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Abscisic acid (ABA) is a signalling molecule conserved in plants, bacteria,

fungi, and animals. Recently, ABA has gained attention for its pharmacologi-

cal activities and its potential as a biomarker for the severity of chronic

obstructive pulmonary disease and glioma. This prompts the development of a

reliable, sensitive, rapid, and cost-effective method to quantify ABA levels in

mammalian cells and tissues. The previously described ABA biosensor system

based on the ABA-dependent interaction between the plant ABA receptor

PYL1 and co-receptor ABI1 is not sensitive enough for the low ABA levels

seen in mammals. Therefore, we optimized this system by replacing PYL1

with other high-affinity plant PYL proteins. The optimized biosensor system

engineered with the PYL8 receptor enabled the quantification of ABA at low

concentrations in HEK293T cells.
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The development of biosensors enabled the characteri-

zation of various metabolites in many biological pro-

cesses. Abscisic acid (ABA), a major phytohormone

playing an essential role in plant abiotic stress

responses, was one such metabolite whose dynamics

were revealed in plants using biosensors based on the

ABA signalling pathway in plants (Fig. 1A). For

instance, to monitor ABA levels in different tissues of

Arabidopsis thaliana L. in response to salinity or osmo-

tic stress, a fluorescence resonance energy transfer

(FRET)-based biosensor was used [1,2]. This biosensor

translates the interaction between the ABA-induced

conformationally rearranged the Pyrabactin Resistance

1 (PYR1)/PYR1-Like (PYL)/Regulatory Components

of ABA Receptors (RCAR) ABA receptors, and the co-

receptor protein phosphatases 2C (PP2C) (e.g., Abscisic

acid Insensitive 1; ABI1) into fluorescence intensity

[1,2]. In addition, other ABA-responsive reporter sys-

tems utilizing downstream ABA signalling components,

such as the promoter region of ABA-responsive genes
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and the ABA-dependent kinase activity of snf1-related

protein kinase 2 (SnRK2) family members, allowed

deciphering ABA signal transduction as well as ABA

homeostasis in plants [3–5].
Recent findings of the beneficial role of ABA admin-

istration in human clinical trials against type II dia-

betes (T2D) [6–10] and experimental animal models of

several diseases, including inflammatory bowel disease

[11,12], depression [13,14], and neuroinflammation

[15,16], have proposed the potential use of ABA as a

therapeutic or prophylactic agent for diseases of the

metabolism-immune and gut-brain axes. Moreover,

previous studies reported a difference in serum ABA

levels between patients diagnosed with moderate and

severe chronic obstructive pulmonary disease (COPD)

[17], or between human high-grade and low-grade

glioma tissues [18], suggesting ABA as a potential bio-

marker for the severity of these disorders.

Whereas ABA biosynthesis, catabolism, and sig-

nalling pathways are well known in plants, they are

poorly understood in animals. A limited number of

studies have proposed different mammalian ABA recep-

tors [12,18–22]. First, lanthionine synthetase component

C-like protein 2 (LANCL2), a peripheral membrane

receptor, originally residing in the plasma membrane by

N-terminal glycine myristoylation, translocates to the

nucleus upon ABA binding [19]. Genetic depletion of

LANCL2 specifically in muscle cells eliminates the pro-

tective effect of ABA in T2D, demonstrating its

importance in an alternative insulin-independent blood

sugar regulation mechanism [9]. A second demonstrated

target of ABA is the nuclear receptor PPARc, which is

known to bind free fatty acids, the anti-diabetic drug

rosiglitazone, and eicosanoids [20,23]. Previous studies

showed that ABA activates PPARc in a LANCL2-

dependent manner [20,24]. Loss of PPARc in immune

cells is sufficient to block the protective effects from

ABA in a model of colitis and diabetes [12,21], demon-

strating that PPARc regulates critical responses down-

stream of ABA. Several loss-of-function studies showed

that PPARc is necessary for the protective role of ABA

against T2D, colitis, and influenza A virus infection

[12,21,22]. Although ABA activates PPARc, it does not
bind to its known ligand-binding domain [20]. Finally,

the retinoic acid signalling pathway was also shown to

be involved in a potential inhibitory role of ABA in the

pathogenesis of glioma [18]. mRNA expression levels of

RARb and RARc were negatively correlated with the

level of ABA in glioma tissue. A loss of function and

the overexpression of RARa in U87-MG and A172 cells

suggested that RARa positively impacts ABA-induced

cancer cell apoptosis and differentiation [18]. Of note,

retinoic acid and ABA share a similar structure since

retinoic acid can be produced via cleavage of b-carotene
in animals, which serves as a precursor in the plant

ABA biosynthesis pathway [23].

Previous studies of ABA functions in mammals quan-

tified ABA levels by enzyme-linked immunosorbent

Fig. 1. Substitution of PYL1cs to PYL1 mutant and other PYL family receptors in the abscisic acid (ABA) biosensor construct alters ABA

responsiveness. (A) Overview of the ABA signalling pathway in plants. A signalling complex composed of PYR/PYL/RCAR (PYL), protein

phosphatases 2C (PP2C), and snf1-related protein kinase 2 (SnRK2) has been shown as a major component of the core ABA signalling cas-

cade in plants. In the absence of ABA, PP2C negatively regulates SnRK2 activity. Once ABA levels increase in response to environmental

stresses, ABA binding to the PYL receptor leads to the formation of an ABA–PYL–PP2C complex. SnRK2 is subsequently released from

PP2C inhibition and thus activates downstream components such as ABA-responsive transcription factors by phosphorylation. (B) The under-

lying principle of the ABA-inducible luciferase assay system is based on the plant ABA core signalling pathway (figure adapted from [31]).

