 10 min at
room temperature, prior to the addition of the pNPP. In addition, the
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antagonist effect was measured by exposing the ligands to the IC50
concentration of ABA for each protein, which produces a ~50 % inhi-
bition of the phosphatase, in order to detect the recovery of the phos-
phatase activity upon ligand-induced displacement of ABA. The assay
was performed at room temperature and it was monitored in a BioRad
Model 3550 UV-plate reader, measuring the para-nitrophenol absor-
bance at 405 nm every 5 min over a 30 min time range. The activity was
normalized by calculating the slope after 30 min, considering as 100 %
phosphatase activity the result corresponding to the HAB1:CsPYL com-
plex in the absence of any ligand.

2.4. Binding affinities

The binding affinities of the hydroxycinnamic acids and derivative
molecules to the ABA receptors were measured using a Nanotemper
Monolith X MST instrument, following the standard manufacturer’s
procedures. The ABA receptors were fluorescently labelled in the His-tag
using the RED-tris-NTA 2nd Generation. Briefly, the purified receptors
were buffer-exchanged to the assay buffer (50 mM HEPES pH 7.5 sup-
plemented with 0.05 % (v/v) Tween 20, 5 % (v/v) DMSO and 0.5 mM
f-mercaptoethanol) and kept at 200 nM. Then, it was mixed at a molar
ratio 2:1 protein to dye and incubated for 30 min at room temperature
while covered from the light. Labelled proteins were stored frozen as
ready-to-use aliquots. Binding curves were prepared by two-fold serial
dilutions of the ligands. From a solution at high ligand concentration
(between 5 and 20 mM), up to 16 dilutions were mixed 1:1 with the
labelled protein and incubated at room temperature for 10 min, then
spun at 10000 x g for 10 min. Protein-ligand solutions were loaded in the
capillaries and measured at 80 % beam power. Microscale thermopho-
resis (MST) was measured at a medium IR laser power setting. Binding
curves were obtained either from the MST or from the spectral shift data,
as indicated and the data points were fitted to a standard Kd binding
model. Data analyses were performed in the manufacturer’s MO.Affinity
Analysis software.

2.5. Crystallization, diffraction data collection and structure solution and
refinement

SIPYL1 was purified to homogeneity by size exclusion chromatog-
raphy (SEC) for crystallization. It was subsequently concentrated to 10
mg/mL and set for crystallization as described previously
(Moreno-Alvero et al., 2017). For the ligand-bound structures, the
compounds dissolved in 100 % (v/v) DMSO were added to the
concentrated protein prior to setting the crystallization drop, to a con-
centration of 4 mM and a maximum of 2 % (v/v) dimethyl sulfoxide
DMSO. Crystals grew in 2 M ammonium sulphate and pH 7.0 after 72 h.
They were cryoprotected with the same precipitation solution supple-
mented with 30 % (v/v) glycerol and flash-frozen in liquid nitrogen.

Diffraction data were collected at ALBA synchrotron (BL13 beam-
line), processed with AutoProc using the extended anisotropic method
(Vonrhein et al., 2018) and merged with AIMLESS from the CCP4
package (Agirre et al., 2023; Martinez-Ripoll and Albert, 2023). The
crystal structures of SIPYL1 in its apo form (PDB code 5MOA) and
SIPYL1 in complex with ABA (5PDB code MOB) were used to phase the
diffraction data. Final models were obtained after several cycles of
restrained refinement with PHENIX (Adams et al., 2010) and manual
model building with COOT (Emsley and Cowtan, 2004). Details on data
processing and refinement are shown in Table S1 Structural figures were
prepared using PyMOL (DeLano and Schrodinger, 2002) and Moorhen
(https://moorhen.org/).