ABA-dependent interaction between the plant ABA receptor PYL and the ABA co-receptor ABI1 brings the VP16AD to the GAL4-dependent

promoter, leading to luciferase expression. (C) Generation of the custom UAS reporter constructs with 22 x UAS elements in the promoter

region. (D) Comparison of the ABA-induced luciferase expression in HEK293T cells driven by two or 22 UAS repeats. HEK293T cells were

transfected with the PYL1cs-based biosensor construct along with pACTbgal (normalization) and pU2CH-Luc-Zsgreen1 or pU22CH-Luc-

Zsgreen1 (reporter) and incubated with ABA at the indicated concentrations. (E) Overview of the modifications made in the ABA biosensor

construct. The complementary surfaces (CSs) of plant ABA receptor PYL1 in the original construct pSv-ABAactDA-PYL1 [31] were replaced

with the hyperactive mutant PYL1 or different members of the PYL receptor family. Protein expression of HA-tagged PYL1, PYL(H87P), and

PYL8 was analyzed by western blot analysis. b-Actin was used as a loading control. (F) Comparison of the ABA-induced luciferase expres-

sion in HEK293T cells expressing different PYL receptor-based biosensors. HEK293T cells were transfected with the indicated different PYL

expression constructs along with pU22ch-Luc-Zsgreen1 and pACTbgal and incubated in the absence or presence of 40 nM ABA. (G) Dose–

response curve for ABA in the ABA-inducible luciferase assay system utilizing the PYL8 receptor-based biosensor in HEK293T cells. Dotted

lines represent 95% confidence intervals. HEK293T cells were transfected with the PYL8-based biosensor construct along with pU22CH-

Luc-Zsgreen1 and pACTbgal and incubated with ABA at the indicated concentrations. Fold induction of ABA-induced luciferase expression in

cells expressing the PYL receptor-based biosensor constructs is compared to the average background level of cells transfected with the

empty vector. Luciferase values were normalized by b-galactosidase values. Error bars represent standard deviation (SD). Results are the

means of four biological replicates and representative of two (F) or three (D, G) independent experiments. Each biological replicate refers to

independent transfection. Statistical significance was calculated using a one-way ANOVA test (*P-value ≤ 0.05, **P-value ≤ 0.01 and ***P-

value ≤ 0.001). R-value and P-value in (G) were calculated using simple linear regression analysis.
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assay (ELISA) and chromatography–mass spectrometry

[25–28]. However, these analytical approaches have

drawbacks. Both methods need sample extraction from

mammalian tissues or cells, which limits the spatiotem-

poral resolution. In addition, ELISA is expensive, and

its performance is highly influenced by antibody stabil-

ity, thereby requiring appropriate transport and storage

[29]. Tandem mass spectrometry, the most favorable

chromatography–mass spectrometry for ABA in the

context of sensitivity, is also expensive and requires

complex protocols [30]. As an alternative approach,

ABA-inducible reporter gene expression in cultured

mammalian cells was developed [31]. This rapid and

cost-effective system was engineered based on the ABA-

dependent interaction of the plant ABA receptor PYL1

and the ABA co-receptor PP2C family member, ABI1

[31]. The complementary surfaces (CSs) of the PYL1

(PYLcs, amino acids 33–209) and the ABI1 (ABI1cs,

amino acids 126–423, D143A mutant, lacking phos-

phatase activity) were fused to the VP16 transactivation

domain (VP16AD) and GAL4 DNA-binding domain

(GAL4BD), respectively (Fig. 1B). GAL4BD recog-

nizes and binds to an upstream activating sequence

(UAS), and VP16AD activates the general transcription

factor machinery bound to the minimal promoter

region of a downstream gene. In the presence of ABA,

the PYL1cs/ABI1cs interaction therefore recruits

VP16AD to the GAL4-dependent promoter and thus

leads to the expression of a reporter gene (downstream

of UAS) [31]. Unlike other measurement methods, this

mammalian ABA-inducible system allows the

extraction-free measurement of mouse serum or culture

media [31]. Also, this system could enable monitoring

ABA levels in ABA-producing cells and mouse in a spa-

tial and/or temporal manner. Moreover, it has been

used in various synthetic biology approaches for the

design of on/off switches [32]. However, the detection

limit of this system was shown to be relatively high (ap-

proximately 1 lM [31]), considering the low basal ABA

levels in mammals (sub-nM concentrations) [1,33,34]. In

addition, a reporter gene assay containing a peroxisome

proliferator response element (PPRE) and PPARc was

previously used to evaluate the PPARc activity upon

ABA treatment [6,20]. However, this system only

allowed the detection of ABA at a minimum of

1.25 lM. Therefore, this limitation establishes the need

to engineer a novel sensitive ABA biosensor.

In this study, we optimized the above-described

ABA biosensor system by replacing PYL1 with other

plant PYL receptors displaying a higher affinity for

ABA binding, which allowed the improvement of the

sensitivity of the biosensor with a stronger signal-to-

noise ratio. The ABA-dependent interaction between

the PYL8 receptor and the co-receptor ABI1 in the

optimized biosensor system allows the determination

of ABA levels at low nM concentrations in

HEK293T cells. Furthermore, the selectivity of the

biosensor system for ABA was verified using the fol-

lowing ABA inactivation strategies: (1) the expression

of a major Arabidopsis ABA 80-hydroxylase
CYP707A3, (2) the expression of anti-ABA single-

chain Fv antibodies (scFv) in the endoplasmic reticu-

lum (ER), and (3) the expression of Arabidopsis

UDP-glucosyltransferase71C5 (AtUGT71C5).

Results and Discussion

Generation of a highly sensitive ABA biosensor

based on the ABA-dependent interaction

between the Arabidopsis PYL ABA-receptor and

the co-receptor ABI1

To increase the sensitivity of the previously described

ABA biosensor that is based on the GAL4DB-ABI1cs/

VP16AD-PYL1cs-induced activation of a GAL4-

dependent reporter gene [31] (Fig. 1B), we first added

20 extra repeats of the GAL4-dependent UAS to the

original luciferase reporter construct (pU2CH-Luc-

Zsgreen1), which only consisted of two tandem repeats

of UAS in the old sensor system (Fig. 1C). Using the

resulting 22 x UAS construct (pU22CH-Luc-Zsgreen1)

caused a significant increase in the ABA-dependent

luciferase reporter gene expression (Fig. 1D).

Next, we replaced PYL1 with other Arabidopsis

PYL receptors displaying a higher apparent ABA-

binding affinity. Compared to dimeric ABA receptors

like PYL1, monomeric ABA receptors were reported

to show higher ABA binding affinities [33]. For

instance, altering dimeric PYR1 to monomeric PYR1

by a point mutation of a histidine 60 to proline

(PYR1H60P) increased its apparent ABA affinity [33].

Likewise, a corresponding point mutation in PYL1

(H87P) in the above-mentioned FRET-based biosensor

increased its affinity for ABA from Kd ~ 80 lM to

Kd � 2 lM [1]. Therefore, we opted for the PYL1cs

point mutation of histidine-87 to proline (pSv-

ABAactDA-PYL1(H87P)) and another monomeric

PYL8 (pSv-ABAactDA-PYL8), which will display a

higher apparent affinity for ABA compared to PYL1

in the formation of the PYL–ABA–PP2C complex

(Fig. 1E) [1,33,35,36]. Consistent with the previous

report showing the higher affinity of PYL1(H87P)

compared to PYL1 [1], the luciferase expression acti-

vated by ABA-induced interaction between PYL1

(H87P) and ABI1 was approximately 40-fold higher at

40 nM ABA in HEK293T cells than that driven by the
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interaction between PYL1 and ABI1 in the presence of

equimolar ABA (Fig. 1F).

The concentration-response curve for ABA-induced

luciferase activation showed that the detection limit of

the PYL8-based ABA biosensor in HEK293T cells

was approximately 2–5 nM (Fig. 1G). It is worth notic-

ing that ABA-untreated cells already exhibit a clear

background signal (Fig. 1F). A previous study using a

yeast two-hybrid assay showed that the interaction of

PYL8 and another PP2C member hypersensitive to

ABA 1 (HAB1) occurs in the absence of ABA [37],

suggesting the spontaneous formation of a PYL8-

ABI1 complex. Thus this background signal possibly

reflects the ABA-independent formation of the PYL8-

ABI1 complex. However, we are not aware whether

these proteins spontaneously interact in mammalian

cells which grow at a bit higher temperature (37 °C)
compared to in plants or yeast. Another possible

source for this background could be low amounts of

endogenous ABA produced in HEK293T cells or ABA

that is present in the serum of the cell culture medium

(see also below). Together these data indicate that

both PYL1(H87P)- and PYL8-based biosensor systems

have enhanced sensitivity to ABA compared to the

original PYL1-based biosensor.

ABA inactivation strategies validate the

selectivity of the biosensor for ABA

To verify the selectivity for ABA of the improved

PYL8-based biosensor, we applied the following ABA

inactivation strategies: (a) the expression of a major

Arabidopsis ABA 80-hydroxylase AtCYP707A3 gene

(pCS2-CYP7070A3-HA), (b) capturing ABA by

expressing a gene encoding anti-ABA single-chain Fv

antibodies (scFv) anchored to the endoplasmic reticu-

lum (ER) with a C-terminal KDEL tag (pCS2-scFv-

V5), and (c) the expression of Arabidopsis UDP-

glucosyltransferase71C5 (AtUGT71C5) gene (pCS2-

UGT71C5-myc).

In Arabidopsis ABA catabolism, the C-80 position of

ABA is predominantly hydroxylated by the cyto-

chrome P450s (CYP), CYP707A1 to CYP707A4 [38].

CYP707A3 has been shown to catabolize ABA to pha-

seic acid in insect cells [39]. In agreement with this, the

ABA-dependent luciferase expression significantly

decreased in ABA-treated HEK293T cells expressing

AtCYP707A3 (Fig. 2A,B). Moreover, this depletion

could be reversed by treatment of cells with the

CYP707A inhibitor, abscinazole-E3M. The majority of

CYP enzymes require the assistance of NADPH-

cytochrome P450 reductase for the electron transfer

from NADPH [40]. However, the overexpressed

AtCYP707A3 depleted ABA in HEK293T cells without

expressing additional CYP reductase, indicating the

involvement of endogenous CYP reductase. The second

strategy, anti-ABA scFv, was kindled by a previous

study, showing that overexpression of ER-targeted anti-

ABA scFv in tobacco results in an ABA-deficient phe-

notype [41]. Likewise, ABA-induced luciferase reporter

expression in HEK293T cells was significantly less when

anti-ABA scFv was overexpressed (Fig. 2C,D). Expres-

sion of an irrelevant transgene NahG (encoding an

enzyme catalyzing the degradation of salicylic acid)

under the same promoter and in an identical backbone

vector (pCS2-NahG-V5), did not decrease luciferase

expression in response to ABA. Finally, a third ABA

depletion strategy, the expression of Arabidopsis UDP-

glucosyltransferase71C5 (AtUGT71C5), has a role in

ABA homeostasis in Arabidopsis through catalyzing

ABA glucosylation [42], also significantly decreased

ABA-induced luciferase expression in ABA-treated

HEK293T cells (Fig. 2E,F). Transfection with the

empty backbone vector plasmid (pCS2) did not lower

ABA-induced luciferase activation. Taken together,

these transgenic approaches validate the ABA selectivity

of our newly developed PYL8-based ABA biosensor

system.

The above-described experiments also show that all

three ABA-inactivation methods, AtCYP707A3, anti-

ABA scFv, and AtUGT71C5, significantly lower the

background luciferase signal that is already observed

in ABA-untreated HEK293T cells. This suggests that

the background signal might derive from ABA that is

present in the cell culture medium, or might be

endogenous ABA produced in HEK293T cells. Since

HEK293T cells show an adrenal and neuronal-like

gene expression profile [43], and the brain is one of the

most ABA-rich tissues in animals [27], endogenous

ABA production by HEK293T cells is not so unlikely.

However, as already mentioned above, this back-

ground signal may also result from the spontaneous

formation of a PYL8-ABI1 complex. Our observation

thus indicates that this background signal might be a

combination of these two factors.