2.6. Synthesis of hydroxycinnamic acids derivatives
The synthesis of phenylalanine and tyrosine hydroxycinnamic acid

derivatives was carried out using established solution-phase organic
synthesis protocols, involving a two-step procedure: a coupling reaction
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between the hydroxycinnamic acids and ester-derived amino acids,
followed by ester cleavage. Detailed experimental procedures, including
full characterization data, 'H and '3C NMR spectra, and HPLC chro-
matograms for all synthesized compounds, are provided in the Sup-
porting Information. For the coupling step, triethylamine (1.2 eq.) was
added to a solution of H-Phe-OMe-HCI (1.2 eq) or H-Tyr-OtBu (1.2 eq.)
and the corresponding hydroxycinnamic acid (1 eq.) in anhydrous
CHyCly or CH2Clo/DMF (10:1) at 0 °C and under argon atmosphere.
Under a stream of argon, 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (1.2 eq.) was added and the resulting solution was stirred at
room temperature for 3 h. The solvent was removed under vacuum and
the crude was then dissolved in ethyl acetate and washed with 1M HCl
aqueous solution (2x) and brine (1 x). The organic layer was dried over
MgSO4 and concentrated under vacuum. In some cases (see Supporting
Information), the residue was used without further purification. Other-
wise, purification was performed using flash column chromatography.
In the second step, the ester derivatives were hydrolyzed to yield the
corresponding carboxylic acid products. Phenylalanine derivatives were
treated with lithium hydroxide (3 eq.) in THF/water for 2 h. The reac-
tion was diluted with ethyl acetate and washed with 1M HCl aqueous
solution (2x) and brine (1 x). The organic layer was dried over MgSO4
and concentrated under vacuum. The residue was purified by flash
column chromatography to afford COU-PHE (36 % overall yield), CAF-
PHE (29 % overall yield), FER-PHE (74 % overall yield) and SIN-PHE
(50 % overall yield). For tyrosine derivatives, the tert-butyl ester de-
rivatives were dissolved in CH,Cly/trifluoroacetic acid (1:1). After 3 h of
stirring at room temperature, the solvent was evaporated to dryness and
the residue was purified by reverse-phase flash column chromatography
to afford CAF-TYR (37 % overall yield) and FER-TYR (48 % overall
yield).

2.7. Cotyledon growth and root length assays

Approximately 25 seeds (two replicates per experiment) of Arabi-
dopsis thaliana Col-0 seeds were sown on 24-well plates containing MS
medium, which was mock- or ligand-supplemented at the indicated
concentration. Seeds were stratified in the dark at 4 °C for 3 days, and
the plates were transferred to a growth chamber (Sanyo MLR-351) set at
23 °C with a 16 h light/8 h dark photoperiod. Cotyledon growth was
scored as the cotyledon area from seedlings that developed green,
expanded cotyledons and the first pair of true leaves at 10 days after
sowing (das). Growth assays in the absence (mock) or presence of 0.25
1M ABA alone or combined with 50 or 100 pM hydroxycinnamic acids or
conjugated molecules were performed in 24-well plates. Each well
contained a different treatment, and the experiment was repeated at
least twice. In addition to the cotyledon area, the root length of estab-
lished seedlings was measured at 10 das. Image files suitable for quan-
titative analysis of cotyledon area or root length were analyzed using the
NIH Image software ImageJ.

2.8. Statistical analysis

Statistical comparisons between mock and treated samples were
performed by either pairwise t-tests or One-way ANOVA using Graph-
Pad Prism 9. The values for N, P, and the specific statistical test per-
formed for each experiment are included in the appropriate figure
legend or main text.

3. Results

3.1. Identification of hydroxycinnamic acids as ABA receptor antagonists
through virtual screening and structure-guided optimization