Evaluation of the use of human LANCL2, PPARc,
and RARs for the generation of novel ABA

biosensors

LANCL2 was previously proposed as a mammalian

ABA receptor [19,44]. PPARc and RAR (a, b, c)
pathways have been linked to the anti-inflammatory

activity of ABA and are also proposed as ABA recep-

tors [12,18,20–22]. We therefore hypothesized the

potential use of LANCL2, PPARc, and RARs (a, b,
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c) for the generation of a novel GAL4-VP16/UAS dri-

ven ABA biosensor [12,18–22,44].
LANCL2 is anchored in the cell membrane via

myristoylation. Translocation of LANCL2 from the

membrane to the nucleus upon binding to ABA has

been suggested to result from the loss of myristoyla-

tion at the N-terminus [19]. We therefore fused the

GAL4BD-VP16AD to the C-terminus of LANCL2

Fig. 2. Depletion of ABA in HEK293T cells upon overexpression of plant ABA catabolic genes or ABA-conjugating genes. (A) Effect of

overexpression of AtCYP707A3 on ABA-induced luciferase activity in HEK293T cells in the absence or presence of 10 lM of the CYP707A

inhibitor abscinazole-E3M. Cells were transfected with the indicated construct along with the PYL8-based biosensor construct, pU22CH-Luc-

Zsgreen1 and pACTbgal, and incubated in the presence or absence of 100 nM ABA or 10 lM abscinazole-E3M. (B) Western blot analysis of

protein expression of HA-tagged CYP707A3. Protein expression of HA-tagged VP16AD-PYL8 could not be verified due to the high accumula-

tion of HA-tagged CYP707A3 with similar molecular weight (50 kD). (C) Effect of overexpression of anti-ABA scFv on ABA-induced luciferase

activity in HEK293T cells. Cells transfected with the irrelevant transgene NahG carried in the same backbone vector as anti-ABA scFv were

used as a negative control. HEK293T cells were transfected with the indicated construct along with the PYL8-based biosensor construct,

pU22CH-Luc-Zsgreen1 and pACTbgal, and incubated in the presence or absence of 100 nM ABA. (D) Western blot analysis of protein

expression of V5-tagged scFv and NahG and HA-tagged VP16AD-PYL8. (E) Effect of overexpression of AtUGT71C5 on ABA-induced lucifer-

ase activity in HEK293T cells. Cells transfected with the control backbone empty vector (EV) plasmid (pCS2) were used as a negative con-

trol. (F) Western blot analysis of protein expression of Myc-tagged UGT71C5 and HA-tagged VP16AD-PYL8. Fold induction of ABA-induced

luciferase expression in cells expressing the PYL8 receptor-based biosensor construct is compared to the average background level of cells

transfected with the empty vector. Luciferase values were normalized by b-galactosidase values. b-Actin was used as a loading control.

Error bars represent SD. Results are the means of three biological replicates and are representative of at least two independent experi-

ments. Each biological replicate refers to independent transfection. Statistical significance was calculated using a Home-Sidak’s multiple

comparisons test (pairwise): *P-value ≤ 0.05, **P-value ≤ 0.01 and ***P-value ≤ 0.001.
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(Fig. 3A,B), and hypothesized that the membrane-

anchored LANCL2-GAL4BD-VP16AD would translo-

cate to the nucleus upon ABA treatment in HEK293T

cells, subsequently transactivating luciferase reporter

gene expression. However, luciferase expression was

already activated in untreated cells expressing such as

LANCL2-GAL4BD-VP16AD fusion protein and did

not further increase upon ABA treatment. We

observed the accumulation of LANCL2-GAL4BD-

VP16AD protein in nuclear fractions of untreated cells

(Fig. 3C). The nuclear localization sequence that is

present in GAL4BD thus overcomes the effect of

myristoylation-mediated membrane anchoring, result-

ing in the ABA-independent nuclear translocation,

which invalidates such an approach.

PPARc and RARs (a, b, c) are nuclear hormone

receptors that elicit transcription-activating functions

[45,46]. Hypothesizing their activation by ABA, we

therefore fused the GAL4BD to each of these nuclear

receptors and measured the expression of a GAL4-

dependent luciferase reporter gene in HEK293T cells

transfected with the corresponding GAL4BD-PPARc,
GAL4BD-RARa, Gal4BD-RARb, and GAL4BD-

RARc expression plasmids (Fig. 3A,B). Treatment with

the PPARc-ligand rosiglitazone and the RAR-ligand

retinoic acid were used as positive controls. However,

ABA treatment did not induce GAL4BD-PPARc or

GAL4BD-RARs (a, b, c)-dependent luciferase activity

(Fig. 3D–G), nor did ABA affect luciferase gene expres-

sion induced by the known RAR and PPARc ligands

(Fig. 3D–G). Therefore, these results demonstrate that

the construction of an ABA biosensor based on PPARc
and RAR is not a valid approach.

It has been reported that PPARc is activated indi-

rectly by ABA in a LANCL2-dependent manner

[20,24]. To our surprise, in HEK293T cells, the PPRE-

based reporter gene assay showed that the endogenous

level of LANCL2 was sufficient to activate PPARc
activity [24]. In addition, it is still completely unknown

how the RAR signalling pathway is implicated in the

physiological function of ABA. A better understanding

of ABA signalling pathways associated with PPARc
activation and the regulation of RARs will be essential

in the further engineering of ABA-dependent cell-

based assays utilizing these receptors.

Applications and future perspectives

Recent advanced knowledge of ABA as a therapeutic/

prophylactic agent and a biomarker for the severity of

certain disorders such as COPD and glioma prompted

the need for a reliable, sensitive, economical, and rapid

ABA quantification method. In the present study, we

improved the sensitivity of a previously described

ABA biosensor system by employing a PYL1(H87P)

or PYL8–ABA–PP2C ternary complex of Arabidopsis

ABA signalling, which allows the quantification of

ABA at levels down to low nM concentration in

HEK293T cells. Applying three different ABA inacti-

vation strategies using AtCYP707A3, anti-ABA scFv,

and AtUGT71C5, validated the selectivity of the ABA

biosensor system.