We performed a virtual screening using the GOLD from Cambridge
Crystallographic Data Centre (Jones et al., 1997) to identify potential
ABA mimics from the molecules of the Phenol-Explorer database (http
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://phenol-explorer.eu/) (Rothwell et al., 2013) using the structure of the
ternary complex comprising Citrus sinensis (sweet orange) PYL1 receptor
(CsPYL1), Arabidopsis thaliana HAB1 PP2C phosphatase (AtHAB1) and
ABA (Moreno-Alvero et al., 2017) as target (Fig. 1A). The structures of
CsPYL1 and SIPYL1 were selected for virtual screening and analysis as
they were previously solved by our group in complex with Arabidopsis
HABI, and we have extensive experience working with these proteins in
crystallographic studies (Moreno-Alvero et al., 2017). The PYL1 recep-
tor architecture is highly conserved across plant species, particularly at
the ABA-binding and PP2C-interacting interfaces, making these models
suitable for structure-based design of ligands with cross-species activity.
Notably, synthetic agonists designed using these receptors have
demonstrated activity in Arabidopsis, tomato, and wheat (Lozano-Juste
et al., 2023). After docking, we visually screened the top-scoring hits
based on their potential activity, using descriptors that evaluate the
presence of acceptor groups near the ketone and carboxylate groups of
ABA. This process led to the identification of p-coumaric acid (COU) as a
potential hit (Fig. 1B). COU and other hydroxycinnamic acids are
phenolic compounds found in many plants, including fruits, vegetables,
and grains (Sikuten et al., 2020). They play various roles in plant
growth, structural integrity, and defense mechanisms and they are
central constituents of defense polymers such as lignin and suberin
(Canto-Pastor et al., 2024; Erb and Kliebenstein, 2020; Rodriguez-Larrea
etal., 2010; Serra and Geldner, 2022; Zagoskina et al., 2023). Hence, we
decided to test its ability to inhibit the AtHAB1 in the presence of
CsPYL1 or to restore phosphatase activity in the presence of ABA and
CsPYL1 (Fig. 1C). Our data indicate that while 500 pM COU does not
affect significantly AtHAB1 activity in the presence of CsPYL1, the
molecule exhibits antagonist activity as it restores the decrease in
phosphatase activity induced by 0.2 pM ABA, a value close to the
dissociation constant (Kd) of ABA in the ternary complex with CsPYL1
and AtHAB1 (Lozano-Juste et al., 2023).

To understand the molecular basis of the mechanism of action of
COU and to establish potential rules that might help to find natural
active derivatives, we solved the crystal structure of Solanum lycopersi-
cum (tomato) PYL1 receptor (SIPYL1) in complex with COU. The elec-
tron density map clearly identifies a COU molecule within the ABA
binding pocket (Fig. S1). Our data revealed that the structure of SIPYL1
in complex with COU shows a dimeric “latch-closed, gate-open”
conformation, similar to the structure observed in the ABA-bound
SIPYL1 complex (Moreno-Alvero et al., 2017) (Fig. 1D). The hydroxyl
group of COU forms a hydrogen bond with Glu 131 and is connected to
the conserved Lys 96 via hydrogen bonds through a water molecule
(W4). Meanwhile, the hydrophobic phenyl ring of COU occupies a po-
sition comparable to the cyclohexenone group of ABA. Additionally, the
carboxylate group of COU protrudes form the position of ABA’s keto
replacing the water molecule (W1) involved in the Trp-Lock.

The guanidinium group of Arg 153 further stabilizes the ligand
within the binding pocket by the formation of a salt bridge with the
carboxylate group of the COU. Superimposing this structure with the
AtHAB1:ABA:CsPYL1 complex (Moreno-Alvero et al., 2017) suggests
that Arg 153 and COU’s conformation could prevent gate closure due to
steric hindrance with the conserved Leu-Pro-Ala residues at the gate
loop, thereby supporting its role as an antagonist (Fig. 1E).

In an attempt to discover natural derivatives of COU that also might
display antagonist activity, we paid attention to the joint analysis of the
structures of SIPYL1 in complex with COU and ABA (Fig. 1D). Replacing
water molecules in the binding pocket is important in structure-based
medicinal chemistry projects because it can modulate the binding af-
finity, specificity, and pharmacological properties of a ligand (Barros
et al., 2023). In the ABA binding pocket, such modulation might occur
by replacing water molecules (W2 or W4) that form hydrogen bonds
with the hydroxyl group and carboxylate of ABA (Fig. 1D). Thus, we
envisioned that natural derivatives of COU with additional hydroxyl or
methoxy substitutions at the meta position could enhance their affinity
for SIPYLI.
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To test this hypothesis, we analyzed the antagonist activity of ferulic
(FER), caffeic (CAF) and sinapic (SIN) acids (Fig. 2A). Our data indicate
that a double substitution at the meta position hinders antagonist ac-
tivity (SIN), whereas a single substitution conserves it (FER and CAF)
(Fig. 1B). To quantitatively estimate the relative affinities of hydrox-
ycinnamic acids compared to ABA, we measured their dissociation
constants (Kd) for CsPYL1 using Spectral Shift Analysis to monitor
ligand binding (Fig. 2B and Fig. S2). These data confirmed that COU,
CAF and FER bind to PYR/PYL receptors and showed that FER and COU
display higher affinities for CsPYL1 compared to CAF, with their affin-
ities being 5- to 8-fold lower than that of ABA. We did not observe SIN
binding to CsPYL1 in the experimental conditions tested.