Liang et al., demonstrated the measurement of ABA

in serum of mice orally given with ABA [340 mg�kg�1

body weight (BW)] using the original PYL1-based sys-

tem, which showed its therapeutic application. How-

ever, the ABA dose of 340 mg�kg�1 BW is relatively

high compared to the dose used for the therapeutic/

prophylactic treatment [22]. We thus examined

whether our improved biosensor could detect ABA

levels in mice treated with the dose of ABA close to

the therapeutic level (100 mg�kg�1 feed), which was

opted for several studies investigating the effect of

ABA in a mouse model of colitis [15–17], atherosclero-
sis [28], and systemic inflammation (lipopolysaccharide

model) [29]. We were able to detect ABA in serum of

mice given ABA-supplemented diets for 7 days, which

was also confirmed by liquid chromatography–mass

spectrometry analysis (LC–MS) (Fig. 4A,B). It should

however be noted that both measurements came from

different mice that underwent the same treatment so

no direct comparison between the two methods can be

done with regards to relative sensitivity. The two non-

responders in the LC–MS group could either be due to

individual variation since the ABA is given via ad li-

bithum feeding or due to loss in the pre-processing

steps of ABA (extraction, purification, and concentra-

tion) in the LC–MS analysis. Those preprocessing

steps were not needed for the bioassay where serum

was added directly to the cells. We believe that both

methods have further room for improvement, with fur-

ther modifications to the bioassay to increase the sig-

nal/noise ratio at low ABA concentrations and the

LC–MS analysis could potentially be further improved

by optimizing the preprocessing of the material.

In this study, HEK293T cells were used to validate

our engineered ABA biosensor system due to its

straightforward transfection with high efficiency.

Along with genetic [e.g., small interfering RNA

(siRNA) and clustered regularly interspaced short

palindromic repeats (CRISPR)/CRISPR-associated

protein 9 (CRISPR/Cas9)] or pharmacological means,

it could also be a powerful tool to screen for molecular

and cellular mechanisms that regulate mammalian

ABA metabolism also in other cell types. For example,

RAW264.7 cells can be an interesting model, given the
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Fig. 3. Evaluation of potential human ABA receptors in HEK293T cells. (A) Overview of the different GAL4DB fusion proteins of potential

human ABA receptors whose expression is driven by the CMV promoter. The V5 epitope tag is fused to monitor the receptor protein

expression via western blotting. (B) The underlying principle of the ABA-inducible luciferase assay is based on the proposed role of different

human ABA receptors. (C, D) Luciferase activity in HEK293T cells containing the pU22CH-Luc-Zsgreen1 reporter construct. HEK293T cells

were co-transfected with the LANCL2-GAL4BD-VP16AD (C) or GAL4BD-PPARc (D) expression constructs along with pACTbgal (used for

normalization of transfection efficiency) and incubated with ABA or rosiglitazone (Ros). Protein expression of V5-tagged nuclear or total cellu-

lar LANCL2-GAL4BD-VP16AD or GAL4BD-PPARc was verified by western blot analysis. (E–G) Analysis of RARa- (E), RARb- (F), RARc (G)-

dependent luciferase expression in HEK293T cells containing the pU22CH-Luc-Zsgreen1 reporter construct. HEK293T cells were co-

transfected with the corresponding fusion protein GAL4BD-RARs expression constructs along with pACTbgal and incubated with ABA or

retinoic acid (RA). Protein expression of V5-tagged GAL4BD-RARs was verified by western blot analysis. The lower molecular weight

immunoreactive band among two distinct bands might be due to an alternative translation site. Fold induction of luciferase expression in

cells expressing LANCL2, PPARc, or RARs is compared to the average background level of cells transfected with the empty vector. Lucifer-

ase values were normalized by b-galactosidase values. Tubulin was used as a cytoplasmic fraction control. b-Actin was used as a loading

control. Error bars represent SD. Results are the means of four biological replicates and are representative of two independent experiments.

Each biological replicate refers to independent transfection. Statistical significance was calculated using a one-way ANOVA test (*P-

value ≤ 0.05, **P-value ≤ 0.01 and ***P-value ≤ 0.001).
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inhibiting effect of ABA against LPS-induced inflam-

mation response and the increased level of ABA in

response to quartz particles [4,5]. Moreover, our

biosensor system could be used like ELISA to quantify

ABA levels in the culture supernatant of a wide range

of cell types under various physiological conditions.

For instance, b-cell-like rat insulinoma cells (INS-1)

are shown to secrete ABA upon glucose treatment,

which might induce insulin release and glucose uptake

by muscle and adipose tissue [47,48]. A recent immor-

talized mouse b-cell line (MIN-CB4) [49] could be

highly interesting for the genetic characterization of

ABA biosynthesis since there are more genetic tools

like CRISPR and RNAi libraries for mice. To reveal

whether endogenous ABA plays a role in the interplay

between inflammation and glucose or lipid metabo-

lism, one could stimulate b-cells with adipokines (e.g.,

adiponectin) or inflammatory cytokines [e.g., tumor

necrosis factor (TNF)-a, interleukin (IL)-1b, and IL-6]

and assess their extracellular ABA levels using our

biosensor system in HEK293T cells [50].

Synthetic biology studies have used the PYL1–ABI1

complex formation as they can predictably and orthog-

onally modulate cellular processes in mammalian cells

without disturbing the host’s natural biological system

[32]. These synthetic biology approaches can also bene-

fit from our improved sensitivity for ABA in the

biosensor with different PYL variants. Given that the

PYL8-based biosensor exhibits a background (exoge-

nous) ABA-independent signal output, the sensitive

PYL1(H87P) is probably a better choice for those use

cases since it shows a low background in the absence

of exogenous ABA. We also envision that the

improved ABA biosensor could contribute to large-

scale studies that require the quantification of ABA as

a biomarker in biological samples in the context of

Fig. 4. ABA measurement in serum from mice given an ABA-supplemented diet. ABA measurement in serum from mice given control diets

or ABA-supplemented diets (100 mg�kg�1) for 7 days by PYL8 biosensor (A) and liquid chromatography–mass spectrometry (Vion IMS QTof

mass spectrometer analysis) (B). HEK293T cells were transfected with the PYL8-based biosensor construct along with pU22CH-Luc-

Zsgreen1 and pACTbgal and incubated with serum. Fold induction of ABA-induced luciferase expression in cells expressing the PYL

receptor-based biosensor constructs is compared to the average background level of cells transfected with the empty vector. Luciferase val-

ues were normalized by b-galactosidase values. Error bars represent standard deviation (SD). Data shown are from one experiment. Each

dot represents one mouse. ABA levels in each mouse range from 0 to 600 nM as individual food intake and metabolism can not be con-

trolled and monitored in ad libitum feeding. Serum ABA concentrations were estimated based on a standard curve made with mouse serum

spiked with known amounts of ABA. Statistical significance was calculated using a one-way ANOVA test (*P-value ≤ 0.05, **P-value ≤ 0.01

and ***P-value ≤ 0.001).

2584 FEBS Letters 596 (2022) 2576–2590 � 2022 Federation of European Biochemical Societies.

ABA biosensor in mammalian cells S. W. Kim et al.

 18733468, 2022, 19, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.14431 by E

gyptian N
ational Sti. N

etw
ork (E

nstinet), W
iley O

nline L
ibrary on [06/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



clinical application. Altogether, our improved ABA

biosensor system will help future studies define the

physiological role and metabolism of ABA, which

might bring new therapeutic approaches.

Material and methods

Modification and construction of ABA biosensors

pSv-ABAactDA (pSV40-VP16AD-PYL1cs-HA-IRES-GAL4BD-

ABI1-Flag) was a gift from Dr. J. Crabtree (Standford

University, USA, Addgene plasmid no. 38247) via Addgene

(https://www.addgene.org) [31] and was modified to obtain

variants (Table 1). H87P mutation in the PYL1 gene in

pSv-ABAactDA was generated by PCR mutagenesis (see

Table 2 for primers used). PYL8 CDS was amplified from

Arabidopsis cDNA using indicated primers. The PCR prod-

ucts were cloned between AscI and BamHI into the pSv-

ABAactDA plasmid, from which PYL1 was removed. All

constructs were verified by Sanger sequencing. All plasmids

generated in this study were deposited in the BCCM/

GeneCorner plasmid collection (https://www.genecorner.

ugent.be/).

To generate pLenti6-LANCL2-GAL4BDVP16AD-V5,

LANCL2 was amplified from pET28b-LancL2 (a gift from

Jie Chen, the University of Illinois at Urbana-Champaig,

USA, Addgene plasmid no. 73407) (https://www.addgene.

org/), and the PCR product was subsequently cloned into

pDNOR201 by Gateway BP clonase reactions according

to manufacturer’s instructions (Invitrogen, Carlsbad,

CA, USA).). To generate pLenti6-GAL4BD-PPARc-V5,
pLenti6-GAL4BD-RARa-V5, pLenti6-GAL4BD-RARb-
V5, and pLenti6-GAL4BD-RARc-V5, ORFs of PPARc,
RARa, RARb, and RARc, respectively, cloned in

pENTR223 from Human ORFeome library v8.1 were used

[51]. These receptors were subsequently transferred into the

expression vector pLenti6-V5-puro by Gateway LR clonase

reactions (Invitrogen). GAL4BD-VP16AD and GAL4BD

were amplified from pGal4-VP16 using indicated primers

(Table 2). To generate the final constructs, the GAL4BD-

VP16AD PCR product was cloned into XhoI-opened

pLenti6-LANCL2-V5 for C-terminal fusion, and the

GAL4BD PCR product was cloned into SpeI-opened

Table 1. Overview of plasmids used in this study. Plasmids were deposited in the BCCM/GeneCorner plasmid collection (https://www.

genecorner.ugent.be/).

Plasmid name Source BCCM/GeneCorner accession number

pSV-ABAactDA-PYL1 [31] (Addgene plasmid no. 38247)

pSv-ABAactDA-PYL1(H87P) This study LMBP 11274

pSv-ABAactDA-PYL8 This study LMBP 11503

pET28b-LanCL2 [52] (Addgene plasmid no. 73407)

pENTR223-PPARc [51] LMBP ORF81087-A06

pENTR223-RARa [51] LMBP ORF81085-F08

pENTR223-RARb [51] LMBP ORF81093-C07

pENTR223-RARc [51] LMBP ORF81123-C12

pDNOR201-LANCL2 This study LMBP 12461

pLenti6-V5-puro [53] LMBP 09590

pGal4-VP16 [54] LMBP 4708

pLenti6-LANCL2-GAL4BD-VP16AD-V5 This study LMBP 12804

pLent6-GAL4BD-PPARc-V5 This study LMBP 12805

pLenti6-GAL4BD-RARa-V5 This study LMBP 12806

pLenti6-GAL4BD-RARb-V5 This study LMBP 12807

pLenti6-GAL4BD-RARc-V5 This study LMBP 12808

pU2CH-Luc-Zsgreen1 This study LMBP 11219

pENTR-L1-20 9 UAS-L4 [55] (Addgene plasmid no. 32307)

pU22CH-Luc-Zsgreen1 This study LMBP 11226

pACTbgal [56] LMBP 4341

pUC19-BamHI-VSV-mAtCYP707A3-HA-P2A-ZsGreen-XhoI This study LMBP 9631

pENTR3C-VSV-mAtCYP707A3-P2A-ZsGreen1 This study LMBP 9660

pCS2-VSV-mAtCYP707A3-HA This study LMBP 9909

pUC57-SP-scFv(ABA)-V5-KDEL This study LMBP 10803

pENTR3C-SP-scFv(ABA)-V5-KDEL This study LMBP 10805

pCS2-SP-scFv(ABA)-V5-KDEL This study LMBP 10807

pCS2-nahG-V5 This study LMBP 10808

pEF6-AtUGT71C5-myc/his This study LMBP 9823

pEF6/Myc-HisA Invitrogen (commercial plasmid)
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pLenti6-PPARc-V5, pLenti6- RARa-V5, pLenti6-RARb-
V5, and pLenti6-RARc-V5 for N-terminal fusion using

NEBuilder HiFi DNA Assembly master mix according to

manufacturer’s instructions (New England BioLabs, Ips-

wich, MA, USA).

To generate pU22CH-Luc-Zsgreen1 (i.e., 22 9 UAS),

first, pU2CH-Luc-Zsgreen1 (i.e., 2 9 UAS) was linearized

and extended with SpeI and KpnI by PCR. Second, the

20 9 UAS sequence was amplified from pENTR-L1-

20 9 UAS-L4 (a gift from S. Stowers, Montana State

University, USA, Addgene plasmid no. 32307) using indi-

cated primers (Table 2). Finally, the 20 9 UAS PCR pro-

duct was subsequently cloned into SpeI- and KpnI- opened

pU2CH-Luc-Zsgreen1, generating pU22CH-Luc-Zsgreen1.