To reveal the basis for the observed activities, we solved the crystal
structures of the SIPYL1 complex with FER and CAF (Fig. 1D and
Fig. S1). The structural data showed that the oxygen atom in the meta
position of the aromatic ring on both CAF and FER mimics the position
of the aforementioned water molecule (W2) observed in the ABA com-
plex. Notably, the larger methoxy group in FER adapts well within the
binding pocket, replacing an additional water molecule (W3), forming
hydrophobic interactions with Ile 99 side chain and a CH..O hydrogen
bond connecting the methyl group of FER and the backbone carbonyl of
His 97. This will explain the enhanced affinity of FER with respect to that
observed for COU or CAF.

3.2. Hydroxycinnamic acids block ABA signaling in vivo

To evaluate whether hydroxycinnamic acids can counteract the ef-
fects of ABA in vivo, we conducted seedling establishment assays in
Arabidopsis thaliana. ABA is known to inhibit the seedling establishment
and early growth, so we investigated whether coapplying hydroxycin-
namic acids at varying concentrations with ABA could alleviate this
inhibition. As shown in Fig. 2C and D, 50 pM concentration of COU, CAF
and FER effectively mitigated the ABA-induced inhibition of seedling
establishment and early growth, with significant relief observed at ABA
concentrations of 0.25 pM ABA. These findings identify hydroxycin-
namic acids as effective modulators of ABA activity in vivo.

3.3. Scaffold merging of hydroxycinnamic acids and natural aromatic
amino acids to produce a class of ABA antagonists that block gate closure

Our structural analysis shows that the carboxylate group of
hydroxycinnamic acids hinders receptor activation by preventing gate
closure and subsequent interaction with PP2Cs. This suggests that de-
rivatives conjugated at the carboxylate position may further stabilize the
receptor in an inactive, gate-open conformation, effectively blocking
PP2C activity. To explore this further, we searched the Phenol Explorer
database for hydroxycinnamic acid derivatives, which are mainly esters
or amino acid conjugates linked through the carboxyl group to natural
components such as sugars or natural amino derivatives. Among these,
coumaroyl tyrosine (COU-TYR) emerged as a candidate based on virtual
screening. Hence, we hypothesized that a scaffold merging approach
combining hydroxycinnamic acid headgroups with an aromatic Phe or
Tyr amino acid linked via a natural amide scaffold, could preserve
binding affinity (Fig. 3A). This design aims to enable simultaneous in-
teractions with the ABA binding pocket and stabilize the gate in an open
conformation, as observed with PYL2 and PAnE (Takeuchi et al., 2018)
and PYL1 ANT (Vaidya et al., 2021). To evaluate this, we synthesized
and characterized the chimeric compounds and tested their activity on
CsPYL1 and HAB1 (Fig. S2).

We first measured the Kd of the conjugated molecules. Our data
indicate that all conjugate molecules tested display larger affinity than
their respective hydroxycinnamic acids derivatives (Fig. 3B and C).
Remarkably, COU-Phe and FER-Phe display Kd values for CsPYL1 of
0.153 mM and 0.063 mM, which are comparable to that of ABA, i.
e.,0.120 mM. According to that, the analysis of the antagonist activity of
these compounds revealed that inhibition of the HAB1 phosphatase


http://phenol-explorer.eu/

J. Merino et al.

Plant Physiology and Biochemistry 227 (2025) 110155

A B
CsPYL1:HAB1
—~— CJoumasa
< 110 e [ 0.250 uM ABA
§ CsPYL1 |  ABA cou CAF FER
S 80
£ 0.12 0.93 2.75 0.59
5" KAMM) | 007018  054-161 148510 026117
2 60.
5 Control cou CAF FER SIN
250 uM
D 10 DAS
104
C Mock 0.25 uM ABA o] 2 .
™~ a
&*&*&.‘4“;* Sov cnngo 1 a ,