Construction of vectors for the expression of

ABA-catabolic genes or ABA-conjugating genes

HA-tagged mouse codon-optimized ABA-degrading P450

AtCYP707A3 was synthetically generated and cloned into a

pUC19 vector (Genscript, Leiden, The Netherlands).

pUC19-VSV-mAtCYP707A3-HA-P2A-ZsGreen was digested

with BamHI and XhoI and ligated with BamHI- and

XhoI-opened pENTR3C vector. A Gateway LR clonase

reaction was performed to transfer an HA-tagged VSV-

mAtCYP707A3 construct into a pCS2 vector according to

the manufacturer’s instructions (Invitrogen, Waltham, MA,

USA).

Mouse codon-optimized small single-chain antibody

against ABA with secretion tag (SP) and ER retention tag

(KDEL) for intracellular expression was also synthetically

generated and cloned into a pUC57 vector (Genscript). An

SP-scFv-V5-KDEL construct was cloned into BamHI- and

XbaI-opened pENTR3C vector. A Gateway LR clonase

reaction was performed to transfer an SP-ScFv-V5-KDEL

construct into a pCS2 vector according to the manufac-

turer’s instructions (Invitrogen). AtUGT71C5 was amplified

from Arabidopsis genomic DNA using indicated primers

(Table 2) and cloned into KpnI- and SpeI-opened pEF6/

myc-His vector.

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s Modified Eagle

Medium (DMEM) from Gibco (Waltham, MA, USA), sup-

plemented with 10% fetal bovine serum. HEK293T cells

were seeded at a density of 4 9 104 cells in 24-well plates

and transfected with a total of 250 ng of plasmid DNA per

well using a calcium phosphate method. pACTbgal (a gift

from Dr. J. Inoue, Institute of Medical Sciences, Tokyo,

Japan) encoding b-galactosidase was co-transfected in each

well as an internal control. In addition to a luciferase

reporter plasmid and vectors encoding genes of interest, an

empty vector was added to maintain equal amounts of

DNA in each transfection. Six hours after transfection, the

medium was refreshed with or without the addition of

ABA (A4906, Sigma, St Louis, MO, USA) and CYP707A

inhibitor abscinazole-E3M and incubated overnight at

37 °C/5% CO2. Abscinazole-E3M was a gift from Dr. Y.

Todoroki (Shizuoka University, Japan) [46]. As controls to

validate the transcriptional activity of GAL4BD-PPARc
and GAL4BD-RARs, Rosiglitazone (R2408, Sigma) and

Retinoic acid (R2625, Sigma) were added to cells at the

indicated concentrations when the medium was refreshed

6 h after the transfection.

ABA-inducible luciferase assay

The transfected HEK 293T cells were lysed in luciferase

lysis buffer (25 mM Tris-phosphate pH 7.8, 2 mM DTT,

Table 2. Overview of primers and oligonucleotides used in this study. Bold text indicates restriction enzyme sites induced by PCR.

Sequence

PYL1-H87P-F taggccacagatttacaaacccttcatcaaaagctgtaacg
PYL1-H87P-R cgttacagcttttgatgaagggtttgtaaatctgtggccta
AscI-PYL8-F cagtgggcgcgccatggaagctaacgggattga
PYL8-HA-BamHI-R cgatggatcctcaagcgtaatctggaacatcgtatgggtagactctcgattctgtcgtgt
attB1-LANCL2-F ggggacaagtttgtacaaaaaagcaggctatgggcgagaccatgtcaaaga
attB2-LANCL2-R ggggaccactttgtacaagaaagctgggttttgtcatcgtcatccttagtgtcatcc

ctcttcgaagagtcaagttca
GAL4BD-F-clonez gactctagaggatccactagtatgaagctactgtct
GAL4BD-R-clonez attccaccacactggatcgatacagtcaactgt
GAL4BD-VP16AD-F-clonez gcacagtggcggccgttatgaagctactgtcttct
GAL4BD-VP16AD-R-clonez ccgcgggccctctagattcccaccgtactcgtcaat
SpeI-pU2CH-LucZsGreen-F cacaactagttatgtcgaggtggcgtgtacggtgg
KpnI-pU2CH-LucZsGreen-R gcctggtaccgactacagtactccgctc
KpnI-20xUAS-F tagtcggtaccgagcaatgcttttttataatgcc
XbaI-20xUAS-R acactctagagccaactttgtatagaaaagttggg
KpnI-AtUGT71C5-F acatggtaccatgaagacagcagagctcatattcg
SpeI-AtUGT71C5-R gtaaactagtaaagtgatccccaagaatatctttg
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2 mM CDTA, 10% glycerol, 1% Triton X-100). To cell

lysates, D-luciferin (E1605, Promega, Madison, WI, USA)

and CPRG substrate (10884308001, Sigma) dissolved in

CPRG buffer (60 mM Na2HPO4, 10 mM KCl, 1 mM b-
mercaptoethanol) were added respectively. Luminescence

signals were measured using the GloMax� 96 Microplate

Luminometer (Promega), and b-galactosidase activity was

quantified using the iMarkTM microplate reader (Biorad,

Hercules, CA, USA) at a wavelength of 595 nm. To correct

variations in transfection efficiency, luciferase values were

normalized by b-galactosidase values.