0.25 uM ABA + 50 uM CAF 0.25 uM ABA + 100 uM CAF

Py T

182 Ve &g

0.25 uM ABA + 50 uM FER 0.25 uM ABA + 100 uM FER

§ ea 4o t

L 2 0D

0.25 yM ABA + 50 uyM COU 0.25 uM ABA + 100 uM COU

el I K S0 AR ¢

w $e so8e

Cotyledon area (mm?)
S
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activity through a phosphatase assay. CsPYL-AtHAB1 were incubated with or without 0.25 p M ABA with the indicated ligands at 500p M. The data are presented as
the mean + standard deviation. (B) The K4 (mM) values of ABA and hydroxycinnamic acids for CsPYL1 as determined using fluorescence spectral shift using the
Monolith X (NanoTemper Technologies) and performed in duplicates. The confidence values are indicated below the K4. (C) Hydroxycinnamic acids restore coty-
ledon growth in seedlings germinated in the presence of 0.25 4 M ABA. Cotyledon growth was scored at 10 d after sowing. (D) Quantification of cotyledon area in the
experiment described in (C). Bars indicate the mean of 20 cotyledon areas from two independent experiments (N = 10 cotyledons per well from each experiment
quantified) + SE. Cotyledon area was measured in the absence (mock) or presence of 0.25 p M ABA alone or combined with 50 or 100 pM hydroxycinnamic acids.
Statistical differences were assessed using one-way ANOVA. Post-hoc comparisons were conducted using Tukey’s test, and different groups were indicated by

different letters (adjusted P value < 0.05).

activity observed by the addition of 0.25 uM ABA in presence of CsPYL1
is recovered at 25 pM ligand concentration (Fig. 3D).

We were able to determine the crystal structure of SIPYL1 bound to
FER-PHE (Fig. 3E and Fig. S1). This structure aligns well with the initial
design strategy to disrupt gate closure, as the aromatic amino acid sta-
bilizes the gate in an open position. However, unlike ANT, where the
molecule extends to occupy the position of HAB1 Trp 385 in the Trp-
lock, the conjugate molecule extends in the opposite direction to make
contacts with Leu 196 and the hydrophobic moieties of the side chain of
His 152 and Arg 153 (Fig. 3E).

3.4. Invivo activity of COU-Phe and FER-Phe in germination and seedling
establishment inhibition assays

We evaluated the in vivo activity of COU-Phe and FER-Phe in wild-
type (WT) Arabidopsis plants using seedling establishment inhibition
assays (Fig. 3F and G). To assess their effects, we compared ABA-
mediated inhibition of cotyledon growth with the inhibition observed
in the presence of 0.25 pM ABA and either COU-Phe or FER-Phe. Our
results showed a significant recovery of cotyledon growth in the pres-
ence of 50 pM FER-Phe. This effect was also evident in root length
measurements taken 10 days after sowing, following the seedling
establishment in a medium supplemented with ABA and each of the
conjugated molecules (Fig. 3H and I).

4. Discussion

ABA antagonists are valuable biotechnological tools for modulating
the ABA signaling pathway. By inhibiting ABA’s natural effects, antag-
onists provide a means to finely control processes such as stomatal
closure, seed dormancy, and stress responses (Takeuchi et al., 2014,

2018; Vaidya et al., 2021; Wang et al., 2024). Control of ABA homeo-
stasis is also critical for stress tolerance in the reproductive stage of
cereals (Ji et al., 2011). Recently, disruption of ABA signaling through
antabactin treatment proved useful in overcoming the high-temperature
inhibition of seed germination (Eckhardt et al., 2024). Thus, antagonists
open opportunities for agricultural applications, such as enhancing
photosynthesis and, consequently, plant performance, when water is not
limited or improving seed germination rates under unfavorable condi-
tions such as thermoinhibition, by counteracting excessive ABA activity.
Natural ABA antagonists offer significant advantages over synthetic al-
ternatives. Since they are derived from naturally occurring molecules,
they are more likely to be environmentally friendly, biodegradable, and
less toxic to plants, animals, and humans. Moreover, their use reduces
the reliance on complex and often expensive chemical synthesis pro-
cesses, making them more accessible and sustainable for large-scale
agricultural applications.

Using structure-based drug-oriented technologies, we have discov-
ered that coumaric, ferulic, and caffeic acids bind to the dimeric CsPYL1
ABA binding site, preventing ABA-mediated HAB1 inhibition (Fig. 1).
Interestingly, through solving the crystal structures of their complexes
with SIPYL1, we demonstrated that their function is based on blocking
the structural transition required for the gate loop to close, which is
essential for phosphatase binding and triggering ABA mediated response
(Melcher et al., 2009). The joined structural analysis and biochemical
data reveal how replacing water molecules within the ABA binding
pocket creates new hydrogen bond interactions with the ligand and/or
hydrophobic interactions, thereby influencing affinities (Figs. 1 and 2).
Among the tested molecules, FER exhibits the highest affinity for
CsPYL1 which is related to the increased number of hydrophobic in-
teractions in the ABA binding pocket. In addition, we have shown that
the action occurs as well in vivo. The data in vivo correlate well with
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Fig. 3. The scaffold merging approach for the generation of ABA antagonist molecules. (A) The structure of coumaroyl-tyrosine guided the design of the conjugated
molecules synthesized by merging hydroxycinnamic acids with the aromatic amino acids Phe and Tyr. The green box highlights the amide scaffold. (B) The K4 (mM)
values of the conjugated molecules of the hydroxycinnamic acids for CsPYL1 as determined using fluorescence spectral shift using the Monolith X (NanoTemper
Technologies) and performed in duplicates. The confidence values are also indicated. (C) FER-Phe shows a K4 ~10-fold lower than FER for CsPYL1. The X-axes show
increasing concentrations of ligand, and the Y-axes show the ratio between the emitted fluorescence at 670 nm and 650 nm. Spectral shift dose-response values were
performed in duplicates. The fitting curves were calculated using the Monolith X analysis software. (D) AtHAB1 phosphatase activity in the presence of CsPYL1 and
0.25 p M ABA and different concentrations of COU-Phe and FER-Phe were incubated at different ABA concentrations. The data are presented as the mean =+ standard
deviation of four replicates. (E) A view of the ABA-binding pocket in the structures of SIPYL1 in complex with feruloylphenylalanine (FER-Phe). Water-mediated
hydrogen bonds ligands and receptors are represented as dashed lines. (F) The conjugated molecules (50 p M COU-Phe and FER-Phe) restore cotyledon growth
in seedlings germinated in the presence of 0.25y4 M ABA. Cotyledon growth was scored at 10 d after sowing (das). (G) Quantification of cotyledon area in the
experiment described in (F). Bars indicate the mean of 20 cotyledon areas from two independent experiments (N = 10 cotyledon per well from each experiment
quantified) + SE. The cotyledon area was measured in the absence (mock) or presence of 0.25 p M ABA alone or combined with 50p M COU-Phe and FER-Phe.
Statistical differences were assessed using one-way ANOVA. Post-hoc comparisons were conducted using Tukey’s test, and different groups were indicated by
different letters (adjusted P value < 0.05). (H) The conjugated molecules (50 and 100 p M COU-Phe and FER-Phe) restore root length in seedlings germinated in the
presence of 0.25p M ABA. Cotyledon growth was scored at 10 d after sowing (das). (I) Quantification of root length in the experiment described in (H). Bars indicate
the mean of 16 values from two independent experiments (N = 8 roots per well in each experiment quantified) + SE. The root length was measured in the absence
(mock) or presence of 0.25 p M ABA alone or combined with 50 or 100p M COU-Phe and FER-Phe. Statistical differences were assessed using one-way ANOVA. Post-
hoc comparisons were conducted using Tukey’s test, and different groups were indicated by different letters (adjusted P value < 0.05). (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)

biochemical data showing that FER is more potent ABA modulator than
CAF or COU. Collectively, our results suggest that the observed action in
vivo occurs through the interaction of hydroxycinnamic acids with the
PYR/PYL receptors.