Immunoblotting

The expression of receptors and ABA-inactivating pro-

teins was confirmed by immunoblotting. 59 Laemmli buf-

fer (250 mM Tris–HCl, pH 8, 10% SDS, 50% glycerol,

0.005% bromophenol blue, 25% b-mercaptoethanol) was

added to cells lysed in RIPA buffer (50 mM Tris–HCl,

pH 7.6, 1 mM EDTA, 150 mM NaCl, 1% NP-40, and

0.5% sodium deoxycholate, 0.1% SDS) with protease and

phosphatase inhibitors, followed by denaturation for

10 min at 95 °C. Proteins were separated by 10% SDS/

PAGE, transferred to nitrocellulose membranes with

0.45 lm pores (Protran, Perkin Elmer, Waltham, MA,

USA), and probed with the following specific antibodies:

anti-HA.11 (MMS-101R-B, Babco, Antwerp, Belgium),

anti-myc (PEPcore, Ghent, Belgium), anti-V5-HRP

(R96125, Invitrogen), anti-Tubulin (T4026, Sigma) anti-b-
actin-HRP (sc-47 778, Santa Cruz, Dallas, TX, USA),

and anti-mouse IgG secondary antibody conjugated to

HRP (31432, Thermo Fisher Scientific, Waltham, MA,

USA). Western Lightning ECL detection system (Perkin

Elmer) was used for protein detection according to the

manufacturer’s instructions.

Nuclear fractionation

To separate nuclear fractions, B1 buffer (10 mM HEPES

pH 7.5, 10 mM KCl, 1 mM MgCl2, 5% glycerol, 0.5 mM

EDTA pH 7.5, 0.1 mM EGTA pH 7.5, 0.5 mM DTT) with

protease and phosphatase inhibitors was added to cells, fol-

lowed by resuspension and incubation for 15 min at 4 °C.
10% NP-40 buffer was added, and cell lysates were briefly

vortexed. Next, the lysates were further centrifuged at

10 600 g for 15 min at 4 °C, and the supernatant contain-

ing cytoplasmic fractions was removed. B2 buffer (10 mM

HEPES pH 7.5, 1% NP-40, 10 mM KCl, 1 mM MgCl2,

400 mM NaCl, 20% glycerol, 0.5 mM EDTA pH 7.5,

0.1 mM EGTA pH 7.5, and 0.5 mM DTT) with protease

and phosphatase inhibitors was added to pellets, mixed by

shaker for 15 min at 4 °C. The lysate was further cen-

trifuged at 10 600 g for 15 min at 4 °C, and the super-

natant containing nuclear fractions was obtained and

subjected to immunoblotting.

Mice

Five-week-old male wild-type (WT) C57BL/6J mice were

purchased from Janvier (Le Genest-St-Isle, France). Mice

were bred in the specific pathogen-free (SPF) facilities of

Pasteur Institute, Lille. Mice were housed for 14 days prior

to the experiment for the adaptations. Mice were housed

under SPF conditions in individually ventilated cages in

accordance with the national guidelines and regulations for

the care and use of laboratory animals. Animal protocols

were approved by the ethical committee of Ghent Univer-

sity (EC2019-024). Seven-week-old wild-type (WT) C57BL/

6J mice were fed ad libitum with an AIN-93G diet

(Research Diets, Inc., New Brunswick, NJ, USA) with or

without 100 mg�kg�1 of (+)-cis, trans-Abscisic acid (A-050,

Goldbio, St Louis, MO, USA) for 7 days.

Extraction of ABA and detection of ABA by LC–
MS (Vion IMS QTof mass spectrometer analysis)

To determine ABA levels in serum, blood was collected

from the heart ventricle and first incubated at room tem-

perature for 30 min to allow the blood clot, followed by

centrifugation at 1700 g for 10 min to separate the serum

from the whole blood. Next, 200 lL of mice serum was

added to 800 lL of methanol. The mixture was vortexed

and incubated overnight at �70 °C in an ultrafreezer. The

mixture was further centrifuged at 10 600 g for 15 min at

4 °C, and the supernatant was evaporated using a Speed-

Vac. The dried residue was resuspended in 1 mL of a

50 : 50 water:cyclohexane solution. The phases were sepa-

rated by centrifugation at 10 600 g for 5 min. Next,

250 lL of 5% trichloroacetic acid was added to the col-

lected aqueous phase and mixed by vortexing. The mixtures

were partitioned three times against 500 lL of ethyl acet-

ate, and the organic layer was collected and evaporated

using a SpeedVac. The dried residue was resuspended in

50 lL of ultrapure water and filtered using an AcroPrep

Advance 96-filter plate 0.2 lm Supor (Pall Life Sciences,

Port Washington, NY, USA) prior to chromatographic

separation and quantification by LC–MS/MS.

A 10 lL of the sample was injected on an ACQUITY

UPLC BEH C18 (50 9 2.1 mm, 1.7 lm) column from

Waters, and the temperature was maintained at 40 °C. A
gradient of two buffers was used for separation: buffer A

(99 : 1 : 0.1 water : acetonitrile : formic acid, pH 3) and

buffer B (99 : 1 : 0.1 acetonitrile : water : formic acid, pH

3), as follows: 99% A for 0.1 min decreased to 50% A in

5 min, decreased to 30% from 5 to 7 min, and decreased

to 0% from 7 to 10 min. The flow rate was set to 0.

5 mL�min�1. The LockSpray ion source was operated in

negative electrospray ionization mode under the following

specific conditions: capillary voltage, 3.5 kV; reference cap-

illary voltage, 2.5 kV; source temperature, 120 °C; desolva-
tion gas temperature, 600 °C; desolvation gas flow,
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1000 L�h�1; and cone gas flow, 50 L�h�1. The collision

energy for the full MS scan was set at 6 eV. Mass range

was set from 200 to 400 Da, and scan time was set at 1 s.

Nitrogen (> 99.5%) was employed as desolvation and cone

gas. Leucine-enkephalin [250 pg�lL�1 solubilized in water:

acetonitrile 1 : 1 (v/v), with 0.1% formic acid] was used for

the lock mass calibration, with scanning every 2 min at a

scan time of 0.1 s. For multiple reaction monitoring pur-

poses, precursor m/z and product m/z were set both at

263.13, collision energy was set at 6 eV, scan time was set

on automatic, and capillary voltage was set at 3.5 kV. Pro-

file data was recorded through UNIFI WORKSTATION v2.0

(Waters, Milford, MA, USA).

Statistical analysis

Statistical calculations were performed using SIGMAPLOT

12.0 (Jandel Scientific, San Jose, CA, USA) software. After

testing data for normality (Shapiro–Wilk) and equal vari-

ance (Brown-Forsythe), the appropriate statistical tests

(one-way ANOVA and the Home-Sidak’s multiple compar-

isons test) were performed to determine a significant differ-

ence.
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