Many byproducts of the food industry are rich in polyphenols due to
their plant-based origin. Among them, spent coffee grounds, a primary
byproduct of the brewing process, contain phenolic acids that are easily
extracted with water (Dorsey and Jones, 2017). In particular, Monente
et al. (2015) analyzed the total phenolic content in spent coffee ground
extracts and identified free and bound forms of caffeic, ferulic, and
p-coumaric acids. The large volume of coffee produced globally gener-
ates significant agro-industrial by-products. These waste materials
represent an underutilized and sustainable source of natural compounds
with potential ABA-antagonistic activity. By repurposing such
by-products in agriculture, it may be possible to modulate ABA re-
sponses in crops in an environmentally friendly and cost-effective
manner. Thus, offering a sustainable application of these by-products
that aligns with circular economy principles and could contribute to
more sustainable crop management practices. Our data suggest that the
antagonist activity of hydroxycinnamic acids could explain the empiri-
cally observed benefits of coffee grounds in promoting ornamental plant
health, potentially by alleviating ABA-mediated growth inhibition. This
study has identified naturally occurring phytochemicals capable of
suppressing ABA signaling and, given the ubiquity of hydroxycinnamic
derivatives in plants, lends mechanistic support to this hypothesis.

In contrast to the rich source of natural compounds that can antag-
onize ABA, we are not aware of natural compounds (outside of ABA) that
might act as agonists of ABA receptors. At least in one different hor-
monal pathway, such a situation occurs. Thus, in the case of jasmonic
acid (JA) signaling, the COI1 receptor is activated both by the endoge-
nous ligand JA-Ile and by the bacterial phytotoxin coronatine, produced
by biotrophic bacteria (Sheard et al., 2010). To date, no molecules
playing an analogous role to coronatine in JA signaling have been
identified in ABA signaling. However, certain pathogenic fungi produce
molecules structurally related to ABA, such as pyrenophoric acid, which
can be converted into ABA through the plant’s ABA biosynthetic
pathway, thereby inhibiting seed germination (Lozano-Juste et al.,
2019).

The affinities observed for coumaric, ferulic, and caffeic acids are
lower than those reported for other synthetic antagonists such as ANT
(Vaidya et al., 2021). Indeed, ANT shows four orders of magnitude
higher affinity than those observed for ferulic acid, which is the best of
the hydroxycinnamic acids tested. However, hydroxycinnamic acids are
found in various plants at high concentrations, particularly in grapevine
or coffee (Sikuten et al., 2020). Their concentrations in plant tissues vary
depending on the species and environmental conditions. For instance,
hydroxycinnamic acids comprise 5-10 % by weight of roasted coffee

beans (Dorsey and Jones, 2017). Thus, the natural concentrations of
these compounds are comparable to the affinities observed in our ex-
periments, suggesting they could act as modulators of ABA signaling in
vivo. ABA-mediated complete stomatal closure is crucial for preventing
dehydration during stress conditions, but ABA also restricts photosyn-
thesis by limiting CO, uptake (Yang et al., 2019) and CO3 mesophyll
conductance (Pizzio et al., 2024). The presence of natural ABA antag-
onists in plants, such as niacin (Infantes et al., 2022) or hydroxycin-
namic acids, might provide a regulatory mechanism to balance this
trade-off. By modulating ABA signaling, these antagonists would help
fine-tune stomatal closure, preventing excessive water loss while
maintaining sufficient photosynthetic activity to support plant growth
and survival. Thus, natural ABA antagonists might provide a natural
mechanism to balance stress responses, water conservation and
photosynthesis.

To further enhance the activity of hydroxycinnamic acids, we
designed a series of antagonists by modifying their carboxylate moieties.
These structural modifications were intended to disrupt the Trp lock
(Figs. 1A and 3), impede gate closure of the PYR/PYL receptor, and
inhibit receptor-PP2C interactions, mirroring the effects of known
antagonist compounds such as PanMe and ANT (Takeuchi et al., 2018;
Vaidya et al.,, 2021). Crystallographic analysis confirmed their in-
teractions at the ABA binding site. Both in vitro and in vivo assays
demonstrated superior efficacy compared to COU, CAF, and FER, sup-
porting their potential as optimized ABA antagonists. Further experi-
ments in Arabidopsis or crop species are needed to evaluate their ability
to promote germination under supraoptimal temperatures, for example
(Eckhardt et al., 2024). Given that thermoinhibition disrupts synchro-
nous germination during heat stress, chemical disruption of ABA
signaling represents a promising strategy to mitigate this effect
(Eckhardt et al., 2024). Additionally, in cereals under drought stress,
targeted application of natural or synthetic antagonists during specific
reproductive stages could improve spike fertility and prevent pollen
abortion (Ji et al., 2011). Thus, the use of natural metabolites modu-
lating ABA signaling (or synthetic derivatives) represents another tool to
face climate change.
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